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Abstract

The growing dataset of K* channel x-ray structures provides an excellent opportunity to begin a
detailed molecular understanding of voltage-dependent gating. These structures, while differing in
sequence, represent either a stable open or closed state. However, an understanding of the
molecular details of gating will require models for the transitions and experimentally testable
predictions for the gating transition. To explore these ideas, we apply Dynamic Importance
Sampling (DIMS) to a set of homology models for the molecular conformations of K* channels
for four different sets of sequences and eight different states. In our results, we highlight the
importance of particular residues upstream from the PVP region to the gating transition. This
supports growing evidence that the PVP region is important for influencing the flexibility of the
S6 helix and thus the opening of the gating domain. The results further suggest how gating on the
molecular level depends on intra-subunit motions to influence the cooperative behavior of all four
subunits of the K* channel. We hypothesize that the gating process occurs in steps: first sidechain
movement, then inter- S5-S6 subunit motions, and lastly the large-scale domain rearrangements.
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INTRODUCTION

An important breakthrough in our understanding of the nerve impulse was provided by the
Hodgkin-Huxley equations and their description of time and voltage dependent conductance
changes.172 Since that time our understanding of the molecular details of these voltage
dependent channels has grown markedly. In particular, the recent x-ray structures of K*
channels have created the opportunity to begin understanding voltage gating on a molecular
level.377 A true molecular understanding of the K* channel will require that the connections
from these x-ray structures be understood at the molecular level. For example, using the
structures as starting points we can begin to understand how a set of possible transitions
connect the open and closed conformations. A complete molecular understanding of gating
would produce a molecular picture of the nerve impulse propagation studied by Hodgkin
and Huxleyl,; it would provide a detailed picture of cell-physiology that establishes a firm
foundation for understanding other membrane protein channels and transporters.2 Thus, this
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type of molecular understanding is well worth pursuing, even though the experimental
details to verify particular candidate transition paths are not yet in place.

The set of x-ray crystallographically defined structures and their architecture provide a
beginning point to approach an understanding of the K* channel gating transitions. Several
different K* channel ion-conduction pore domain structures have been solved3™13,
including more recent structures of KcsA found in the closed and open states14~15. These
structures provide a family of open and closed states available to study the molecular details
of the transition process called gating. The structures consist of a voltage-sensor domain
and/or a pore domain. The pore domain contains the S5-P-S6 region which is responsible for
the conductance of ions across the membrane. The exact sequence of the pore domain varies
among K* channels. However, there is a signature sequence, TTVGYG, common to all K*
channels that creates a narrow region within the channel responsible for the selectivity and
passage of K* ions across the membrane. While the sequences of these channels differ, the
secondary structures are similar comprising two helices that surround the selectivity filter
region and have a backbone root means square difference (RMSD) values ranging from 1.1
A t0 6.9 A in reference to the high resolution KcsA structure (PDB ID: 1k4c).377:14

It is currently not possible to experimentally observe the molecular details of the gating
transition or the factors that contribute to large-scale channel motions; however, we may be
getting closer to experimentally determining possible intermediate structures.15 The
crystallographic structures provide us with three closed (PDB ID: 1k4c, 3eff,1p7b) and three
open (PDB: 2a79, 1Inq, 1orq) confirmations of the pore domain3~7:14; no intermediate
structures have been solved. The differences between the open and closed conformations
suggest that K* channels undergo large-scale motions upon gating near the intercellular
region. Moreover, the differences between these structures imply a high-energy barrier
present to transition between these states.

Several computational studies have used the available X-ray structures as a reference or
starting point to explore motions involved in the transition.16~20 These studies provide the
foundation for examining many functional aspects of permeation and selectivity by
complementing and reinforcing experimental data relating to the stability and hydration of
the channels. They also bring new awareness to concepts concerning the sampling of
intermediate events, the relative free-energy landscape, energy barriers surrounding ion
channels, and the timescale required to simulate the full gating transition. One study by
Biggin and Sansom predicted open channel state models for KcsA, Kv, and Kir channels by
placing each of the closed channels in their own membrane environment and growing a van
der Waals sphere centered at the intracellular gate region to open the gate.21 Further studies
used a similar approach by placing a cylinder at the pore axis and iteratively inflating and
deflating it during Monte Carlo simulations to explore terminal behavior of the inner helices
for the KscA channel.22

Recent studies have developed methods that may enhance sampling over the millisecond to
second timescale needed for K* channel gating transitions: Normal Mode Analysis23726,
Gaussian Elastic Network models27~28, Kinetic Monte Carlo Reaction Path Following
(KMCRPF) 29732, and Targeted-Molecular Dynamics33~38. Normal Mode Analysis
(NMA) was applied to the KcsA revealing the hinge points during the gating process.23726
This method calculates the degrees of freedom of the motion at discrete times within a
harmonic approximation. The calculations show directions in conformational space where
the sampling of the protein’s energy landscape can be improved. The use of Gaussian elastic
network models (GNM) has shown a shared gating mechanism with two dominant modes
between the KcsA, KirBac, MthK, KvAP, and Shaker channels. 27728 The first dominant
modes showed a rotation that widens the pore and the other mode showed a deformation of
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the cylindrical symmetry of the pore. 27728 GNM uses a network of springs to represent
interactions between selected atoms and analyzes the normal modes of the network. The
kMCRPF method directs the protein along large-scale conformational transitions using a
reaction coordinate.29731 When the end-point conformations are known, normal-modes
analysis can be combined with KMCRPF to predict directions for conformational changes
along the transition path.31 Another transition method which moves along large-scale
conformational transitions is rapidly exploring random trees (RRTs) which is a variant of
probabilistic roadmap methods and Monte Carlo in that it generates conformations along a
path at random.32 This method has been applied understand merging pathways between
KcsA and KvAP channel conformations.32

Popular methods for generating transitions have been targeted or steered MD simulations.
33738 These methods guide the protein to the target conformation by imposing external
forces onto the usual deterministic MD forces. The transition side-steps the long transition
times by forcing a system from the start to the end state while computing dynamics. In one
type of TMD, the applied forces are a function of the distances between the current and
target positions of the atoms, a harmonic potential function is frequently used.33734 TMD
was applied to demonstrate how the opening of the KcsA channel would occur.33:35
Steered Molecular Dynamics (SMD) was applied to the KvAP channel to study pore
conductance.36 For SMD, the simulation is accelerated along a reaction coordinate by
applying forces in a specified time-dependent manner.37-38 These types of simulations are
capable of finding multiple transition paths by repeating simulations from differing starting
conditions.

In this study, we utilized Dynamic Importance Sampling (DIMS) to generate a variety of
transitions for KcsA, KVvAP, Kv1.2 and MthK sequences between known open and closed
conformations.376+14 These structures provide us with two closed (PDB ID: 1k4c, 3eff) and
two open (PDB ID: 1Ing, 2a79) confirmations of the pore domain necessary for generating
our transitions; the open state of KvAP (PDB ID: lorq) was not used for this study as it is
believed to be distorted.19 One advantage of using DIMS compared to previous methods is
that we are able to use the same starting and ending configurations to generate families of
diverse transitions.

Our study provides new insights into possible mechanisms for gating transitions in K*
channels. The calculations show that independent of sequence the various pore domains
have a common gating mechanism. Our calculations provide molecular insights into how
intra-subunit motions influence the cooperativity of subunits during the transition. This has
led us to hypothesize that the gating process occurs in several sequential steps: sidechain
movement, inter-S5-S6 subunit motions, and then large conformational rearrangements.
Furthermore, we see differences as well as common features between MthK, Kv1.2, KvAP,
and KcsA. These results could be important in the evaluation of future structural information
to determine key intermediate structures along the transition path.

Protein Sequence and Structure

The structures of five different pore domains have been determined by crystallography
(PDB IDs: 2a79, lorg, 1k4c, 1Inqg, 3eff).376:14 The crystallographic structures were
abstracted to include only the pore region, S5-S6, for each channel. The KcsA, KVAP,
Kv1.2 and MthK sequences for the pore domains were aligned using ClustalW.39 To
generate starting structures for the transitions, all K* channel sequences were then mapped
onto two template structures using Modeller9v2 40: the open MthK x-ray structure (PDB
ID: 1Inq) and closed high-resolution KcsA x-ray structure (PDB ID: 1k4c) [SI Table 1].
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Each end-point structure was minimized using the steepest-decent algorithm for 200 steps
and then a family of transitions was generated for each sequence.

An additional set of transitions was generated for the Kv1.2 channel using a different open
state. For these simulations, the open template structure was the native open Kv1.2 x-ray
structure (PDB ID: 2a79) and the closed template structure was the pervious KcsA structure
(PDB ID: 1k4c) [SI Table 1]. As performed above, each template structure was minimized
using the steepest-decent algorithm for 200 steps and then a family of transitions was
generated for each sequence. These structures were considered to examine the differences
between open state structures and how they would modify the transitions between open and
closed states. The KvAP structure (PDB ID: lorqg) was not used as a template structure in
this study as the protein structure is believed to be distorted.19

Generating Transitions

We investigated the pore gating-transition mechanism of the K* channel using a variant of
importance sampling, Dynamic Importance Sampling (DIMS).41743 The approach of
importance sampling can be understood by considering the computation of an average of a
quantity g over a phase space x. With unbiased sampling the computed average is
determined by the relative probability of visiting each location Q(x) and the values at those
locations g(x). A biased sampling, with correction, will lead to an increased efficiency of
sampling. A new distribution D(x) is created and samples collected under D(x) are corrected
relative to Q(x) producing an unbiased estimate of the average.

(8)=[dx g(x) Q(x)= [[ D(x)dx1 2552 01

This enables improved efficiency at the expense of requiring the design of the biasing
distribution.

Based on Wagner’s stochastic formulation of importance sampling, DIMS was developed
by Zuckerman and Woolf as a way to dynamically improve sampling in situations with
defined beginning and ending points and no obvious reaction coordinate.41~43 The current
implementation requires a relative progress variable, such as RMSD, to assess the progress
towards the target as the transition occurs. This choice of progress variable provides a
preliminary scheme for our biasing distribution. The DIMS method has been released in the
latest version, c35b2, of the CHARMM program.44

To generate transitions, DIMS with our soft-ratcheting implementation was used.42 The
soft-ratcheting algorithm generates transitions based on a score of the relative move towards
or away from the target. The bias is applied to movement away from the target with an
increasing likelihood based on the predicted, unbiased step away from the target. The value
of A¢ reflects this computed movement, with a negative A¢ meaning movement towards the
target and therefore no biasing needed.

1 if Ap<0

Ihwl-(A(/’)):{ exp[ —|A¢ [Adol?] if Ap>0, 2]

In the above equation, Agy is a parameter controlling the width of the (backwards) decay.
This “soft-ratcheting” accepts all steps proceeding towards the desired final state and a
fraction of steps away from the target. An optimal DIMS-Cartesian value of 1076 was used

Proteins. Author manuscript; available in PMC 2011 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Denning and Woolf

Analysis

Page 5

to maintain a higher diversity of states being sampled along our trajectories. This value has
been found to give a good distribution in other DIMS calculations.44 This bias was applied
to a subset of atoms, the C,, and Cy carbons. The open and closed conformations used to
generate the DIMS transitions for each channel were based on the closed KcsA (PDB ID:
1k4c) and the open MthK (PDB ID: 1lng). Fifty-five trajectories were generated for each K*
channel sequence in the open — closed and closed — open transition pathways (see Figure
1]. A single soft-ratcheting transition typically completed within 18-20 h of CPU time on a
modest Intel Xeon processor and took on the order of about 130 ps simulated time which is
approximately 10,000 times faster than it would take a typical unbiased MD simulation to
complete the transition.

All simulations used CHARMM, version ¢35b2, with the CHARMM22 with CMAP
corrections force field.45:46 The molecular dynamics (MD) calculations were performed
with Langevin dynamics using a timestep of 1 fs, a friction coefficient of 25.0 ps~1 on heavy
atoms and a bath temperature of 300K for each simulation. An implicit solvent for the
membrane was represented using the GBSW model.47750 The GBSW parameters chosen
were a thickness of 28 A for the membrane hydrophobic core, 6 A for each membrane
interface, and a surface tension coefficient of 0.04 kcal/(mol* A?) to represent the nonpolar
solvation energy. These parameters were chosen to model a dipalmitoylphosphatidylcholine
bilayer.

To assess trajectory diversity, the cumulative Onsager-Machlup (OM) score was computed
for each trajectory using the CORREL facility in CHARMM. The Onsager-Machlup score
can be derived from stochastic considerations and suggests that an optimal path will
minimize differences between the atomic forces and velocities on each atom51:

Natom( T X A
atom X,‘(I —x;(t— Af) Fi
s(6):= Z R

i=1

At m;1 3]

where F; is the vector of the force for atom i take from the force field, m; is the mass of atom
i, n is friction coefficient, X; is vector of the spatial coordinates, t represents a particular time
step, and At is integration step. The cumulative OM score, S(t), is computed and normalized

5(:)::ZA1 s(t)

£=0 [4]

The OM score of a trajectory of length ty,; is the cumulative score provided by the last
frame.

Sou=S (Teraj) [5]

The OM score reflects the balance between kinetics and force along the conformational
transition defined in the trajectory. It is derived from analysis of the least-action path
between states and relates to the relative probability of a particular path being close to an
optimal least-action determined path. These OM scores can be used to give an idea of the
relative likelihood of a particular conformation since it is impossible to sample on all paths
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and thus the normalization and comparison to a determined set of least-action defined paths
is not possible.

To determine whether the motions with the conformational fluctuations are encoded within
other K* channel structures principal component analysis (PCA) was used. The method is
similar to that used to reveal key fluctuations of the NikR protein by Bradley et. al.52 The
PCA for a carbons of the channel pore domain was performed using the quasiharmonic
vibran module in CHARMM. The vector (Ax) described the displacement of o carbon atoms
from the minimized starting open to a final closed structure determined by X-ray
crystallography. The open and closed structures were created through homology modeling
using Modeller and threading each sequence through the K* channel pore x-ray structures.3™
4+6:14:40 The open and closed conformations used in the transitions were KcsA (1k4c) and
MthK (1Inq). Four different displacement vectors were calculated: 1) the closed KcsA
structure (1k4c) and the open MthK (1Ing) conformation, 2) the closed KcsA structure
(1k4c) and the open Kv1.2 (2a79) conformation, 3) the closed KcsA structure (3eff) and the
open MthK (1Ing) conformation, 4) the open Kv1.2 (2a79) and the KcsA (1k4c) for DIMS
transitions using the Kv1.2 as the open state reference point. The question of whether the
displacement vectors from the X-ray structures, Ax, represented in the vector space
described by subsets of PCA modes changed were determined by calculating the weight
factor (o)) for each PCA mode as follows:

(ym: v - Ax

llil? 6]

A subset S of modes was used to calculate a reconstructed vector (1;) as follows:

v :Za“)v,-

ieS [7]

The similarity between Ax and each PCA mode (v; orv~) was assessed by their overlap as
measured by the angle between the two vectors:

v-Ax

cos(f)=————
lwill - 1Al [8]

The relative correspondence of the reconstructed vectors was computed:

- vl
llA] E)

This relative correspondence provides a measure of how well the displacement due to the
reconstructed vector agrees with the observed crystallographic displacement vector. This
calculation will assess the conformational fluctuations among the different K* channel
structures.

To calculate the hinge degrees of freedom for each monomeric unit of the channel we used
Swink developed by Cordes et. al.53 The calculations for the pore surface of the channel
used HOLE.54 Chi angle, S5/S6 correlation, and S6 angle analysis was performed using the
analysis library scripts MDAnalysis.55 The sidechains conformational changes were
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monitored based on their rotation about the chi angle. The chi angle, also called the rotamer
angle, is the calculated dihedral angle based on the atom types N, CA, CB, and CG:

[ 2.3 ] 180
O=arccos

Ir2|jizn) = L10]

¢ is the dihedral angle, a'is the normal vector (a cross product of the coordinates of (Natom —
CAgatom) and (CBatom — CAatom)) and b is the normal vector (a cross product of the
COOI’dInateS Of (CAatom - CBatom) and (CGatom - CBatom)).

The DIMS algorithm was used to examine forward and reverse transition pathways for four
K* channels. To apply the method to the different pore domain sequences [Figure 1A] they
were mapped onto the open and closed conformations. Figure 1B shows the two
conformations used for the closed and open states (the closed KcsA structure and the MthK
open structure) and how these configurations are positioned within the bilayer. Fifty-five
different trajectories were simulated for each sequence and in each transition direction.
These families of K* channel transitions were used to determine if the average transition
pathway of these channels share common motions.

Individual Trajectory Independence

A single trajectory of a transition cannot provide enough information to determine the
average pathway and fluctuations. Therefore, assessing the diversity of a family of
transition-paths is important to evaluate the intermediate states along the pathways. As an
initial assessment, a set of rank-ordered OM scores shows the diverse nature and extent of
sampling for our family of trajectories [SI Figure 1]. The OM scores provided an initial
estimate for the amount of motion present within each individual trajectory. The scores
differ depending on total number of atoms within the system and the direction of the
transition simulated. Since the OM score can be related to the time length of the transition,
we observed that the open — closed transition simulations were shorter than the closed —
open transition for all channels. This type analysis only provided an initial indication of
transition time length and thus to understand the structural diversity within the transition
further analysis was performed.

In order to further evaluate the aspects of independence and diversity among trajectories, the
large-scale channel motions were tracked through structural determinants as the progress
variable moves toward the target. Previous computational studies such as those performed
by Shrivastava et. al. have suggested that there are specific regions of the K* channel that
are more mobile while others are more rigid.27 These studies have also suggested that more
mobile regions of the channel are located close to the gate region (the beginning of the S5
domain and the end of the S6 domain).27:35:56759 Our results also show high mobility in
these regions based on an atomic density profile taken for each sequence over the full length
of their transitions [SI Figure 2]. The KcsA, KvAP, Kv1.2, and MthK sequences exhibit low
mobility (highest atomic density) appear around the region surrounding the selectivity filter,
while regions downstream from the glycine hinge located near the gate have a higher
mobility (lowest atomic density) [SI Figure 2].

The mobile S5-S6 regions of the channel can provide an initial metric for measuring the
diversity of our intermediates as the transition progresses. Figure 2 shows this with the S6
helix angle, where the angle exhibits a range of intermediate states while the transition
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progresses within the RMS-space. The calculation of the S6 angle is relative to the z-axis.
The amount of deviation of the average S6 orientation varies as the set of trajectories
progress [Figure 2]. The deviation of the S6 helix angle near the starting and ending
configurations of the transitions is approximately £1°. The point where the range of the S6
angle values varies significantly is near the transition mid-point for each of the sequences. A
deviation of £5° from the average S6 angle can be seen at these RMS ranges. It is interesting
to note that the midpoint S6 value is slightly larger for the open to closed transitions than for
the closed to open transitions [Figure 2]. It is also interesting that the MthK structure profile
is noticeably different from the other channels. We suggest that this may be due to the small
size of the channel as it is significantly shorter in sequence length and thus it may be able to
sample more conformations compared to the other three channels [Figure 1 and 2]. This may
suggest a higher diversity of intermediate states was sampled when transitioning from the
open to closed states. The fluctuation levels at various RMS values along the transition give
an indication of the diversity of paths sampled along the progress variable. These results
suggest good sampling of intermediate conformations during the transitions generated by
DIMS.

Hinge Region Changes

With the diverse nature of the family of transitions, we can begin assess S6 helix motions
and understand how these large-scale motions relate to other experimental and
computational studies. Experimental studies have shown that the highly conserved glycine
acts as a molecular “hinge” 56 in the middle of the inner helix. Site-directed mutagenesis
studies have been used to examine the mutation of glycine to alanine. These results show
through the presence of no activity the critical role this residue plays in channel function.57
Mashl and Jakobsson used endpoint TMD to demonstrate that the fluctuations for the
glycine hinge are smaller than the larger fluctuations found near residues upstream from the
Pro-Val-Pro (PVP) region.35 The observation of reduced fluctuations suggests that the
glycine hinge must follow a specific pathway during the transition and this specificity makes
this glycine position important to the ability of the channel to function.

Our results show similar mobility to that found by Mashl and Jakobsson based on a selection
of the “hinge” residue along the S6 helix. The glycine hinge region had £2.5° of fluctuation
for all K* channel sequences [SI Figure 3] which was small in comparison to the
fluctuations observed upstream of the PVP region discussed later. This small deviation in
kink angle at such a highly conserved residue suggests this residue is crucial to the ability of
the channels to transition. This concept further supports similar findings from experimental
mutational and computational studies. This suggests that our results are consistent with both
experiment and previous computational work in highlighting the importance of the glycine
region as a local hinge point.35

We also observed changes in the hinge by calculating the kink angle near the conserved PVP
region. The kink angle of S6 over time for the regions upstream of the PVP region is shown
in Figure 3. The degree of kink for the starting and ending states was the same for all of the
sequences as is expected based on the nature of the algorithmic design of DIMS. As the
transition progresses, the contours show that large regions of kink space were sampled
during the simulations for each sequence in both the forward and reverse pathways. This
further emphasizes diverse sampling from the DIMS algorithm and that the family of
computed transitions are self-consistent. Our kink results illustrate that the forward and
reverse large conformational changes share a common pathway for these channels [Figure
3]. The dense regions of the contours show the average path for the transition kink angle.
The transitions from the closed to open states shift the kink angle from 18° to 30° [Figure
3A-D]. For the open to closed transitions, the kink angle changes from 18° to 25° however
the observed nature of the contour and the angle pathway appears different from the
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previous set of transitions [Figure 3E-H]. The shape of these paths remains consistent for all
of the channels along a specific direction. This consistency suggests that the channels share
a common path in terms of large-scale domain motions.

Cooperativity during the Transition

As described above, the DIMS results show regions of different mobility for the individual
subunits and that these regions are common among the different K* channels. This section
addresses the question of how these individual subunits move in relation to one another. In
particular, we are curious if the collective motions of the subunits are similar between the
different channels and whether these individual subunit movements are cooperative.

Perozo and co-workers experimentally showed, through EPR studies, that as the S6 and S5
helices would swing out away from the central permeation cavity.60:61 Based a top-down
view of the pore domain, the S5 helices rotate counterclockwise while the S6 helices rotate
in a counterclockwise direction. This large-scale domain rearrangement as the channel opens
leads to an increase in the diameter of the pore cavity near the gate region of the channel.
These EPR experiments also illustrated the innate rigidity of the selectivity filter as
compared to the flexibility of the S6 helices. We observe similar rigidity within the
selectivity filter and water cavity regions and large-scale domain rearrangement of the S6
and S5 helices near the gate region during our DIMS transitions [Figure 4].

Initial evidence that a collective motion between subunits occurs in our DIMS trajectories is
observed in pore radius profiles generated using the HOLE program. The resulting K*
channel profiles show the average pore radius value for z-coordinates as the transition
progresses [Figure 4]. The ARMSD used is the difference in RMSD of conformation from
the references A and B, ARMSD = RMSDA — RMSDB. As the transition proceeds, the
increase of the ARMSD value denotes the movement toward the target structure along the
average pathway. These profiles of the pore radius initially show that during the transitions
the motion is predominantly near the gate region of the channel. The profile may also
suggest that the gate region motions change in a manner that is more consistent with
subunits moving collectively rather than independently.

An intriguing result from the set of DIMS calculations is the observation that each of the
different structural variants saw a similar set of changes along the transition. For example, in
Figure 4, the set of K* channel profiles show a set of similar closed to open transitions. The
open to closed transitions also show a similar profile [SI Figure 4]. Note that the radius for
particular regions of the channel such as the selectivity filter and water cavity regions
remains constant. For example, the average radius value of 1 A for the selectivity filter is
located around ~ 5 A to 10 A. In addition, all the sequences have an internal water cavity
radius value of 2 A to 4 A positioned at an approximate z-coordinate of 0 to +5 A that
remains constant in relation to ARMSD. The pore radius for the rest of the channel changes
as the transition progresses from a closed to open state. These computed results indicate both
a common transition pathway and the beginnings of collective motions of the subunits
between the different K* channel profiles.

To understand the source from which these collection motions stem, we assess the
cooperativity of subunits by calculating the coupling between S5 and S6 motions for each
subunit. Figure 5 shows the median correlation between subunits S5 and S6. The size of
each square reflects the frequency or number of times the median correlation value occurs as
the transition progresses. The ensemble of transitions for each channel was assessed in a
closed (—ARMSD) to open (+ARMSD) direction for each possible subunit combination of
S5 and S6 movements. In the closed state large correlations are present between the S5 and
S6 units independent of subunit. As the transition progresses toward the open state, the
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correlation motions of S5 and S6 within the same subunit show that S5 influences the S6
gate regions thus opening the channel. One or two subunits are shown to influence other
subunit movements. In other words, the transition progressing from closed to open begins
with correlations between intra-subunit S5 and S6 within the closed state, then inter-subunit
correlations couple motions leading to the opening of the channel gate region and allow ions
to pass.

Subtle Sidechain Motions

To identify aspects that facilitate cooperative interactions among subunits, we revisit and
further explore regions near the glycine hinge and the PVP sequence by looking at the
behavior of individual sidechains during the transition. Several residues have been shown
experimentally to influence S5 and S6 movement and thus contributing to channel function
and the transition.35:62:63 Here we present chi-angle changes for several different residues
as the transition progresses [Figure 6, SI Figure 5, SI Figure 15, and Table 1]. The residue
types differ among K* channels and throughout the rest of the paper we will use the KcsA
residue number and type when referring to these residues [Table 1]. These residues found to
contribute to the channel function are spatially located near the selectivity filter or upstream
from the PVP region in sequence space where larger fluctuations in the backbone hinge
region occur.

Previous research suggests that F114 directly affects the channel’s ability to gate (in KcsA).
63 We suggest that this residue’s rotamer configurations allow the S5 and S6 domains to
move past each other leading to the beginning stages of channel gating. These movements
and direct correlation with the cooperativity of subunits may explain why this particular
residue type is conserved across the different K* channel sequences. We also hypothesize
that F103 influences the cooperativity among subunits. The F103 residue on four separate
subunits begins to change rotamer conformations at different points during the transition.
For instance, the chi value for subunit #1 is approximately —40 ° near the closed state but
shifts to ~ —179° half-way along the transition [Figure 6]. This behavior is clearly seen for
the rest of the subunits when the average chi value is plotted along the transition. Figure 6
also shows how the F103 and F114 chi angles for each subunit change at different times
along the transition. The changes for these residues correspond to the inter-subunit
correlation [Figure 5-6]. We hypothesize that these residues influence the large-scale
domain rearrangement and possibly the overall function of the channel.

Mutational effects on transitions

Previous research has shown that several different mutations within the water cavity and
gate regions of the K* channel affect the channel function.63 To determine if sidechain F103
affects the KcsA channel’s ability to change conformations, we looked at the average time
of transition completion. While this residue is not conserved throughout all K* channel
sequences the residue located within the same sequence space characterizes a residue at this
position as similar; large and hydrophobic. We compared the rate of an ensemble of
transitions with the rate of the wild-type channels using the OM score. Figure 7 shows a
histogram of the OM scores for both the wild-type and the F103A mutant. The assumption is
that if the median OM score for the mutant shifted from the wild-type then the mutation
would shift the Kinetic rate of the ensemble transition. No shift in the median OM score was
present for the mutant [Figure 7]. This result provides an initial indication that a population
shift may occur for the transition when the F103A mutation is present.

Evaluating Encoded Motions

Currently, there are 2 closed state crystal structures3:14 but two different open state crystal
structures.4:6 One question is -- are the motions for the transition from the closed to open
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state encoded within the various open state structures? Or phrased differently, along the
transition pathways do we observe motions that would favor these two structures as
intermediates? To further understand the context of the structural transition of the pore
domain for KcsA and Kv1.2 structures, Principal Component Analysis (PCA) was used. For
this section, we focus only on the KcsA and Kv1.2 ensemble of transitions as the question of
encoded motions involve X-ray structures for these K* channels only. PCA was used as an
additional avenue to quantitatively determine if the fluctuations during the transition carried
the low frequency modes necessary to reach specific points during the conformational
change.

Figure 8 shows the relative overlap for a particular subset of modes with the open to closed
displacement vector for each voltage drop. Low relative correspondence values indicate a
higher percentage of the modes contributing to the motions opening the channel. As the total
number of modes increases, the amount of relevant motion closing the channel increases
[Figure 8]. Along the transition from the closed to the open direction, a subset of the first
130 modes captured the motions of the transition if any of the motions were present. The
relative correspondence changes linearly as the number of modes included within the subset
increases.

The PCA analysis determines if motions along the transition are encoded within the
structures and if two of the three structures (3eff and 2a79) are possible intermediates during
the transition. To put the structures into perspective, the backbone RMSD between the two
DIMS endpoint structures is ~6.9 A + 0.5 A; the open Kv1.2 structure has a backbone
RMSD of ~ 3.4 A in relation to the closed state and a more fully closed KcsA configuration
(3eff) has a backbone RMSD of ~1.1 A from the closed structure. The PCA results show
that the KcsA (3eff) structure would be sampled along the transition between the 2 DIMS
endpoints, while the Kv1.2 structure would not be an intermediate for this transition [Figure
8]. A separate Kv1.2 transition using the closed and the open Kv1.2 structure revealed that
only a transition using these two configurations would best capture both motions for the
open Kv1.2 and closed KcsA configurations [Figure 8].

DISCUSSION

Previous studies of K* channels have focused primarily on the secondary structure and
mobility of various regions of the protein.26728:33:35736:5665 We show a complete set of
closed < open transitions for different K* channels and how these transitions are relevant
for understanding the gating mechanism. Our transition results show similar mobile domains
and secondary structure aspects, however we provide new insights into sidechain behavior
and intra-and inter- correlations of the S5 and S6 helices. The DIMS transition results
indicate that the gating process occurs in steps: F103 and F114 sidechain movement, then
inter- S5-S6 subunit motions, and lastly the large-scale domain rearrangements.

The residues upstream from the PVP region have a direct impact on the gating transition and
channel function.35:63764 We show that the F103 and F114 residues in KcsA, subsequent
positions within other K* channels [Table 1], are fundamental for gating due to changes in
rotamer conformations during the transition. These residues may influence channel function
and the overall transition due to their bulky size, hydrophobic nature, and proximity to the
S5 helix. By systematically mutating these individual residues which are upstream from the
PVP gate region or near the selectivity filter of these channels to small residues, the kinetic
rate may shift or a loss of channel function may occur.63:64 Similar findings have been
shown by Hackos et. al.»63 Labros et. al.,64 and Mashl and Jakobsson35 where they suggest
that mutations led to differences in the kinetic rate. However, based on our F103 mutation
analysis using the OM scores, we hypothesize that some mutations do not necessarily affect
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the kinetic rate of the transition but shift the population of well-defined energy states. In
other words, some mutations may lead to changes in the relative free energy surface thus
altering the least cost energy pathway.

When replacing these bulky sidechains with smaller ones, such as alaning, it impacts on
channel dynamics or disrupts the local structure enough to prevent normal gate function and
thus the large-scale rearrangement. During the transition, the N-terminal region of the S5
and the C-terminal region of the S6 domains undergo large conformational rearrangements.
5876063 The hinge bending of the S6 helix can result in a stable open state of the channel
similar to other studies.59 Further studies suggest that mutating the sequence near the PVVP
region on the S6 helix alters the S6 hinge motion while mutation to an AVPP sequence
renders the K* channel reluctant to open or to gate.64 We suggest that sidechain behavior
influences cooperativity between the S5 and S6 helices between K* channel subunits. While
the large-scale motions of the S5 and S6 helices allow for the passage of ions, the subtle
motions of the sidechains upstream from the PVP region and near the selectivity filter
influence subunit behavior. The subtle differences in terms of sidechain rotamer
conformations may influence the large-scale domain motions sampled. Previous data
suggested that sidechains on the S6 helix and near the selectivity filter occlude the pore
during the closed state of the channel.62763

The individual S6 domain rearrangement influences the pore radius of the K* channels as
they gate. As the F103 and F114 residues on the individual subunits change rotameric states,
the S5 and S6 helices large-scale motions increase and correspond to inter-subunit
correlations. The correlations of inter- and intra- S5-S6 subunit motions drive the transition
between open « closed conformations. Based on our results, we hypothesize that the gating
mechanism can begin with a single subunit or combination of two subunits thus influencing
the collective motions of all four subunits [Figure 5]. While the S5-S6 correlations directly
indicate cooperativity between subunits, this cooperativity may only point towards a
possible allosteric mechanism common among all K* channels. This hypothesis also allows
for the possibility of directional dependence for the transition path being influenced by the
cooperative mechanisms between subunits.

The pore radius profiles for the ensemble of closed — open transitions and open — closed
transitions for the K* channels initially suggests a directional pathway dependence.
Interestingly, this observation was true independent of sequence or size of the channel and
serves as an initial indication of directional dependence. Previous computational studies
have elucidated a pathway dependence based on the direction of the biased simulation.35:66
In the absence of intermediate structural data, it is difficult to assess whether the directional
dependence occurs biologically or relates to the choice of progress variable, RMSD. Despite
indications of a directional dependence of paths, these K* channel pathways undergo similar
conformational trends and behaviors and our results indicate that DIMS is sampling on
possible K* channel transition paths. Experimental studies using x-ray scattering, similar to
those performed by Shimizu et. al., may provide insights into structural characteristics
exhibiting directional dependence during the transition path.65

In previous DIMS studies, this method sampled various biological intermediate structures
during the transitions.67 In the absence of intermediate structural data, we begin to examine
if the K* channel motions encoded in two other channel configurations (2a79 and 3eff) are
observed during the motions of our transitions through the use of PCA analysis. The new
closed KcsA structure’s motions are encoded within the transitions and may be due to the
similarity between the two KcsA structures. The motions required to transition between the
closed and open Kv1.2 state may be following different free-energy surfaces. Further
experimental structures will need to be determined to show if these results are similar to the
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real physiological mechanisms. Studies performed by Shimizu et. al. might provide useful
information for uncovering structural information along the transition paths necessary thus
leading to direct comparisons between computational transitions and experiment.65

Taken together, our results suggest potassium channels experience two types of motion:
large-scale backbone domain motion and subtle sidechain motions. We hypothesize that
both types of motions mentioned above occur in steps. The sidechain mation precedes the
S5-S6 domain rearrangement and this order of events may be necessary for the channel to
function. A recent study has also suggested that subtle differences in terms of rotamer
conformations influence the large-scale domain motions.68 The necessity of these two types
of mation, which occur as the channel gates, may provide indications along the lines of a
two-gate model proposed by Liu and Joho.69

CONCLUSIONS

The results presented here are important for understanding K* channel gating. We use the
DIMS method to sample along diverse transition pathways while maintaining the integrity
of key structural elements. This is seen in the parts of the structure related to ion selection
and the analysis of the cavity radius. Our results are in agreement with previous studies that
the sequence of the K* channel does not dictate the transition pathway. In addition, we show
that cooperativity between S5 and S6 domains helps to stabilize K* channels during the
transition. This supports our hypothesis that the structural transitions behind gating start with
local perturbations in the sidechain rotamer population, spreads to the S5-S6 region and then
involves a cooperative transition between all four subunits.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Sequences and structure of the pore domain. (A) An alignment of the four different K*
channel pore-domain sequences. (B) Cartoon of two different configurations of the K* pore
domain representing the closed state transition to the open state. Black and yellow lines
outline representations of the implicit bilayer (hydrophobic core and interface regions).
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Figure 2.

The average angle of the S6 domain relative to the z-axis as a function of RMS, the DIMS
progress variable. The errorbars indicate the standard deviation at a particular RMS value.
Both transition path directions are shown. (A) KcsA (B) KvAP (C) Kv1.2 (D) MthK.
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Figure 3.

The S6 kink angle located near the PVP region as a function of RMS (A) KcsA sequence
closed to open transitions (B) KvAP sequence closed to open transitions (C) Kv1.2 sequence
closed to open transitions (D) MthK sequence closed to open transitions (E) KcsA sequence
open to closed transitions (F) KvAP sequence open to closed transitions (G) Kv1.2 sequence
open to closed transitions (H) MthK sequence open to closed transitions
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Figure 4.

The pore domain radius value as function of ARMSD (in the closed — open direction) and
z-position for the trajectories. The contour color-bar indicates the pore radius value in
Angstroms. (A) Sideview of pore domain depicting basic HOLE profile (B) KcsA
transitions (C) KVAP transitions (D) Kv1.2 transitions (E) MthK transitions
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Figure 5.

Correlations between S5 and S6 movement for all subunits as the pore domain changes
conformation observed within the same subunit and with adjacent subunits. Left to right:
closed state (—ARMSD) to open state (+ARMSD). (A) Top down view indicating the
location of subunit numbers (B) KcsA transitions (C) KVvAP transitions (D) Kv1.2
transitions (E) MthK transitions
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Figure 6.

Characterization of behavior for hydrophobic residues important to the gating process. Each
shape represents a different segment number of the channel (square = segment 1, diamond =
segment 2, triangle = segment 3, circle = segment 4).
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Figure 7.

WT and F103A mutant cumulative Onsager-Machlup (OM) scores. The rank ordering of the
trajectories shows the diversity of the transitions for each sequence in the closed — open
direction. The solid line represents the WT transition and the dashed-line represent the
mutant transition. (A) KcsA transitions, (B) KVAP transitions, (C) Kv12 transitions, (D)
MthK transitions.
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Figure 8.

Motions encoded within different structures using the percent overlap of the displacement
vector for the pore domain as a function of mode. Each line represents a different
displacement vector (KcsaA — Kv1.2, KcsaA (1k4c) — MthK, KcsA (3eff) — MthK, and
Kv1.2 — KcsA). Note: the KcsA — X (X = MthK, Kv1.2) displacement vectors were
analyzing transitions generated between the KcsA (1k4c) and MthK (1Ing) endpoints and
the Kv1.2 — KcsA displacement vector was analyzing for transitions generated between the
KcsA (1k4c) and Kv1.2 (2a79) endpoints.
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The residue number and type associated the chi angle calculations for the different K* channels [Figure 1,
Figure 6, and Sl Figure 15].

Shaker | KcsA | KVAP | KvL.2 | MthK

F484
F481
S479
L472
1470
V467
A463
T442
V438

R117
F114
T112
L105
F103
1100
M96
T75
E71

K238
F235
N233
L226
L224
1221
M217
T196
V192

F416
F413
S411
L404
1402
V399
A395
T374
V370

F98
E96
V89
F87

184

180
T59
V55
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