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Abstract

lon channels are the “building blocks” of the excitation process in excitable tissues. Despite
advances in determining their molecular structure, understanding the relationship between channel
protein structure and electrical excitation remains a challenge. The Kv7.1 potassium channel is an
important determinant of the cardiac action potential and its adaptation to rate changes. It is
subject to beta adrenergic regulation, and many mutations in the channel protein are associated
with the arrhythmic long QT syndrome. In this theoretical study, we use a novel computational
approach to simulate the conformational changes that Kv7.1 undergoes during activation gating
and compute the resulting electrophysiologic function in terms of single-channel and macroscopic
currents. We generated all possible conformations of the S4-S5 linker that couples the S3-S4
complex (voltage sensor domain, VSD) to the pore, and all associated conformations of VSD and
the pore (S6). Analysis of these conformations revealed that VSD-to-pore mechanical coupling
during activation gating involves outward translation of the voltage sensor, accompanied by a
translation away from the pore and clockwise twist. These motions cause pore opening by moving
the S4-S5 linker upward and away from the pore, providing space for the S6 tails to move away
from each other. Single channel records, computed from the simulated motion trajectories during
gating, have stochastic properties similar to experimentally recorded traces. Macroscopic current
through an ensemble of channels displays two key properties of Kv7.1: an initial delay of
activation and fast inactivation. The simulations suggest a molecular mechanism for fast
inactivation; a large twist of the VVSD following its outward translation results in movement of the
base of the S4-S5 linker toward the pore, eliminating open pore conformations to cause
inactivation.
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1 Introduction

Membrane ion channels are the fundamental molecular “building blocks” of the excitation
process in excitable tissues. In the cardiovascular system, ion-channels generate the heart
rhythm and underlie synchronous cardiac contraction, control modulation of these processes
by the autonomic nervous system, and play a central role in regulation of vascular tone and
blood pressure. Much of cardiovascular pathology involves alterations in the molecular
structure of ion-channels caused by mutations, remodeling by disease processes and/or
environmental factors, or by unwanted effects of drugs. lon channels are also potential
targets for therapeutic interventions by drug binding or molecular modification. Therefore,
understanding the relationship between the molecular structure of an ion-channel protein and
electrical excitation is an objective of critical importance, which remains a difficult
challenge. Of special interest in the context of this focused issue of Progress in Biophysics &
Molecular Biology is the biophysical basis of cardiac ion-channel gating, which underlies
the cardiac action potential and ultimately heart rhythm. Briefly, in response to changes in
membrane voltage, the S3-S4 complex (voltage sensor domain, VSD) moves and its
movement is transformed to pore opening or closing through mechanical coupling.
Background information about voltage dependent channel gating is provided in Online
Supplement 1. It is not possible to unveil the exact mechanism of mechanical coupling
experimentally, as it is not possible to monitor the structural changes of the ion-channel
protein during gating. However, experimental data have provided important information and
insight about conformational changes of the ion-channel protein during gating that can
provide the basis for simulating the gating movement. Previously, we developed a general
computational-biology approach for simulating the structural dynamics of an ion channel
protein during gating and the resulting function in terms of channel current (Nekouzadeh
and Rudy, 2011a). This new method is based on physical principles and designed to simulate
the large and gradual intra-molecular motions of macromolecules over the milliseconds time
scale of gating and other biophysical processes that determine the multi-scale physiological
system behavior (Gjuvsland et al., 2013). It differs from the conventional Molecular
Dynamics (MD) computational approach, which simulates atomic-level motions over much
shorter time scales. The current through ion-channels is controlled by the stochastic pattern
of channel opening and closing (Nekouzadeh and Rudy, 2007a; Nekouzadeh and Rudy,
2007b), which is a consequence of conformational alterations within the ion-channel protein
(Broomand and Elinder, 2008; Doyle, 2004; Gandhi et al., 2003; Gulbis and Doyle, 2004;
Jiang et al., 2003; Long et al., 2005b; Nekouzadeh and Rudy, 2011a; Nishizawa and
Nishizawa, 2009; Perozo, 2002; Perozo et al., 1999; Posson and Selvin, 2008; Ruta et al.,
2005; Sansom and Weinstein, 2000; Silva et al., 2009; Tieleman et al., 2001).

The physiological function of an ion channel is determined by its large and gradual
intramolecular motions, which occur on a time scale of milliseconds. The MD approach
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(Adcock and McCammon, 2006) simulates the small high frequency vibrations of all atoms
in a molecule and therefore requires a very short time step (order of femto seconds) in
simulations. Consequently, MD can simulate only several microseconds of protein motion.
Large scale motions within an ion-channel protein require a coherent motion of a large
group of atoms (a relatively rare event), which occurs over a much longer time scale (by
several orders of magnitude) than the time scale of atomic vibrations. Additionally, MD
simulates the motion trajectory for a randomly chosen initial state of the atoms, assuming
one of infinite possibilities for their locations and velocities (the initial state) and simulating
the subsequent state from their current state. Based on experimental recordings of single ion-
channel currents, the large and gradual gating motions of an ion-channel protein are highly
stochastic. Therefore, a single motion trajectory simulated by MD cannot be representative
of all trajectories and conformational changes during ion-channel gating.

Traditionally, transmembrane ionic currents have been computed using the Hodgkin —
Huxley (HH) formulation (Hodgkin and Huxley, 1952) or the Markovian approach (Clancy
and Rudy, 1999; Rudy, 2012; Silva and Rudy, 2005). The HH approach computes the
macroscopic current through a large ensemble of channels; it is phenomenological and does
not relate function to structure. In the HH approach, relationships between gating processes
(e.g., inactivation occurs only from an activated state) cannot be expressed because they are
assumed independent of each other. Markov models specify channel states; however, these
are abstract kinetic states, not representative of structural conformations of the ion channel
protein. A Markov scheme is not a unique model of the channel function and different
schemes that fit the same experimental data can be interpreted differently in terms of
underlying mechanisms. The approach used here aims to overcome these limitations and
relate explicitly molecular structure and channel function. It computes the ionic current
directly from the dynamics of the ion-channel molecular structure, independent of an
assumed Markov model.

We apply the computational approach to study gating aspects of the cardiac Kv7.1 potassium
channel (also called KCNQ1). The choice of KCNQ1 (alpha subunit of cardiac k) is
motivated by the important role of Ik in the cardiovascular system; in particular, its role in
cardiac action potential repolarization and in cardiac arrhythmias. Specifically: 1. Ixs plays a
crucial role in action potential adaptation to rate changes (Bauer et al., 1999; Silva and Rudy,
2005; Viswanathan et al., 1999), 2. Mutations in KCNQ1 cause the most common
arrhythmic long QT syndrome LQT1 (Aidery et al., 2012; Crotti et al., 2007; Splawski et al.,
2000; Tsuji et al., 2007; Winbo et al., 2014) 3. Ikg is subject to beta adrenergic regulation
(Bosch et al., 2002; Kass and Moss, 2003; Sampson et al., 2008) and 4. Several mutations in
Iks are associated with atrial fibrillation, the most common cardiac arrhythmia (Chen et al.,
2003; Das et al., 2009; Hong et al., 2005). From a structural modeling perspective, KCNQ1
is highly homologous to Kv1.2 for which crystal structure is available (Silva et al., 2009).
Starting from the simulated KCNQ1 molecular structure, we characterize the mechanical
coupling between the VSD and pore domains during gating. We also compute the
macroscopic current and suggest a novel molecular mechanism for its early inactivation.
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2 Methods

The modeling method employed here is based on the governing equations we derived
previously (Nekouzadeh and Rudy, 2011a). It is fundamentally different from the MD
approach; the differences can be summarized as follows. The secondary structures of the
protein (helices and beta sheets) are usually maintained during the large and gradual motions
associated with channel gating (except for some low amplitude, high frequency atomic
vibrations of their atoms). Therefore, we consider the elements of secondary structure as
rigid bodies with 3 translational and 3 rotational degrees of freedom for both position and
velocity. The limited number of degrees of freedom implies that only a limited number of
energy terms vary during the motion and need to be computed. Consequently, the energy
computation is faster by orders of magnitude than in the MD approach. Details of energy
computation are provided in Online Supplement 2. For the chosen degrees of freedom we
simulate the average molecular motion, defined as the motion averaged over a time window
much larger than the time scale of the atomic vibrations, yet much smaller than the time
scale of the large and gradual intra-molecular motions (Nekouzadeh and Rudy, 2011a). This
removes the limitation of a very small time step (required in the MD approaches) and makes
it possible to simulate the motion over much longer durations, as necessary for simulating
ion-channel gating. In this approach, the high frequency vibrations of atoms are not
simulated explicitly; however, their effect on the average motion is considered by including
a stochastic term in the derivation of the governing equations for the motion of the rigid
segments (Nekouzadeh and Rudy, 2011a). Unlike MD, which simulates a single motion
trajectory, the approach used here simulates the temporal probability distribution of a protein
in the entire configuration space of the chosen degrees of freedom. This makes it possible to
relate macroscopic functional properties of the protein, such as the macroscopic current in
the case of ion-channels, to its dynamic structure. Note that a macroscopic property of the
protein is the average of that property over a large ensemble of proteins in different
conformations. Obtaining the ensemble average requires knowing the probability
distribution among all possible conformations and cannot be derived from one single motion
trajectory.

The simulations presented here required further developments to the general approach in
reference (Nekouzadeh and Rudy, 2011a). Instead of only 2 degrees of freedom (d.o.f.), we
considered 20 d.o.f. that describe experimentally known large scale conformational changes
of the Kv7.1 ion channel protein. We then examined all conformations within the entire
configuration space of these d.o.f. For this purpose, computer codes were developed for
simulating the conformational changes, closing intra-protein connecting loops, calculating
energy, performing side chain repacking and determining steric clashes. The d.o.f. were
sampled at a spatial resolution of 1 angstrom. The entire configuration space consisted of
9.3x1016 conformations, but the majority was eliminated due to steric clashes or other
structural constraints, leaving about one million acceptable conformations. We developed a
recursive algorithm that starts with one acceptable conformation and extracts all possible
conformations within the entire configuration space by examining the neighboring
conformations of the acceptable conformations; with this algorithm there is no need to
examine all the conformations in the configuration space (9.3x1016 conformations) to
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determine all acceptable conformations. The set of acceptable conformations was used to
study the voltage sensor motion and its mechanical coupling to the pore domain during ion-
channel gating.

A 3D structure of the Kv7.1 channel (termed the initial structure in this paper) was derived
previously(Silva et al., 2009) based on homology to Kv1.2 with a known crystal structure in
the open state (Long et al., 2005a). We based our structural analysis on the assumption that
the S4 motion is transferred to pore opening by moving the S4-S5 linker away from the pore
region and providing space for the S6 tails to move away from each other (Broomand and
Elinder, 2008; Doyle, 2004; Gandhi et al., 2003; Jiang et al., 2003; Labro et al., 2008; Long
et al., 2005b; Nishizawa and Nishizawa, 2009; Perozo et al., 1999; Posson and Selvin, 2008;
Seebohm et al., 2006; Tombola et al., 2005). We assumed that S3 moves with S4 (similar to
Kv2.1 and KvAP; see Discussion). The motion of the S3-S4 complex was fully
characterized by 3 translational and 3 rotational d.o.f. (Figure 1A). Backbone atoms of S1,
S2, S5 and the P-Loop segments were assumed stationary during the gating process.
Different S4-S5 linker conformations were generated by different probable combinations of
¢and wangles (2 d.o.f.) of the residue that connects the S4-S5 linker to S5 (Figure 1B). S6
was allowed to bend along residues 341 to 343 with 6 d.o.f. (Figure 1C) and to move rigidly
with 3 translational and 3 rotational d.o.f. (Figure 1D). These d.o.f. were chosen to be
consistent with the experimentally determined conformational changes within the Kv7.1 and
other potassium channels (Online Supplement 1). Including additional d.o.f., in particular
for the rigid-body motion of the P-Loop, and the rotation and bending of S5, can reveal more
details about the conformational changes during gating. However, this increases the size of
the problem, and therefore of the simulation time, by several orders of magnitude. In the
present simulations, we limited the d.o.f. to the known significant motions, thereby reaching
an acceptable compromise between accuracy and simulation time. To reduce the complexity,
the four S6 segments were assumed to be symmetric. The C-terminus (beyond Phe 364) was
not considered in the simulations. To include any possible constraints imposed by the C-
terminus on the S6 motion, the motion of Phe 364 was limited to 12 angstroms. The pore
was considered closed if its minimum diameter was less than 8 A (otherwise open). The
moving segments of the structure were assumed to be connected to the stationary segments
by 4 loops: a three residue loop (319-321) on top of S6, a one residue turn (258) between
the S4-S5 linker and S5, a three residue loop (244-246) between the S4-S5 linker and S4
and a 22 residue loop (174-195) between S2 and S3. The last loop is sufficiently long that it
can connect S2 and S3 for any conformation. The connection between the S4-S5 linker and
S5 was maintained when generating various S4-S5 linker conformations. Closure of the two
remaining loops was verified for each generated conformation using the previously
developed approach (Nekouzadeh and Rudy, 2011b). A VSD conformation was considered
an activated state if it could be connected to a number of open pore conformations via one or
more S4-S5 linker positions. Channel opening was considered to be cooperative (pore
opening requires all four VSDs to be activated). A side chain repacking algorithm was used
to eliminate side chain clashes. In computing the energy of the conformations, we included
only those terms which varied with the considered degrees of freedom. The electrostatic
energy was calculated implicitly for any given membrane potential.
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Additional discussion of the methodology used in this study is provided in Online
Supplement 2. Description of the general computational approach, the governing equations
and mathematical derivations are provided in reference (Nekouzadeh and Rudy, 2011a).

3 Results

3.1 Probable Conformations and Mechanical Coupling

Figure 2A shows one VSD of the Kv7.1 structure together with two of its pore - domain S6
segments. The 3 translational (red arrows) and 3 rotational (brown arrows) degrees of
freedom for the VVSD are shown on the lower left. With a grid size of 1 A, there are about
27,000 possible conformations of the VSD. The distribution of these possible conformations
shows that the VSD can move inward (+z direction) for up to 16 A (Figure 2B). The wangle
is distributed (normal distribution) about two central angles: 0° and 180° (Figure 2C),
defining two conformational subgroups. The first group (group 1) is distributed about «=0°,
where S4 is facing the pore domain (Figures 2A, 2J and 2K). In the second group, about
@=180° (group 2), S3 is facing the pore domain (Figures 2L and 2M). Inward and outward 2z
translations of S4 during gating have been verified experimentally by probing different
residues from inside and outside of the cell (Ruta et al., 2005; Wu et al., 2010a). We used the
generated pool of probable conformations to determine how other degrees of freedom vary
during gating. The ztranslation was used as an indicator of the gating path and the
distribution of other d.o.f was computed at every zalong the path. Figures 2D to 21 show the
average and standard deviation of the d.o.f among conformations with the same z. Figures
2D and 2F show that, on average, the inward motion of the VSD (+ztranslation) is
accompanied by about 4 A translation toward the pore (+x translation), and about 2 A
translation orthogonal to the z-x plane (+y translation). Throughout the ztranslation, the @
angle maintains a double distribution, though the number of conformations decreases more
in group 1 compared with group 2 as the VSD moves inward (Supplement Figure S1).
Figures 2H and 21 (and Supplement Figure S1) show that the inward motion of the VSD is
accompanied by a significant counterclockwise rotation (viewed from the outside) of up to
60° within each group. Tilting (@rotation) and revolving (¢ rotation) vary over a limited
range and, on average, do not show any significant change with respect to ztranslation
(Figures 2E and 2G). In the initial structure, the VVSD is in an outward position and the S4—
S5 linker is positioned horizontally; the S6 tail is located under the S4-S5 linker (more
inward). In this configuration the channel is considered open, because some possible S6
conformations are forming open pores. Hyperpolarizing the membrane potential applies an
inward-directed electrostatic force on the VSD, which facilitates its inward translation. As
shown in Figure 2, because of structural constraints this inward translation is accompanied
by translation toward the pore domain and a counterclockwise twist. Figures 2A, 2J and 2K
show locations of three randomly selected S3-S4 conformations (from group 1) at three z
translations. The inward (+2) translation of the VSD causes an inward rotation of the S4-S5
linker (about its base, defined as its connecting point to S5); while the counterclockwise
twist of the VSD causes a counterclockwise rotation of the S4-S5 linker (when viewed from
the outside). Both rotations of the S4-S5 linker limit the space for the S6 tails (of the same
and neighboring subunits) and eliminate S6 conformations that are farther from the center of
the pore. This implies a reduction in the number of open pore conformations and
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consequently a reduced channel open probability. In conformations where VSD is twisted
180° with respect to the initial structure (group 2), the S4-S5 linker rotates about the zaxis
away from the pore domain and undergoes a counterclockwise twist about its main principal
axis (Figures 2L and 2M). At a first glance, it seems that the rotation away from the pore
should increase the number of open pore conformation. However, the counterclockwise twist
of the S4-S5 linker moves its base toward the pore, thereby eliminating most of the open
pore conformations regardless of the ztranslation of the VSD. It should be noted that of all
the conformations that the ion-channel can assume during its activation or deactivation
pathway, only those that are energetically favorable may be considered as closed or activated
states.

To provide a more quantitative analysis of how the ztranslation of the S3-S4 complex is
associated with channel open probability (mechanical coupling), we computed the number
of open pore conformations for each S4-S5 linker position. This determines the likelihood
of channel opening at a given S4-S5 linker position. We then determined the distribution of
the S4-S5 linkers that can be connected to S3-S4 conformations at different ztranslations.
The intersection of these two requirements provides the likelihood of pore opening at
different z translations of the voltage sensor during gating. Figure 3A shows the spatial
location of the S4-S5 linker tip (C,, of T247, connection to S4) for the most probable S4-S5
linker conformations.

The left and right sides of the map correspond to conformations where the S4-S5 linker
moved toward and away from the pore domain, respectively. The S4-S5 linker
conformations for which the pore is open (green shades) are located in the upper left and
lower right regions of the map. In both regions, motion of the S4-S5 linker tip in +x
direction (toward the pore) and in +zdirection (inward) reduces the number of open pore
conformations. For example, the number of open conformations decreases gradually from 40
to zero when the S4-S5 linker moves toward the pore along the path 150 to 174 to 198 to
221 to 242, or inward along the path 196 to 197 to 198 to 199 to 200 (red arrows). These
data confirm the intuitive prediction that both inward and toward the pore motion of the S4—
S5 linker reduce the channel open probability. In contrast, there is a sharp decrease in the
number of possible open pores as the S4-S5 linker moves away from the pore from
conformation 149 to 337 (red arrow). In conformation 337, there is a displacement of the
S4-S5 linker base (caused by a significant change in ¢ and wangles of His258) which
eliminates almost all of the open pore conformations. Conformations on the upper right side
of the map marked by red dotted circles (258 to 354) have a displaced S4-S5 linker base
with no or very small open probability. It should be mentioned that many regions of this map
can be reached by two different sets of ¢ and yangles of His258; one set causes a significant
displacement in the S4-S5 linker base. These S4-S5 linker conformations are less stable (the
average dihedral angle energy of the S4-S5 linkers with a displaced base is about 5kT higher
than the S4-S5 linkers without a displaced base) and are associated with closed pore
conformations; they are included in the map only for those locations that cannot be reached
otherwise (i.e. conformations 258 to 354).

Figures 3B, 3C and 3D show the density of VSD conformations that can be connected to the
S4-S5 linker at each position, at three different ztranslations. At outward positions of the
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VSD (Figure 3B) the S4-S5 linker in two distinct regions of the map can connect to the
VSD: in the vicinity of position 198 and in the vicinity of position 337. The first region is
mainly of open conformations, while the second region is mainly of closed conformations
with a displaced base S4-S5 linker (Figure 3A). Considering that the S4-S5 linker energy in
the second region is about 5kT higher than in the first region (supplement Figure S2), the
channel has a significantly greater open probability at the outward positions of the VSD. As
he VSD moves inward, both regions of possible S4-S5 linker connectivity move downward
(in +zdirection) in the map (Figure 3C). They are now in the vicinity of positions 201 and
279. These are S4-S5 linker conformations for which the pore is mostly closed and
consequently the channel open probability is significantly reduced. Further inward motion of
the VSD moves the possible linker positions farther down, in the vicinity of position 180
(Figure 3D), where all conformations are closed. Note that almost no VSD conformations
can connect to S4-S5 linker positions associated with open pore in the vicinity of position
77.

The number of VSD conformations is significantly greater than the number of S4-S5 linker
conformations and therefore several voltage sensor conformations are associated with each
S4-S5 linker conformation. For any possible pair of S4-S5 linker and VSD conformations
we determined the possible pore conformations. Analyzing the data revealed that there is
greater similarity of pore conformations among pairs with the same S4-S5 linker
conformation and different VSD conformations than among pairs with the same VSD
conformation and different S4-S5 linker conformations. This supports the concept that
motion of the VVSD affects the open pore conformations mainly through altering the position
of the S4-S5 linker.

Examining the S6 conformations in the open pore revealed that the S6 tail may lean against
the S4-S5 linker of its own subunit or the S4-S5 linker of an adjacent subunit. Figure 4
shows the two possibilities of the S6 to S4-S5 linker interaction and depicts the mechanical
coupling in both cases. The S6 conformations that interact with the adjacent S4-S5 linker
(panel B) have larger bending and revolution about the z axis than S6 conformations that
interact with their own S4-S5 linker (panel A). To better understand mechanical coupling,
we shifted the S4-S5 linker position inward and toward the pore, from 173 to 201. In the
new position, the S4-S5 linker experiences steric clashes with the S6 tail in both cases (as
shown in the framed insets). To prevent these clashes, the S6 tails must move toward the
pore center, thereby decreasing the overall pore diameter. The S6 segments also undergo a
small rotation (bottom views) when they are pushed together. Pore closure occurs when the
diameter of the free space between gatekeeper residues on S6 (which delineate the smallest
pore diameter) decreases below the open-pore threshold.

3.2 Energy Considerations and Effect of Membrane Potential

Not all possible conformations occur with the same likelihood. The energy of the protein at
each conformation determines the probability distribution of the conformations and the
dynamics of conformational changes. Figure 5A shows the mean energy and its standard
deviation for Kv7.1 voltage sensor conformations at various ztranslations (in red); it
compares it with the effective energy for the same conformations (solid black curve). The
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effective energy is defined in the Online Supplement 2; it represents the probability of S3-
S4 complexes residing at different ztranslations. The effective energy is significantly
different from the average energy, but closely follows the minimum energy (dashed black
curve; also defined in online Supplement 2).

Therefore, among a group of conformations with the same z translation, the minimum
energy conformation is an appropriate representative for studying the dynamics. Three local
minima at ztranslations of -3, 6 and 10 are noticeable in both the effective and minimum
energy curves. These ztranslations are consistent with the experimentally suggested
displacement for the voltage sensor during activation (Posson and Selvin, 2008; Tombola et
al., 2005). A significant energy barrier of about 5kT exists between the two minima at -3
and 6. Membrane potential (within the physiological range) can alter the effective energy; a
+50mV membrane potential reduces the energy of the outward conformations with respect
to the inward conformations, while a membrane potential of —100mV does the opposite
(Figure 5B). As a result, as shown in Figure 5C, while at ~100mV all voltage sensors are
located at inward positions, membrane depolarization to +50mV moves those to outward
positions. From a purely structural perspective, we showed that the open pore conformations
are mostly associated with the outward positions of the S3—-S4 complex and rarely with the
inward positions (Figure 3). To verify that this holds when the energy-based probability
distribution of the conformations is considered, we computed the average probability of
activated voltage sensors at various z translations (Figure 5D). This computation takes into
account the energy terms and the fraction of open pores associated with all possible S4-S5
linker positions for a given VSD conformation. A significant fraction of outward VSD
conformations are activated at the outward position (-4<z<0). Starting at z= 0, the
probability of having an activated voltage sensor conformation is reduced by about 80%
within 3 Angstrom of inward motion of the S3-S4 complex; it diminishes completely within
6 Angstrom.

3.3 Structural Dynamics and Channel Current during Activation Gating

We simulated the dynamics of conformational changes during a voltage clamp test from
-100 mV to +50 mV. Several trajectories of the Kv7.1 ion-channel conformational changes
(averaged over a 1 ps time window) were generated by incorporating the conservative force
field of the protein (associated with the chosen d.o.f) and the stochastic terms (of atomic
vibrations) into the governing equation of motion derived previously (Nekouzadeh and
Rudy, 2011a). The stochastic terms were determined for translational and rotational d.o.f of
each rigid body segment (for an averaging time window of 1ps). Different trajectories were
generated with different ensembles of the stochastic terms. The average time progressions of
the VSD d.o.f. (over 110 simulated trajectories) are shown in Figures 5E to 5J. These
computed dynamics are also visualized for a representative motion trajectory as continuous
conformational changes in Supplement Movie File. There are three significant motions of
the VSD during this activation trajectory: moving outward (Figure 5G), moving away from
the pore (Figure 5E), and a clockwise twist when viewed from the outside (Figure 5J). Due
to the stochastic nature of gating, motion trajectories vary in different simulation runs
(Supplement Figure S3). However, these three motions are present in most trajectories and
therefore in the average trajectory of 110 simulations (see also Supplement Figure S4). The

Prog Biophys Mol Biol. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Nekouzadeh and Rudy Page 10

VSD undergoes a rapid rotation (changes in 6, ¢ and @) in the beginning of the simulation,
followed by gradual rotation through the rest of the gating duration (Figures 5H, 5I, and 5J).
Because all the trajectories are simulated starting from the same initial conformation, the
initial rapid rotation of VSDs represents mostly the variability of VSD orientation among
different conformations with an initial closed state (with insignificant energy barriers
between them). Motion of charged residues on the VSD in the zdirection produces a current
across the cell membrane, known as gating current. Using the average motion of the VSD in
the zdirection (Figure 5G) the gating current was simulated and shown in Figure 5K. The
simulated gating current displays a very fast rising phase, followed by a single exponential
decay, consistent with the experimentally recorded gating currents from Kv7.4 potassium
channels (Miceli et al., 2012). It should be noted that the simulated duration of gating
current for Kv7.1 channels in this study (at 23°C) is ~50 ms, which is slightly longer than
the experimentally recorded duration of ~30 ms for Kv7.4 channels at 28°C.

Representative records of single channel openings were simulated using four randomly
selected motion trajectories of four voltage sensors and including a cooperative transition to
the channel open state (Nekouzadeh et al., 2008). The morphology of single channel records
varied from constant flickering between open and closed states to no openings (Figures 5L,
5M, 5N, and Supplemental Figure S5). The open probability was computed by averaging
1,000 simulated single channel records (Figure 50). The simulated Kv7.1 open probability
displays an inactivation characteristic; there is a decline in the open probability after it
reaches its maximum at about 60 ms. The existence of inactivation in Kv7.1 channels is
deduced from the presence of a hook in the macroscopic tail current during deactivation
(Shalaby et al., 1997; Tapper and George, 2000; Wu et al., 2010a). However, in several
experiments inactivation was also recorded early, following channel activation, while the
membrane was still depolarized (Bendahhou et al., 2005; Schwake et al., 2003; Sesti and
Goldstein, 1998; Yamagata et al., 2011). Seebohm et al. mapped the region of fast
inactivation to transmembrane domain S5 and pore loop H5, distinct from N- or C-type
inactivation (Seebohm et al., 2001). The simulations of this study suggest a new possible
molecular mechanism, associated with the voltage sensor motion, which can account for the
early inactivation following activation. By organizing the possible conformations in x-w
plane at different ztranslations and computing the associated energy landscapes (Figure 6)
we observe that at the outward positions of the VSD, groups 1 (w about0°) and 2 (@ about
180°) of conformations are connected through a relatively low energy barrier, while at
inward positions they are disconnected. Figure 6 presents the energy landscape when the
membrane potential is zero. A negative membrane potential reduces the energy in proportion
to the z position of the VSD, making the VSD inward positions (z> 5A) more stable.
Therefore, the majority of subunits are distributed among inward conformations. At inward
positions (resting states), conformations in group 1 are energetically more stable than those
in group 2 (Figure 6) and account for almost all the conformations. For z translations equal
or greater than 5 Angstroms, the effective energy of conformations in group 1 is 4.03 &7,
and the effective energy of conformations in group 2 is 10.67 &7. This implies that more
than 99% of the channel conformations are in group 1. Upon depolarization of the
membrane potential, the outward positions become more stable and the VSDs move
outward, being redistributed mainly among outward positions (z < 5A). At the outward
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positions, the VSD may overcome the low energy barrier between group 1 and group 2 and
further twist =100 ° to —150° to enter group 2 of conformations. For ztranslations of 1 or 2
Angstroms (where the majority of VSDs reside at the depolarized state), the effective energy
of the conformations of group 1 is 5.60 A7 and the effective energy of the conformations of
group 2 is 7.81 k7. This means that about 90% of the channel conformations are in group 1
and about 10% of the channel conformations are in group 2. For this 10% of channels, the
base of the S4-S5 linker is shifted towards the pore. These S4-S5 linker conformations are
associated only with closed pore conformations (S4-S5 linker conformations 258 to 354 in
Figure 3A). The twist between group 1 and group 2 is slower than the upward motion (due
to the energy barrier for the twist). Consequently, there is a temporary over occupancy of
outward conformations in group 1, before the outward conformations in group 2 reach their
steady state distribution. Because these final conformations are of closed pore, it follows that
a large twist of the VVSD, following its outward translation during activation, could provide a
mechanism for early inactivation of Kv7.1 channels.

The average negative twist at the end of the activation phase (after about 70 ms) in Figure 5J
represents this inactivating twist of the voltage sensor. It should be mentioned that based on
the energy plots, less than 10% of voltage sensors are expected to pass through the barrier
required for this =100 ° to —150° inactivating twist, and therefore the average magnitude of
the twist (among all conformations) in Figure 5J is only about —12°. The time course of this
inactivation process is similar to that of N-type inactivation of potassium channels, rather
than C-type inactivation. We emphasize that this mechanism is suggested by the simulations
as a model based hypothesis and should be tested experimentally. It does not overrule the
other hypothesized inactivation mechanisms associated with the P-loop and S5 segments; it
simply demonstrates that inactivation can also occur through voltage sensor movement.
Cardiac lkg channels include the beta subunit KCNE1 and do not display inactivation. We
are tempted to postulate that docking of KCNEL can prevent inactivation by restricting the
space and constraining the large twist of the VSD. Examination of this hypothesis will
require future simulation studies that will incorporate KCNEZ1 in the channel protein
structure.

4 Discussion

This work generated the first large pool of possible protein conformations that can occur
during the large scale motions associated with ion channel gating. Analysis of these
conformations determined that during activation, outward translation of the voltage sensor
(=2) is accompanied by a translation away from the pore (-x) and a clockwise twist ().
These motions cause pore opening by moving the S4-S5 linker upward and away from the
pore, providing space for the S6 tails to move away from each other. Simulations of the
voltage sensor motion during gating revealed that it is constantly moving within the
configuration space (along different paths), rather than transitioning among few stable
conformations. Therefore, the notion of stable conformations may refer to continuous
regions in the configuration space where the voltage sensor can exist with high likelihood.

Although the initial structure of Kv7.1 is derived based on homology with Kv1.2, motion of
S3relative to S4 in Kv7.1 is restricted (similar to the S3 and S4 segments of Kv2.1 and
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KVAP) by a short interconnecting loop and strong electrostatic interactions between positive
and negative residues on these segments (Figure 7). Assuming an average permittivity of 6
for proteins, a 3 Angstrom displacement of S4 with respect to S3 increases the energy of
these electrostatic interactions (on the average) by approximately 0.5k7, 547, 8kTand 9T
in Kv1.2, Kv7.1, KvAP and Kv2.1, respectively. Change in the energy landscape caused by
100mV change in the membrane potential is about 2k7. Therefore, it is not likely that S4
moves with respect to S3 in the Kv7.1, KvAP and Kv2.1 channels. For Kv1.2, however,
motion of S4 may not cause a significant motion of S3.

The simulations presented here employ simplifying assumptions that are based on specific
properties of Kv7.1. Not considering a relative motion between S3 and S4 during VSD
movement is an example, as is the assumption of symmetry between the four S6 segments.
Simplifying assumptions can and should be made based on properties of the simulated
protein, conditions during the simulated protocol and objective of the simulation. Such
assumptions can shorten significantly the computing time and make the results more
tractable and interpretable. The approach presented here is general; it provides a paradigm
and an example from Kv7.1 for simulating the structure — function relationship of other ion
channels. It could be used to study the functional consequences of mutations in the ion-
channel protein and as a tool for the design and testing of drugs. Simplifying assumptions
can be relaxed as dictated by a particular simulation, but at increased computational cost.

Direct validation of the simulated conformational changes is not possible, because direct
measurement of these changes within an ion-channel protein is not possible. The gating
current is a measurable ion-channel characteristic that is related closely to the dynamics of
conformational changes during activation. This current is generated across the membrane by
the translation of charged residues in the z direction. It is proportional to the average
velocity of the charged residues on the VSD (the average velocity of the S3-S4 complex) in
the z direction. The shape of the gating current simulated here (Figure 5K) is qualitatively
very close to that of experimentally recorded gating currents (Miceli et al., 2012). This
similarity indicates that the VSD velocity and its dynamics of motion in the z direction are
simulated reliably throughout the gating process. Furthermore, the range of simulated
motion of the VSD in the z direction (about 10 Angstroms) is consistent with experimental
estimates. Additional, less direct validation is provided by the macroscopic current. The
simulated macroscopic current (Figure 50) displays the two signatures of recorded
macroscopic Kv7.1 ionic currents: a short initial delay (5 to 10 ms) and early inactivation.
Additionally, the activation duration is consistent with that of the experimentally recorded
currents (Oliveras et al., 2014; Shamgar et al., 2008; Wu et al., 2010a; Wu et al., 2010b).

In conclusion, computational-biology provides a powerful approach for simulating the
conformational changes that cardiac ion channels undergo during activation gating and for
computing the resulting electrophysiologic function in terms of single-channel and
macroscopic currents. In the context of this focused issue, future applications of this method
could be used to link normal and abnormal heart rhythms to the biophysics of ion channels
at the molecular scale.
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Figure 1.
The degrees of freedom (d.o.f.) used to simulate the large and gradual conformational

changes within the Kv7.1 channel during gating. A) 3 translational and 3 rotational degrees
of freedom for the rigid body motion of the VSD (S3-S4 complex). B) 2 dihedral angles for
the conformational changes of the S4-S5 linker. C) 6 dihedral angles for the bending of the
S6 segment. D) 3 translational and 3 rotational d.o.f. for the rigid body motion of S6.
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Figure 2.
Distribution of the six degrees of freedom of the possible VSD (S3-S4 complex)

conformations and sample conformations of Kv7.1. lvory segments are assumed to be
stationary (S1, S2, S5, and P-Loop); segments with rigid body motion are shown by different
shades of green (S3 by green, S4 by lime green, S4-S5 linker by light green and S6 by dark
green); deformable regions are shown in red. A) Initial structure of Kv7.1 showing one of
the four subunits (S1 to S6 transmembrane segments) with S6 of an adjacent subunit
(denoted S6°). The six degrees of freedom of the VSD are defined in the bottom left: three
translations (red arrows) and three rotations (brown curved arrows). B) Distribution of the
possible conformations in terms of their ztranslation across the membrane. The VSD can
move inward up to 16 A. C) Distribution of the possible conformations in terms of @
rotations. Conformations may be divided into two groups, around @ = 0 (group 1) and
around @ = 7 (group 2). D-1) Mean and standard deviation of x, y, 8, ¢ and o for the
possible conformations at various ztranslations (for @, calculations were performed in group
1 and group 2 separately). As the VSD moves inward (+Zz direction), on average it also
moves toward the pore (+x direction), and slightly in the +y direction; it also twists
counterclockwise (- direction) as viewed from the outside. J-M) Samples of possible
conformations. Conformations in panels A, J and K belong to @ group 1, and conformations
in panels L and M belong to @ group 2. In panel A the pore is open; in panels J-M the pore
is closed. Translation values (X, v, z) are indicated in angstroms; rotations in degrees.
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Figure 3.
S4-S5 linker conformations shown by mapping its tip (connection to S4) on the x-Z plane.

A) Density of open and closed pores associated with different S4-S5 linker conformations.
Numbers identify S4-S5 linker conformations and color shades represent the number of
possible open pore conformations at each S4-S5 linker position (increasing from yellow to
dark green; scale is on top right). Samples of S4-S5 linker conformations are shown on both
sides of the map (the S4-S5 linker is shown in red). 198 is the S4-S5 linker conformation in
the initial structure. On the right side of the map (conformations 258 to 354) the base of the
S4-S5 linker (connection to S5) is twisted toward the pore and the majority of the associated
pores are in closed conformations. In the upper left region of the map there is significant
number of open pores; the number of open pores decreases to zero as the S4-S5 linker tip
moves downward in the map, except in conformations around 78. B-D) Density of S3-S4
(VSD) conformations associated with different S4-S5 linker positions (same map positions
as in A; position 198 is marked with a white asterisk). Color shades (dark to light; scales
under maps) indicate the number of VSD conformations that can connect to the S4-S5
linker at a given position. VSDs connect to S4-S5 linkers located on the upper left (open
pore) or upper right (closed pore) of the map, if they are at their outward conformations
(panel B, z= 0, 1). As the voltage sensors move inward by about 4 A (panel C, z= 4, 5),
very few can connect with S4-S5 linkers associated with open pore, and consequently the
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open probability drops significantly. Beyond 8 Angstrom inward motion (panel D, z= 8, 9)
voltage sensors can connect only with S4-S5 linkers associated with closed pore and open

probability is zero. Note that almost no voltage sensor conformation is associated with the

region of open pore in the lower right of the map. z values are in Angstroms.
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Figure 4.
Bottom and side views of the relative positions of the S4-S5 linker and S6 in open and

closed pore conformations. A) S6 leans against the S4-S5 linker of its own subunit. B) S6
leans against the S4-S5 linker of an adjacent subunit. For open conformations the S4-S5
linker position is 173, and for closed conformations it is 201. When the S4-S5 linker moves
from position 173 to position 201, its side chain atoms clash with the open pore S6 (insets).
S6 moves toward the pore center to prevent the steric clashes and closes the channel (closed
conformations).
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Figure 5.
A) Variation of the average (red curve), effective (solid black curve) and minimum (dashed

black curve) energy with the ztranslation of the VSD. Membrane potential is zero. B)
Effective energy at different VSD ztranslations for two membrane potentials of —100mV
(red curve) and +50mV (black curve). Depolarizing the membrane stabilizes the outward
positions and destabilizes the inward positions of the VSD. C) Probability distribution of the
VSD conformations in terms of their ztranslations at two membrane potentials of —100mV
and +50mV. D) Probability of an activated VSD conformation at different ztranslations (the
channel can open when its VSDs are in activated conformations). E-J) Time variations of
the six d.o.f. of the VSD averaged over 110 simulated motion trajectories during a voltage
clamp test from —100mV to 50mV. K) Estimated gating current based on the average z
translation of the VSD. LN) Three samples of simulated single channel records during the
voltage clamp test. O) Channel open probability derived by averaging 1000 simulated single
channels records. For the dynamics of conformational changes during activation gating see
Supplement Movie File.
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Figure 6.
Energy distribution of the VSD in the x— plane at different z translations for a zero

membrane potential. At outward VSD positions (z= -4 A) all possible conformations are
distributed around the minimum energy at: X = 0 and @ = 0. As the VSD moves inward, a
new set of possible conformations appears around @ = —m (@ = —3.14). This set of
conformations separates from the conformations distributed around @=0atz=2 A.
Therefore, transitions between these two sets of conformations occur at the more outward
positions of VSD. Energy levels are depicted in gray scale.
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Figure 7.
VSD (S3-S4 complex) of four potassium channels. Crystal structures of Kv1.2, Kv2.1 and

KvAP, and homology based structure of Kv7.1voltage sensors. S3 and S4 are connected by
12, 2, 2 and 5 residue loops in Kv1.2, Kv2.1, KVAP and Kv7.1, respectively. In Kv1.2 there
is a relatively weak electrostatic interaction between ASP259 and ARG303 as they are ~11
Angstrom apart. In contrast, Kv2.1 has two strong electrostatic interactions: between
ASP259 and LYS302 (~4 Angstrom apart) and between ASP259 and ARG305 (~5
Angstrom apart). KvAP also has two strong electrostatic interactions: between GLU107 and
ARG123 (~6 Angstrom apart) and between GLU107 and ARG126 (~5 Angstrom apart).
Kv7.1 has two relatively strong electrostatic interactions: between ASP202 and HIS240 (~6
Angstrom apart) and between ASP202 and ARG243 (~8 Angstrom apart). If the pH of
solution is sufficiently high that HIS is not positively charged, the side chain of ARG237
repacks downward and makes a relatively strong electrostatic interaction with ASP202.
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