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ABSTRACT: Because of their remarkable roles in electrical cell signaling, voltage-

gated cation channels (VGCCs) have been the subject of intense investigations and
debate for more than S0 years. Ultimately, the prospective implications of such
studies have an impact on our understanding of the molecular properties of VGCCs
involved in consciousness, anesthesia, and diseases, to mention a few. The following
review aims to summarize our current knowledge of activation of VGCCs by
highlighting major methodological innovations in the field and the breakthroughs
they allowed. Focusing mainly on insights gained through computer simulations,

while acknowledging important experimental findings, we hope to inspire
experimentalists to benefit from these approaches in the generation of hypotheses and design of experiments. Also, we outline
major future challenges for the field, such as channel modulation, lesser-known receptors, and molecular origins of channel

dysfunctions.

Voltage-gated cation channels (VGCCs) are membrane-
embedded protein pores that assist the flow of selective
ionic species across the cell membrane in response to a voltage
stimulus. It is this property that defines these proteins as the
fundamental molecular devices for diverse electrically mediated
biological processes such as hormone regulation, cellular
secretion, electric signaling in neurons, and contraction in
excitable muscle cells."

VGCCs make up a protein superfamily encompassing
channels selective for Na*, Ca?*, and K*, namely, Nav, Cav,
and Kv, respectively, and those that discriminate only the
cationic nature (HCN). Given their relevance in essential
physiological processes, these channels are encoded by a
substantial number of genes in higher organisms. Mutations in
these channel genes are implicated in several human diseases,
termed channelopathies.” Examples of channelopathies include
hyperexcitability disorders and inheritable diseases such as
epilepsy, cardiac long-QT syndrome, and neuromuscular
diseases. The comprehension of the structure—function inter-
play of VGCCs promises the development of new approaches
for the treatment of channelopathies, particularly by targeting
malfunctioning channels.®

The following overview describes results obtained from a
variety of VGCC structure—function studies, some of which
trace back to early electrophysiology experiments, but centers
on contributions from the computational modeling field. As
such, this review is intended both to highlight successful
methodological innovations in the field of ion channel
molecular dynamics (MD) simulations and to inspire
experimentalists to benefit from these theoretical approaches
in the generation of hypotheses and design of experiments.
Historically, a plethora of experimental data, including high-
resolution X-ray structures and a large set of atomic-level
information gathered from MD simulations, have been made
available for Kv (Shaker) channels,”” thereby making the K*
channel the critical model for investigating the structural basis
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of activation in VGCCs. These structural studies of K* channels
provide an invaluable resource for resolving future challenges in
the field, namely the structural characterization of other
members of the VGCC family, in light of the most recently
determined X-ray structures of prokaryotic voltage-gated Na*
channels.®”® Other appealing questions relate to the structural
basis of inactivation in VGCCs, their modulation by ligands,
including neurotoxins and anesthetics, and their channelopa-
thies and related dysfunctions.

B FUNCTIONAL STUDIES AND ACTIVATION
MODELS OF VGCCS

Ingenious patch—clamp experiments'® were critical in revealing
the activation (opening) of VGCCs as the key voltage-
dependent process by which the channel controls ionic
conduction (Figure 1). At hyperpolarized potentials (V < 0),
VGCCs are preferentially nonconductive resting (closed)
structures. In response to membrane depolarization (V > 0),
VGCCs switch on their active (open) state, exhibiting various
levels of ionic conductance.' The molecular transition from
the resting (closed) state to the active (open) state is known as
the activation gating process of the channel. Although they are
approximately 2 orders of magnitude smaller than ionic
currents (G), the so-called “gating currents” were found to
correspond to a fundamental observable of channel activation,
given their strong voltage dependence and coupling to ionic
currents. Since the pioneering work of Hodgkin and Huxley,
gating currents and, more specifically, gating charges (Q),
corresponding to the time integral of the gating current at a
given voltage, have been measured for a variety of channels, as
discussed extensively in refs 4 and S. Typically, the activation
process gives rise to a total Q of ~12—14 et
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Figure 1. From macroscopic observables to atomistically detailed structures. Excitable cell, represented here by a neuron, with highlighted
membrane-embedded VGCCs and their normalized measured gating (Q) and ionic (G) currents, which originated from reorganization of
membrane-bound charged particles and flow of ions through the channel, respectively. From left to right, the bottom insets depict the VGCC
topology, the channel subunit and tetrameric structure of Kvl.2 and those same structures of NavAb, respectively. Labels are S1-S6 for
transmembrane helices, L for the linker, P for the pore helix, and SF for the selectivity filter.

As revealed by cloning and sequencing experimentsls’16 and

also by recently determined X-ray crystallography structures
(see below), VGCCs are either tetrameric or pseudotetrameric
(Figure 1). The central pore forms from the arrangement of
four transmembrane (TM) domains. Each subunit is composed
of six TM helices, labeled S1—S6. Segments S5 and S6
constitute the central pore domain (PD) and delineate the
pathway for the ionic current. A conserved motif between these
segments forms the selectivity filter (SF), responsible for ion
selectivity. Segments S1—S84, identified as the voltage sensor
domain (VSD), connect to PD via an S4—S5 linker. In this
helical bundle, S4 contains at least four highly conserved
positively charged arginine amino acids, called hereafter R;—R,.

Experiments probing the contribution of the S4 basic
residues to the total Q culminated in the identification of this
charged helix as a critical element in channel activation.*®
Mutations of S4 charged residues have been shown not only to
diminish the associated total Q but also to affect the voltage
dependence of the channel. In these experiments, the
contribution of the S4 basic residues was evaluated by
neutralizing or reversing its positive charges and subsequently
verifying the resulting Q, either directly or indirectly through
the measurement of open pore probability.'*'” The activation
was envisioned to proceed via a complex mechanism involving
VSD motions resulting essentially from S4 movements. Here,
results from a plethora of experimental approaches, including
the substituted cysteine accessibility method,'®'® histidine
scanning,”® fluorescent labeling,*" and second-site suppressor
analysis and disulfide locking,>*~>” converged to show that S4
forms sequential state-dependent salt bridge interactions
throughout its activation path, moving from a more internal
binding site to a more external one.

Although agreeing to identify that S4 “senses” voltage
variations triggering conformational changes that lead to
channel activation, these early studies produced three putative
activation mechanisms by which S4 could transfer Q across the

low-dielectric membrane.”® The first mechanism termed the
sliding-helix or helical-screw activation model was originally
proposed by Guy and Seerharamulu®® and Catterall®® and later
adapted by other groups.>"** In the model, the S4 charged
residues form sequential ion pairs with acidic residues on the
neighboring S2 and S3 segments. Upon activation, the S4 helix
goes through a large axial pistonlike motion (10—15 A
perpendicular to the membrane plane) crossing a focused,
motionless electric field, while rotating ~180° to the left. In
contrast, the mechanism described by the transporter model of
Bezanilla proposes that hydration of S4 focuses the electric field
within the VSD and activation involves reshaping this intensely
focused field around S4 rather than extensively displacing the
segment across the membrane.>>~>° Under modifications of the
local dielectric environment of S4, a relatively small TM
movement of the S4 charges, accompanied by a rotation and a
possible helical tilt, would suffice to account for the total gating
charges.

In 2003, following the publication of the crystallographic
structure of a Kv channel from the archaeon Aeropyum pernix,
KvAP,* another model for the activation of VGCCs was
proposed. This model states that S4 and the C-terminal region
of S3, designated S3b, form a “voltage-sensor paddle” that
neighbors the intracellular surface when the channel is closed.
Upon activation, this paddle would move a large distance of
~20 A within the membrane. However, the model was refuted
by many years of contradicting evidence, and it has now been
admitted that the channel may have been crystallized in a non-
native conformation. A revised version of the paddle model,
based on the X-ray crystal of the “paddle chimera” Kvl.2—
Kv2.1 channel,”” proposes that the paddle moves ~15 A
relative to helices S1 and S2, rather than tilting to a horizontal
position. Moreover, a concertina-like transition of S4 from a- to
3,o-helix as it passes through the narrowest region of the VSD is
thought to prevent S4 charges from being exposed to the lipid
membrane, discarding the need for helix twist.
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B ACTIVATION OF VGCCS: INSIGHTS FROM MD
STUDIES OF KV CHANNELS

For many years, an improved understanding of VGCC
structure and function was hindered by the scarcity of
atomic-level structural and dynamical data. This limitation is
due primarily to the difficulty of obtaining atomistic structural
data, by either X-ray diffraction, electron microscopy, or nuclear
magnetic resonance (NMR). As evidence, it was only in 2005
that the first and only crystallographic structure of a
mammalian voltage-gated K* channel, the Kv1.2 channel, was
resolved (Figure 1).** The latter, pertaining to the Shaker
family, was crystallized in the open activated state, allowing
researchers to begin to answer essential questions about
VGCCs. At large, the structure reveals a TM-oriented VSD
only loosely attached to the pore, and in opposition to previous
hypotheses, S4 is not shielded from the membrane by a protein
canal but rather faces helices S1-S3 on one side and a lipid
surface on another. Furthermore, the structure depicts the S4—
SS linker as a short a-helical segment lying at the inner
membrane—water interface where, via its atomic contacts with
the S6-crossing helical bundle, the segment bridges S4 to the
main gate region of the channel. The same overall structural
patterns have also been found in the recently determined X-ray
structure of the Kv1.2—Kv2.1 paddle chimera.*’

With the release of the Kv1.2 crystal structure, a number of
efforts employing MD simulations and related methodologies
were performed to characterize activation of the new channel.
As described below, the accuracy with which force fields were
able to reproduce a channel’s properties, such as conduction,
gating motions, and modulation by ligands, is a clear testament
to the competence of the approach in the study of such
complex molecular systems.*

Molecular Dynamics Simulations. The principle of MD
simulations consists simply of generating a trajectory for a finite
set of particles through multiple-time step numerical integration
of classical equations of motion.* The final goal of computing a
MD trajectory is to estimate any thermodynamic property (A)
of an ergodic system in the form of a temporal average 4, ie.,
lim,_,, A; = (A). The potential energy U(r"), characteristic of
an N-particle system, in which ¥ corresponds to the set of N
atomic Cartesian coordinates, is the main function in MD.
U(rN) associated with molecular parameters, obtained via
quantum mechanics and experiments, corresponds to the so-
called force field that accounts for bonded and nonbonded
interactions in the system. In successful approaches,*' ™* the
force field treats these interactions as a single effective potential,
which can be written as
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where k, and ry correspond to bond strength and chemical
equilibrium position, respectively; ky and 6, are the angle force
constant and its equilibrium value, respectively; '/,U,, n, and y
are the torsional barrier, its frequency and its phase,
respectively;q; is the partial electric charge of atom i; € is the
dielectric constant; and, finally, R and €; match the parameters
and van der Waals forces for the atomic pairs {ij}, respectively.
In eq 1, bonded interactions are explicitly described by bond,
angle, and dihedral terms.

Briefly, in the method, integration of Newton’s equations is
accomplished for every atom i with an infinitesimal time step ot
on the order of 2 fs. Different schemes for controlling
temperature and pressure can be applied to sample an NPT
ensemble, as a way of simulating experimental conditions. An
infinitesimal Ot is required to ensure energy E conservation
throughout the simulation and comes with the expense of a
substantial computational time. As such, MD simulations are
usually conducted with open source codes*®*’ that scale to
hundreds of processors on high-end parallel platforms for
systems of any size, making it feasible to complete continuous
calculations in a short time. At present, it is possible to perform
hundreds of nanosecond time scale MD simulations for
>200000-atom systems. Nonetheless, a special purpose
machine, named “Anton”, capable of simulating equally large
systems on the millisecond time scale,*® has been recently
designed, expanding the range of issues potentially tackled by
MD simulations.

MD Simulations of the Membrane-Bound Activated
Structure of Kv1.2. One of the first contributions of MD
applied to the study of Kv1.2 activation has derived from
simulations intended for the investigation of the structure of the
open activated state of the channel embedded in the membrane
(Figure 2).**° In these studies, the simulation setup consisted
of Kvl.2 embedded in a fully hydrated phospholipid bilayer.
The protein was simulated either with or without the N-
terminal tetramerization (T1) domain, to simplify the study
system.>’ In these simulations, the VSD was described as an
hourglass-like structure in which water penetrates from the
extra- and intracellular sides exposing S4 charges to the solvent,
consistent with the earlier accessibility and histidine scanning
measurements. MD simulations of the VSD alone®” in the
membrane and NMR experiments further corroborated these
results.> Specific salt bridge interactions between S4 arginines
and neighboring VSD acidic residues and membrane—lgpid
heads were shown to stabilize the domain conformation.*”*° In
detail, R;—R, are exposed to the externally accessible
extracellular milieu, forming salt bridges with the following
binding sites: PO,~ outer membrane layer lipid headgroup and
E!® E?6 and E, respectively; the residues are located in
segments S1, S2, and S2, respectively (Figure 3, top).

Electrostatic Calculations of Kv1.2 Embedded in the
Membrane. The exquisite electric sensitivity of Kv1.2 relies on
a number of intrinsic electrostatic properties related to the
transport of gating charges during activation. In the context of
MD simulations, investigation of such properties has relied
primarily on the accurate computation of the electrostatic
potential arising from the channel charges, ions, and dielectric
properties of the environment. The initial efforts to electro-
statically describe Kv1.2 and related channels®* considered a
continuum mean-field approximation based on the Poisson—
Boltzmann (PB) equation, which assumes that the distribution
of charges in the system is related to the electrostatic potential
according to Boltzmann statistics

dx.doi.org/10.1021/bi3013017 | Biochemistry 2013, 52, 1501—1513
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Figure 2. Structural details and electrostatic properties of Kvl.2
embedded in the membrane. (A) Typical atomistic MD simulation
system of Kvl1.2 embedded in a fully hydrated phospholipid bilayer.
The system contains the channel (orange) with two K* ions (yellow)
in the selectivity filter, 390 lipid molecules (ochre), 36280 solvent
water (red) molecules, and salt in solution (a total of ~150000 atoms).
A black frame highlights the VSD and its hydration structure. (B)
Two-dimensional electrostatic potential map depicting the VSD
environment when no TM potential is applied to the system. Note
that the aqueous (blue) environment of the gating charges (blue
licorice) and acidic residues (red licorice) carried by the VSD (white
ribbons) collapses the electrostatic potential around F*** (white
spheres). (C) Two-dimensional map of the electric field within the
activated VSD structure under a hyperpolarized TM potential. (D)
Electrical distance profile (5,) through the VSD as a function of Z, the
normal to the bilayer.

V-[e()Ve(r)] = EX(N®(r) = —4mp(r) @)
where ®(r) is the electrostatic potential, p(r) is the fixed charge
density, and £(r) and k(r) are the position-dependent dielectric
and ionic screening constants, respectively. Later, three-
dimensional electrostatic potential (EP) maps for the Kv1.2—
membrane system were determined independently by taking
into consideration an MD-generated ensemble of equilibrium
configurations of the channel,* in which every point charge of
the system was explicitly considered to solve Poisson’s equation

VO(r) = —4z ) p(r)
i (3)

where ®(r) and p,(r) are the electrostatic potential and the
charge density at r, respectively. In practice, the point charge
can be approximated by a spherical Gaussian of inverse width o,
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with a typical value of 0.25 A™', which improves efficiency for
computation of eq 3.°

In Kvl.2, the “catalytic center” comprises the amino acid
triad of F?33 (S2), E*® (S2), and D> (S3) that appears to
“catalyze” the transfer of each S4 basic residue across the
membrane field, as indicated by recent mutations with natural
and unnatural amino acids, electrophysiological recordings, and
X-ray crystallography experiments.” In the activated VSD, F*3}
“plugs” the most constricted hydrophobic region of the
construct and disconnects the internally and externally
accessible water crevices. From calculations based on eqs 2
and 3, and applied to Kvl.2, it was demonstrated that a
fundamental consequence of the morphology of these high-
dielectric regions is to collapse the EP within the VSD, favoring
the existence of a focused electric field around the S4 gating
charges (Figure 2). Continuum electrostatic computations were
initially applied to determine the dimensionless fraction of the
membrane voltage V at position r (qup), according to a
modified Poisson—Boltzmann (PB-V) equation that accounts
for the effect of transmembrane potential®®

V-[e(Veh, (0] = E()dh,,(r) = ©()] =0 @)
where &(r) and k(r) are the space-dependent dielectric
coeflicient and Debye—Huckel ionic screening factor, respec-
tively, and ©(r) is a Heaviside step function equal to 0 on one
side of the membrane and 1 on the other side. Alternatively,
explicit all-atom calculations®”*® were also considered to

estimate ¢, in the form of the so-called “electrical” distance
5362

0

%= gyt )
that accounts for the degree of coupling between the local
electrostatic potential ¢; at position r of the ith protein charge
and the TM voltage difference V. ¢; was calculated as an
average over an ensemble of n MD-generated system
configurations; ie., ¢; = (l/n)Z;;l CD]-(V), where CI)j(r) is the
electrostatic potential, computed according to eq 3. Taken
together, both types of calculations were required to show
consistently that the membrane voltage profile across the VSD,
$ump(2), is a sigmoidlike function with its steepest part spanning
a narrow TM region (~10—1S A) in the vicinity of the phenyl
center F*** (Figure 2). This major finding confirmed the
existence of a focused electric field within the activated voltage
sensor conformation of Kv1.2.

Modeling the Resting Closed State of Kv1.2. The
activated membrane-equilibrated structure of Kv1.2, along with
ever-increasing computational power and cutting-edge MD
methodologies, has fostered a new generation of in silico
studies, focused on channel deactivation, with the main goal of
characterizing the structure of the deactivated and/or resting
closed state of Kv channels.

Ab Initio Modeling in Combination with MD
Simulations. Rosetta is an ab initio structural modeling
program initially designed for predicting the structure of soluble
proteins but was later adapted to model TM proteins inserted
into the phospholipid environment, founded on statistical
analyses of TM a-helical data sets.”® In the method, a fragment-
based protein structure generation and a scoring function are
combined to predict the structure. Pathak et al. performed the
first effort to build up a molecular model of Kv1.2 in the resting
closed state by successfully using Rosetta in combination with
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Pathak, 2007

Delemotte, 2011

Jensen, 2012 Henrion, 2012

Figure 3. Molecular views of the activated and deactivated VSD structures. S1—S3 are shown as green helices, and S4 is shown as a red helix. The top
structure is the activated VSD conformation from the membrane-equilibrated crystal structure shown in ref 38. The bottom structures are proposed
models for the deactivated state. From left to right, the assessed S4 displacement throughout deactivation was of approximately 8, 15, 15, and 12 A,
respectively. Despite these differences, the measured gating charges for the models agree with the values of 12—14 e estimated for Shaker-like
channels (see refs 12—14). The middle structures are three possible VSD intermediates along the activation pathway as described in ref 58. Notice
the sliding motion involved in the process and the gradual crossing of arginines past F>*,

applied constraints derived from fluorescence scans.** More
recently, in another study employing Rosetta, Henrion et al.
proposed a “C3” resting state model reached via constraints
based on experimentally probed metal ion bridges (Cys—Cd**—
Cys and Cys—Cd**—Glu/Asp) between VSD forming helices of
the Shaker K* channel.%®

Ab initio modeling is a rather low-resolution technique; as a
consequence, it is often followed by MD refinements. In a
subsequent study, Khalili-Araghi et al. utilized the resting state
model developed by Pathak et al. as an input system for
optimization via MD simulations of the channel in an explicit
membrane—solvent environment.* In view of the relatively low
total gating charge identified by Pathak’s early model as
determined in this simulation, further refinements were then
employed to bring S4 to a deeper position within the VSD via
steered molecular dynamics (SMD) simulations. Specifically,
the authors simulated a nonequilibrium process in which a

1505

biasing potential of the form h[{(t)] = 0.5 X k[A(x,t) — {(£)]*
was used to pull down the S4 charge R, along the reaction
coordinate A(x,t), corresponding to the TM direction. The
biasing potential was coupled to the system with a force
constant k of § kcal mol™" A%, moving according to {() = £(0)
— vt with constant velocity v = 0.5 A/ns. Note that in SMD one
simulates a system with a perturbed Hamiltonian H(x,t) =
Hy(x) + h[£(t)] in which x = x(r,p) specifies the position r and
momentum p of the system and Hy(x) is the original
unperturbed Hamiltonian. This formulation has proven to be
very useful for exploring system dynamics along any given
reaction coordinate, as considered in refs 67 and 68.
Simulations of Kv1.2 under Applied TM Voltage
Differences. The TM electric field is in essence the driving
force for the response of Kvl.2 to membrane polarization.
Accordingly, in one ambitious set of MD studies, simulators
tried to explore the atomic-level time-resolved gating process of

dx.doi.org/10.1021/bi3013017 | Biochemistry 2013, 52, 15011513
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Kv1.2 under applied TM voltage differences, V.>"**%~7* For a

channel-membrane system, an applied value of V is defined as
the difference ®@,, — @, between the ®(z) values at the
internal and external system electrolytes; here, ®(z) corre-
sponds to the electrostatic potential profile along the
membrane normal, and it is computed as the average of the
electrostatic potential (see eq 3) over the membrane plane p(z)
or as a double integral of the charge distribution of all atoms
averaged over p(z), as ®(z) — ©(0) = /fp(z”) dz” dz’.

In these MD studies, two fundamentally different ap-
proaches, based on an applied external electric field or charge
imbalance protocol, have been employed to reach physiolog-
ically relevant ranges of V. In a system composed of a
membrane of thickness d and bathed by two disconnected bulk
solutions, the experimentally applied voltage results in (i) an
effective zero field in the bulk and (ii) a constant electrical field
E = V/d across the bilayer. For computer simulations, the
electric field E, which will induce the desired range of V; is
generated by applying a force F on every charged atom g; of the
system, in such a way that F = g,E. The effectiveness of this
method has been demonstrated in pioneering simulations of Kv
channels.”® Tt is noteworthy that, because of the use of periodic
boundary conditions (PBC) in MD simulations, the applied
field is rather a function of L,, the box size along Z; i.e., E = V/
L,”*7 More recently, alternative approaches based on charge
imbalance between two disconnected aqueous baths of explicit
electrolytes have also been considered in simulation stud-
ies.”®”” In these schemes, the channel-membrane system is
bathed with explicit Nernst—Planck ion concentrations and V'is
imposed on the system by displacing ions from one aqueous
compartment to the other, while keeping the overall
concentration of the bulk phases constant. Because the system
behaves as a condenser, the generated net charge imbalance g,
between the upper and lower electrolytes, creates V according
to the equation V = qy/AC, in which A and C are the membrane
area and capacitance, respectively. Because of the use of PBC,
special simulation setugs based on a twin lipid bilayer system
with two bulk phases’® or on a reduced system with a single
bilayer and air—water interfaces on both sides of the membrane
have been proposed to impose V via explicit charge
imbalance.””

In response to an applied voltage, MD simulations limited to
time scales of 1 us succeeded in providing insights into early
transition events of the Kvl.2 voltage sensor.””%%7%7% The
applied voltages were scaled up to 6 times larger than
physiological values (~100 mV) to promote a faster response
of the system within accessible simulation time scales. Only
recently, in one specific simulation, reaching extraordinarily
long time scales’' within the range of hundreds of micro-
seconds, the membrane-equilibrated structure of the Kv1.2—
Kv2.1 paddle chimera®” was shown to be fully deactivated
spontaneously in the presence of an applied electric field. The
authors of this study benefited from the special-purpose
machine designed for high-speed MD simulations (see
Molecular Dynamics Simulations). The deactivation process
uncovered by this study followed a complex mechanism
encompassing many VSD transitions occurring on characteristic
time scales, as devised by previous kinetic models describing
the time course of gating currents (Figure 3).787% As formerly
found in another independent study,*®in which the VSD
deactivation was fully uncovered in a voltage-driven MD
simulation combined with SMD, the mechanism was shown to
proceed via a downward motion of the S4 basic residues

1506

forming sequential and metastable ion pairing with VSD acidic
residues and membrane lipid headgroups. Importantly, these
simulations also described another key structural modification
taking place during deactivation, namely the sequential transfer
of the S4 charges across the catalytic center. Naturally, having
followed the deactivation mechanism of such channels, both
studies from Delemotte et al. and Jensen et al. also proposed
models for the resting state of the channel (see below).

Atomistic Models of the VSD Resting State. There are
at present several proposed molecular models for the
physiologically relevant deactivated or resting closed state of
Kv channels (Figure 3). In the model by Pathak et al,** $4 is
~8 A inwardly positioned relative to its up state; moreover, salt
bridge interactions are thought to be formed between R; and
E*¢ and between R, and E** and D*’, and R, would be
slightly below D**° while being exposed to intracellular water.
The models of Delemotte et al.>* and Jensen et al.”' show a
larger vertical inward displacement of S4 relative to the up state,
ie, ~15 A. In these models, R, is more deeply embedded
within the VSD, satisfying very recent experiments showing its
proximity to the catalytic center F*** (F** in the Kv1.2—Kv2.1
chimera),** and arginines R,—R, are positioned beneath the
phenyl center. The model of Delemotte et al. shows further the
interaction of R, with the lipid PO,™ headgroups. Finally, in the
model by Henrion et al. (C3),% the up—down S4 displacement
is ~12 A, and the salt bridge pairs of R; and E** (E** in
Kvl.2) and R, and E*?® (E** in Kv1.2) above and below the
phenyl center, respectively, are said to be formed in the resting
state. In the same study, another VSD conformation (C4)
thought to be reached solely under enduring hyperpolarized
pulses was further considered to match experimental data. In
C4, S4 is more deeply located within the domain (~17 A),
favoring interactions between R, and E*?, all inward to F**°
(F** in Kv1.2). Importantly, the structures account for much of
the experimental data as suggested by a recent analysis
investigating the consensual nature of some of the available
resting state models.**

Structure-Based Computation of Gating Charges (Q).
To evaluate the structural robustness and gating activation
motions, the aforementioned models were tested against
structure-based gating charge measurements. Distinct theoreti-
cal methods have been developed to compute gating charge Q
associated with the activated open and resting closed
conformations of Kvl1.2. For instance, Khalili-Araghi et al%¢
have used the “Q-route” to quantify Q in the simulation in
which an applied external electric field was used to ensure a
constant V. In this formulation, Q is written simply as Q =
<Qd>R,V - (Qd)A,VrSS where <Qd>R,V and <Qd>A,V are the
ensemble averages of the channel charges in the deactivated
and activated conformational states, respectively

>s,V (6)

where L is the size of the simulation box along the Z axis,
normal to the bilayer, and gq; and Z; are the partial charge of
atom i and its unwrapped coordinate along Z, respectively.
Alternatively, the “direct measurement” was used by Delemotte
et al. to compute Q in the Kvl.2 simulations in which the
charge imbalance protocol was used to apply V:>”°° In this
approach, the charge imbalance across the membrane due to
protein charges in a given conformation is linearly related to V,
so that

N u

Z;
z qiL_z

i=1

<Qd>s,V = <
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qé:rotein(t) — _q(;on(t) + ACV(t) (7)
where g5 "™ and gg™ are the contributions of protein charges

and ions, respectively, to the total charge imbalance go(t) =
g™ (t) + qg™(t), A is the membrane area, and C is the
membrane capacitance, which is constant for the channel—
membrane system86 and amounts to ~0.9 uF/ cm?, as measured
from MD simulations.”” Accordingly, Q associated with two
conformations of the channel, 4, and 4,, can be thus obtained
as

1 rotein rotein
Q= _5[‘15 (4,) - ‘15) (4)] (8)
where g§**"(4,) and g§**“"(4,) are the charge imbalance due
to protein charges in 4, and 4,, respectively. Finally, a more
general and free energy-based approach, the “G-route”,*> was
also used in different publications to make concrete
connections between the models and experi-
ments.50S7S8616266718788 11 this calculation, Q is linked to

the microscopic state of the channel through
AG(AZ’ V) B AG(AU V)
Q= v

©)

where, for each A conformation, AG(4,V) is the excess free
energy of the channel due to the applied voltage. It relates the
conformation of the channel to d)mp(i)

AG(A, V) = G(4, V) = G(4,0) =V ), qiqﬁp(z’)
i (10)

which represents the coupling of the ith channel charge g; to
the transmembrane potential. In practice, for a given
conformation of the channel, qbfnp(i) has been estimated
following different strategies: (i) by means of a continuum
electrostatic approximation based on the Poisson—Boltzmann
equation modified to account for the effect of the trans-
membrane voltage (eq 4),°%" (i) by means of perturbation
MD simulations as the charging free energy of g; at two
different Volt;iges,66’7l’85 and (iii) alternatively in the so-called
“energetic formalism” approach,® a less time-costly computa-
tion of (]ﬁimp(i) that can also be obtained in the form of the
“electrical distance” (eq 5).°"%* It is noteworthy that within the
framework of the Ramo—Schokley theorem, Q could also be
expressed as a function of starting and ending locations of all
particles bearing charges ¢q; and @X(r), which is another
formulation identical to that following egs 9 and 10.*

When tested against experimental estimates of Q measure-
ments for Shaker-like channels (12—14 e), the resting closed
models of Kv1.2 (or the Kv1.2—Kv2.1 paddle chimera) were all
found to be in fine agreement with the experimental
assessments.'>”'* With the Q route and direct measurement,
the formal free energy approach was particularly advantageous,
allowing the identification of several S2—S3 negatively charged
residues along with the S4 basic residues that contribute to the
Kv1.2 gating charges as well as quantification of their specific
contributions to Q. These results are consistent with experi-
ments showing that mutations of the S2—S3 and S4 residues
influence Q.'¥#¢%9=%3

Emerging Picture for VSD Activation. The same general
electric properties determined for the activated open
conformation of Kvl.2 (see above) were also found when
analyzing a resting VSD model,*® suggesting that the electric
field within the domain is not drastically reshaped during its
structural transition. This result was of particular interest, given
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the long-lasting controversy concerning the “static” or
“remodeled” nature of the electric field in VGCCs. Currently,
though not refuting key features of the paddle or transporter
models, i.e., the S3b—S4 forming paddle, hydration of the VSD
and field focalization, the emerging picture from the Kvl.2
structure and its manifold studies depicts major characteristics
of the sliding helix model. Accordingly, S4 moves from 10 to 15
A in the TM direction throughout activation, traversing its own
protein-lined pathway and forming conformation-dependent
salt bridges between its basic residues and neighboring
countercharges.94

Pore Opening and Coupling with the VSD. The
structural studies of Kv channels indicate so far that pore
opening involves transient hydration of the ionic conduction
pathway, allowing the diffusion of ions throughout a hydro-
philic environment, such as that encountered in the open gate
of Kv1.2.*® Here, sophisticated free energy calculations were
integral to the study of the energetics of ion conduction
through the channel. These calculations were made with the
free energy profile or potential of mean force (PMF). The PMF
along any given reaction coordinate A is related to the
equilibrium probability density P(4):

1

G(1) 5 In P(1) + G, (1)
where 7' = kT, G(1) is the free energy of the state defined by a
specific value of 4, and G is a constant. A detailed description
of the vast repertoire of free energy methods in the context of
MD simulations can be found in refs 95 and 96.

In one of the first approaches, Beckstein et al. have used
umbrella sampling with the weighted histogram analysis
method (WHAM) to estimate the G(4) profile for ion
permeation through nanopore models with various radii.”” In
their approach, an external potential of the form U(4) = k/2(4
— A;)?%, typically used in the method, was employed to efficiently
bias the equilibrium distribution of the ion along the
permeation pathway A. In practice, this was done following a
stratification approach by performing several independent
simulations with the ion initially positioned at different 4;
values. From each of these simulations, the WHAM method
was then used to reconstruct the unbiased density P,(1) from
the biased one, with the main goal of combining all P,(1) values
into the equilibrium probability density P(4), from which the
PMF was computed according to eq 11. Later, using MD
simulations and the adaptive-biasing-force (ABF) method,”**’
Treptow and Tarek estimated the PMF of ion conduction
through the more complex activation gate of Kv1.2.'° The
method corresponds to the usual thermodynamic integration
(TI) scheme (eq 12), except for the explicit dependence on the
volume element in generalized coordinates.

d6(4) = < > = —(E),
A (12)

di

The ABF method computes the mean force (F,), at a given
position of A by applying an iterative biasing force F*** that
allows the system to overcome free energy barriers. As the
estimation of (F,), is improved during the simulation, it adapts
to match precisely the free energy barrier, promoting a uniform
sampling by diffusing the system on a flat energy surface. In
their computation, authors have evaluated the PMFs for ion
conduction over a pathway of 27 A, ranging from the
cytoplasmic entrance of the pore to the central cavity of the

ou(r)
oA
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channel, and a stratification of nine windows was adopted to
minimize statistical errors. A homogeneous sampling along the
reaction coordinate, in which at least 20000 values of the force
were collected for averaging, ensured convergence of the PMF.

These free energy calculations showed independently that
narrowing of a hydrophobic gate dehydrates the permeation
pathway, restraining ion diffusion (Figure 4).°71% Computa-

~o"

Y 5

y

Closed

Figure 4. Pore narrowing and dehydration at the hydrophobic gate
stop the ionic flow. The intrinsic pore gating mechanism acts via
constriction of the hydrophobic gate and leads to dehydration of the
ionic permeation pathway. Abbreviations: HG, hydrophobic gate; SF,
selectivity filter.

tions based on the finite difference Poisson—Boltzmann
equation (eq 2) have pointed out that the free energy barrier
for conduction results from the reaction field energy,
corresponding essentially to a dehydration penalty.’**” The
reaction field energy is the difference between the electrostatic
energies of the channel with the permeating ion and the ion far
away in bulk. Overall, as demonstrated by such structural
studies, hydrophobic gates act as efficient devices in the control
of ion transport. In fact, a number of other ion channels also
present hydrophobic gates: nicotinic receptors,'”" the bacterial
mechanosensitive MscS channel,'”” Ky, channels,'® and
NaChBac.'** Furthermore, hydrophobic gates seem to equip
the channel pore with an intrinsic gating mechanism, qualifying
the construct to operate autonomously. Indeed, recent
microsecond-long MD simulations of rat Kvl.2 showed that,
starting from an open conformation, the pore region may go
through a dewetting transition, followed by channel closing by
means of an intrinsic hydrophobic gating mechanism.'®
Dewetting results from capillary evaporation alternated with
capillary condensation of water within the pore, which is a
common feature of hydrophobic nanopores in general.'*

A major question of how the electrically driven or dewetting-
driven motions of VSD and PD could be joined cooperatively
to generate the open—closed transitions of the entire channel
arises. While easily viewed as two autonomic operating devices,
the pore and the VSD cast a synergistic functional machine. So
far, this matter has been approached via site-directed mutations,
revealin% that the S4—S5 linker residues took part in such a
process.'”’ "' Only recently have long molecular dynamics
simulations provided the very first structural and dynamical
insights on the subject (Figure S). Jensen et al. studied the
deactivation and activation pathways of the Kvl1.2—Kv2.1
paddle chimera channel.”’ As indicated by the simulation,
activation follows a well-described path: starting from a closed
deactivated state, depolarization-driven S4 upward displace-
ments occur along with a final cooperative S4 motion to bring
the S4—SS5 linker to a tense conformation. This tension results
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Figure 5. Schematic representation of the voltage sensor—pore
coupling during K" channel gating, as revealed by the extremely
long molecular dynamics simulation of ref 71.

in perturbation and weakening of the linker—S6 interaction,
permitting, at first, opening of the pore lower gate accompanied
by partial pore hydration; ions then enter the cavity, inducing
progressive rehydration of the conducting pore along with
complete pore opening. The deactivation event follows
somewhat the reverse path: under hyperpolarization, an early
downward movement of S4 precedes pore dewetting and its
subsequent collapse. Only after complete pore closure does
VSD reach a fully down state. Also, the simulation illustrates
that to complete the pore opening process, all four VSDs are
required to be fully activated. Closing, on the other hand, solely
requires rearrangements of a single VSD. Despite the detailed
description of the pathway unveiled for the Kv1.2—Kv2.1
chimera, the matter is still under discussion for other channels
such as KCNQ], for which it is proposed that activation results
from sequential transitions unconditioned to a concerted
motion of all four VSDs.''! KCNQI illustrates the role
sequence diversity may have in generating potentially different
mechanisms between the various channels

B FUTURE DIRECTIONS

After more than 50 years of study and with the aforementioned
models in mind, one major challenge is to place all the
structural and functional data into a unified framework so it can
be applied to other appealing topics.

Toward other VGCCs. In 2011, the X-ray structure of a
voltage-gated sodium channel from the bacterium Arcobacter
butzleri, NavAb, was determined at 2.7 A/° featuring a closed
PD and the four VSDs seemingly activated (Figure 1). The
structure, which was interpreted as being representative of the
pre-open state of the channel, has offered the first high-
resolution structural template available for the investigation of
other much less frequently studied Na* and Ca** channels.
Because of their structural similarity, members of the VGCC
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family are expected to exhibit a voltage sensing and gating
mechanism similar to those discovered in Kvl.2. Large
variations might exist for some specific channels, such as the
HCN channel, for which the S4-mediated process follows an
opposite voltage dependence.''” For NavAb and related
bacterial channels, results from site-directed spin labeling and
EPR spectroscopy support the notion that its voltage sensing
pathway may be highly similar to several K* channels."!
Therefore, established experimental and theoretical approaches
can be applied to characterize the active and resting states of
NavAb and to elucidate the structural similarities and
divergence between them. As described in the following, this
proposition has been strengthened with recent publications.

On the basis of the analysis of disulfide locking of Cys double
mutants, Catterall and co-workers have described an extensive
set of state-dependent interactions between S4 charges and
their countercharged residues in neighboring VSD segments for
the orthologous NaChBac channel. By using the Rosetta
method, authors have combined the set of interactions with
structural data available for related channels, including the
Kv1.2—Kv2.1 chimera and NavAb, to construct structural
models of resting, intermediate, and activated states of
NaChBac.”” In another recent study, Amaral et al. considered
two specific structures of Kv1.2, in the activated open® and
resting closed®® conformations, as guide templates to drive a
series of biased and equilibrium MD simulations that aimed to
explore the activation open pathway of NavAb.''* The biasing
simulations were accomplished by means of target molecular
dynamics (TMD),""® in which a selection of N atoms of the
channel was guided to the reference structures by an applied
potential Uryp = '/,(k/N)[rmsd(t) — rmsd*(t)]? with root-
mean-square deviations rmsd(t) and rmsd*(t) corresponding
to instantaneous and target deviations between structures,
respectively. Specifically, by using a force constant k of 4.5 kcal
mol™" A™* and a velocity of 0.25 A/ns for the target deviation
rmsd*(t), authors have sampled channel conformations
potentially related to the resting closed and activated open
states, a result strongly consistent with the recently published
X-ray crystal structures of the orthologous channels NavRh®
and NavMs.”

In many instances, acquisition of structural data for different
members of the superfamily of K* and Na* channels is highly
desirable and actually required to extend our knowledge on
other appealing topics. In this context, the X-ray structures and
atomistic models available for distinct conformations of Kv1.2,
NavAb, and other channels provide a valuable set of templates
that can be further aided by comparative protein modeling to
built-up models of structurally unknown channels. Consistent
with this notion, homology models for the TM domain of K-
Shaw''® and the VSD of the mammalian Navl.4 channel''”
have been successfully built and recently considered in studying
the regulation and dysfunction of VGCCs (see below). The
success of these approaches templated on Kv1.2 and NavAb
relied on the significant level of sequence similarity shared by
channels within the TM segments.

Structural Details of the Inactivation State. Inactivation
is another voltage-dependent process involving complex
structural rearrangements of VGCCs, ultimately hindering the
passage of ions through the channel. To date, key aspects of
this process have been unveiled for K* channels, indicating that
these rearrangements are described by two main mechanisms: a
fast inactivation occurring on the millisecond time scale and a
slow, or C-type, inactivation occurring under lingering
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depolarized conditions or repetitive firing of potentials. The
fast inactivation relates to the clogging of the intracellular
opening of the pore by the N-terminus of the channel.''®
Metadynamics MD simulations,""® and subsequent experi-
ments,'?° revealed that slow inactivation is achieved through
structural defects in the selectivity filter, leading to unusual
dihedral angle conformations. Whether the hydrophobic gating
mechanism described for the pore of Kvl.2 (see above)
corresponds as well to an intrinsic inactivation mechanism in
Kv channels remains to be validated.

In this regard, much is still unanswered when it comes to
structural details of the inactivation mechanisms of sodium
channels. For the mammalian Nav channels, the fast
inactivation has been shown to occur via a “hinged lid”
mechanism performed by an intracellular inactivation gate that
binds to the mouth of the pore, whereas the slow inactivation is
much more poorly characterized."*' For bacterial Nav channels,
which do not present the mammalian relative inactivation
machinery, a variant inactivation is likely to derive from closure
of the intracellular gate of the main pore,"**7126 which seems to
be similar to the hydrophobic gating mechanism described for
Kv1.2. Indeed, the X-ray structures of NavAb” and NavRh}?
featuring a closed PD, have recently been described as
potentially inactivated structures of the channel. As previously
highlighted, a detailed characterization of fully activated—
inactivated structures, and even the pathway by which the
transition is accomplished, are significant in terms of a more
profound understanding of other fundamental topics such as
conduction and channel modulation by ligands.

Channel Modulation. Another fascinating topic relates to
the modulation of voltage-gated channels (VGCs). This subject
concerns the possibility of investigating how ligands such as
divalent cations, peptides, free sulthydryl modifiers, general and
local anesthetics, and toxins may alter VGCC function. Indeed,
a series of studies have already been, and are still being,
conducted in this regard. For instance, in a recent study, alanine
scanning experiments along with MD docking calculations
succeeded in identifying binding sites for inhaled anesthetics
both at the S4—SS linker and at the activation gate of K-
Shaw.''¢ Moreover, other structural studies were also
conducted to investigate the functional and structural effects
engendered by pore-blocking toxins'>’ and gating modifier
peptides'*® binding to VGCCs. In light of this scenario and the
just released sodium channel structures, studies with these
template structures are thought to be of great value for further
investigations of binding of the ligand to VGCCs. In fact, the
anesthetic sensitivity of NavAb-related channels, such as
NaChBac,'* suggests that NavADb is a useful model for studies
of the action of general anesthetics. Furthermore, given the key
role of Nav channels in generating the upstroke of the action
potential, toxins act at six or more distinct receptor sites on
these channels compared to only two sites on Kv."*°

Channel Dysfunctions. Finally, in view of the great
structural progress that has been made so far, we are reaching a
critical point where it is possible to tackle more intricate and
relevant questions, such as the molecular origins of VGCC-
related dysfunctions. It is remarkable that such a deep issue can
be investigated in the context of atomic-level structural studies.
A series of recent MD investigations’""*""** address the
interplay between S4 helix mutations and inheritable
channelopathies, e.g., epilepsy, paralyses, and long QT
syndrome. By considering the Kv1.2 channel, these studies
demonstrated that specific S4 mutations disarrange the VSD
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electrostatic network, giving rise to leakage of cations, the so-
called “omega” or “gating pore” currents, >>'3* through an off-
pore conduction pathway within the voltage sensor domain.
Here, similar studies yet to be conducted on sodium channels
will likely be very instructive in understanding the molecular
properties underlying inheritable genetic diseases. In this
direction, initial modeling efforts have suggested that the
hydrophobic septum that isolates the intracellular and
extracellular media within the VSDs of Navl.4 is ~2 A long,
which is similar to the length of that encountered in the VSD of
Kv channels.'""” This structural pattern rationalizes the
existence of gating pore currents on the Navl.4 channel.
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