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Abstract

Potassium (K+) channels contribute to diverse physiological activities, representing an

indispensable part of living organisms. A thorough understanding of different aspects of

permeation mechanisms and gating in K+ channels is of crucial importance.

Since only static information can be inferred from the available high-resolution structures

of K+ channels, the dynamical nature of ion permeation calls for a systematic investig-

ation into the collective behavior of ions during permeation using computer simulations.

In the first part of the thesis, we use molecular dynamics simulations and Markov state

models to obtain dynamical details of multi-ion permeation processes in the selectivity

filter. The permeation cycles representing ion permeation events reveal the dominance of

the water-free direct knock-on permeation mechanism over a wide range of salt concen-

tration, temperature, and transmembrane voltage for MthK. Other potassium channels

with a highly conserved selectivity filter also demonstrate direct knock-on. Finally, charge

strength dependence of permeation cycles was explored. The results illustrate the robust-

ness of direct knock-on and shed light on the dynamical aspect of details in ion conduction,

providing valuable insights into the conduction mechanisms in potassium channels.

The second part of the thesis delves into the possibility of channel gating via switching

between two conformations. TREK-2 responds to a wide range of stimuli, such as pH,

membrane tension, and binding of small ligands. The crystallographic up and down

conformations have been resolved, where their main difference lies in the position and

orientation of the transmembrane helix M4. However, molecular explanations for gating

mechanisms and whether transitions between these two conformations play an essential

role in gating remain elusive. Here, we use molecular dynamics simulations and free energy

calculations to determine how the equilibrium between the up and the down conformations

of TREK-2 is shifted by mutations. Mutants that exhibit considerable shifts away from the

down state are identified. Most conformational shifts due to mutations can be attributed

to induced steric clashes or weakened favorable interactions in the cytoplasmic part of

M2, M3, and M4. These findings are in excellent agreement with functional analysis

and NFx inhibition measurement of TREK-1 WT and mutants, unraveling the molecular

roles of the identified residues in governing transitions between the two conformations

and suggesting that conformational switching between the up and down states is a viable

gating mechanism for TREK-1 and TREK-2.
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1 Introduction

1. Introduction

1.1. Overview of Potassium Channels

Potassium (K+) channels are involved in numerous physiological functions, including neur-

otransmission, neuronal coding of information, heart beating, muscle contraction, and

hormone secretion, via mediating potassium transport across cell membranes to regu-

late the electrical membrane potential [1, 2]. Malfunctions of these channels due to gene

mutations and altered functional regulation lead to cardiac [3, 4], renal [5], pancreatic

[6], and neuronal diseases [7]. As a result, much effort has been made to understand how

potassium channels work.

K+ channels are classified into three major classes: the voltage-gated (Kv), inwardly rec-

tifying (Kir), and tandem pore domain (K2P) channels [8]. Most channels contain a

pore domain and regulatory domains, except for channels such as KcsA which contains

only a pore domain. The pore domain provides a direct passage of K+ across membrane

bilayers. They are usually arranged in a four-fold symmetric configuration with the per-

meation pathway located at the symmetry axis. The regulatory domains are responsible

for sensing stimuli and inducing conformational changes of the channel to regulate ionic

fluxes through the pore [9]. MthK is a calcium-activated K+ channel. The full structure of

MthK consists of a pore domain and a regulatory domain called the gating ring (Figure 1)

[10]. Calcium ions bind to the eight RCK domains, which are located in the gating ring,

and induce conformational changes in the gating ring, thereby opening the gate [11, 12].

1.1.1. Selectivity Filter

The selectivity filter (SF) is a critical component in the pore-forming domain. It represents

the narrowest section of the conduction pathway taken by permeant K+s. The SF is

typically formed by four subunits with part of the amino acid sequence being TxGYG,

a highly conserved motif in K+ channels [9]. In four-fold symmetrical K+ channels such

as KcsA, MthK, and NaK2K, the sequence TVGYG constitutes the SF. In K2P channels

such as TRAAK, TREK-1, and TREK-2, the SF is formed by two subunits, SF1 and

SF2, with sequence TIGYG and TVGFG, respectively (Figure 2). There are four major

binding sites in a canonical SF, S1, S2, S3, and S4. In addition, two extra binding sites,

S0 and Scav, are connected to the passage to the extracellular and intracellular sides,

1



1 Introduction

Figure 1: Structure of full-length MthK (PBD ID: 6OLY). K+ ions in the SF are in purple.

respectively. The binding sites compensate K+ for the loss of solvation when K+ ions

enter the SF. The backbone carbonyl oxygen atoms of the SF residues form S0, S1, S2,

and S3. Backbone carbonyl oxygen atoms and sidechain hydroxyl oxygen atoms from four

threonines represent S4. S4 and Scav share the sidechain hydroxyl oxygen atoms. The

geometry of the SF plays a crucial role in determining the conduction properties of K+

channels. For instance, single channel electrophysiology for the wild type and mutants of

the non-selective NaK channel shows that only NaK2K, the mutant having a SF with four

binding sites, exhibits selectivity of K+ over Na+. The channels with only two or three

SF binding sites are not selective and allow Na+ and K+ permeation at a comparable rate

[13].

1.1.2. Permeation Mechanisms

The highly conserved SF prompts the question of the universal permeation mechanism

in K+ channels. KcsA was the first K+ channel with its structure resolved [14]. A full

electron density was found in all four SF binding sites, S1 to S4. As full ion occupancy

was thought to be electrostatically unstable, the occupancy of the SF was then explained

as a superposition of two water-ion alternating configurations (W-K-W-K and K-W-K-

2
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Figure 2: SF of MthK, KcsA, NaK2K, and TRAAK. Only two diagonal subunits are
shown for clarity.

W) [14, 15]. Since then, the mechanism by which ion passes through the SF has been

believed to be water-mediated and involve water co-permeation in a 1:1 ratio. Such

a permeation mechanism was termed soft knock-on. A computational study based on

molecular dynamics simulations revealed that configurations with close ion contact were

energetically possible [16]. In 2015, A direct observation of the water-free direct knock-on

permeation, driven by ion-ion head-on collisions, in molecular dynamics simulations of

KcsA was reported, challenging the traditional view of the ion conduction mechanism

[17].

Recent experimental measurements support direct knock-on more often than soft knock-

on [18]. Solid-state nuclear magnetic resonance (ssNMR) spectroscopy reveals the absence

of water in S3 and S4 of NaK2K [19]. Having no canonical voltage-sensing domain, K2P

can be activated by having 3 to 4 ions in the SF, suggesting that a conductive SF is

occupied by a high number of ions [20]. Full ion occupancy in S1 to S4 was identified with

single-wavelength anomalous dispersion X-ray diffraction in TREK-1 [21] and NaK2K [22].

However, two-dimensional infrared spectroscopy suggests that soft knock-on and direct

knock-on are possible [17]. Interpretation of streaming potential experiments favors the

soft direct-on mechanism [23, 24, 25]. As a consensus on the dominant ion permeation

mechanism has not been completely reached, more work is needed to understand the

dominant ion permeation mechanisms under different physiological conditions.
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Figure 3: Side and top (excluding extracellular cap) view of TREK-2. Two subunits are
colored in red and blue, respectively.

1.2. K2P Channels

1.2.1. Structural Characteristics

Unlike Kv and Kir channels that assemble as tetramers, K2P channels have a homodimeric

arrangement. There are two asymmetric pore domains, PD1 and PD2, each containing

a pore helix (P1 or P2) and a selectivity filter (SF1 or SF2) that are flanked by two

transmembrane helices (M1-M2 or M3-M4). The asymmetry of PD1 and PD2 gives

rise to different SF signature sequences for SF1 and SF2 in K2Ps. For example, the

sequence for SF1 and SF2 in TREK-2 are TIGYGN and TVGFGD, respectively [1, 26].

It implies that a K2P channel is the product of two PD1s and two PD2s assembled as

a dimer around the central axis, having a pseudo-fourfold symmetry (Figure 3). The

K2P homodimeric architecture enables pinching and dilation of SF to be observed under

low potassium concentrations in computer simulations [21]. Nevertheless, such a SF

retains the conductive properties of the selectivity filters found in other homotetrameric

potassium channels [27, 28, 29, 30]. There is a helical extracellular cap linking M1 and P1

[1, 26]. The cap forces a bifurcated extracellular pathway for potassium and is believed

to block toxins from binding to the extracellular entrance of the pore [27, 31].
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1.2.2. Sensitivity to Stimuli

K2P channels are sensitive to diverse classes of stimuli for physiological regulation. All

K2P channels except K2P13.1 (THIK-1), K2P12.1 (THIK-2), and K2P18.1 (THESK)

can be regulated by pH. Due to the presence of a pH sensor in the C-termini, K2P2.1

(TREK-1) and K2P 10.1 (TREK-2) are activated by intracellular acidification [32]. In

contrast, TREK-2 is activated and TREK-1 is inhibited by low extracellular pH. This op-

posite response to extracellular acidification can be attributed to the altered electrostatic

interactions between a conserved histidine (H126 and H151 for TREK-1 and TREK-2,

respectively) that acts as a proton sensor and the residues, located in the P2M4 loop,

that are positively and negatively charged in TREK-1 and TREK-2, respectively [33, 34].

TRAAK, TREK-1, and TREK-2 are mechanosensitive K2P channels modulated upon

applying mechanical forces. In TREK-1, deletion of a charged region in the C-terminus

abolishes its sensitivity to arachidonic acid (AA) and laminar shear stress, suggesting an

essential role of M4 in chemical and mechanical activation [35]. Removal of the C-terminus

of TREK-2 similarly renders the channel insensitive to fatty acids and intracellular pH

and reduces the sensitivity to mechanical forces [36].

Despite the modest size of K2P (∼70 kDas), they demonstrate the ability to be modulated

by classes of modulators that bind in different sites of the channels. An L-shaped pocket

behind the SF of TREK-1 in the P1-M4 interface was found to be a binding site for two

activators, ML335 and ML402. The two molecules act as molecular wedges to reduce

the motion of the P1-M4 interface and activate the C-type gate [28]. Inhibitors, such

as fluoxetine and norfluoxetine (NFx) [29], can bind to a side fenestration site that is

exposed when the channel is in the ‘down’ conformation. It is believed that the two

inhibitors influence the channel activity by influencing the C-type gate conformational

dynamics allosterically. A class of negatively charged activators (BL-1249, PD-118057,

and NS11021) that bind below the SF were also reported [37]. These demonstrate the

remarkable druggability of K2P channels.

1.2.3. ’Up’ and ’Down’ Conformations

Two conformations of TREK-2, termed “up” and “down”, respectively, were resolved

by X-ray crystallography. The main difference between the two conformations lies in the

cytosolic parts of the M2, M3, and M4 helices [29]. In the “up” conformation, M4 is kinked

5
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and hinged around a conserved glycine (GLY312) and moves further toward the membrane

bilayer. Hinges at GLY201/GLY206 and GLY248 are also present in M2 and M3 of the

TREK-2 “up” conformation, respectively. On the contrary, M4 is relatively straight and

does not form extensive contact with M2 of another subunit in the “down” conformation.

Analogous “up” and ‘down’ conformations that share many common structural features

with the two TREK-2 conformations were also resolved for TRAAK [38].

While all four binding sites in the SF of the TREK-2 up conformation were found to

be occupied by K+s, K+s were only observed in S2, S3, and S4 of the down crystal

structure. As a result, it was believed that the up conformation represented an open,

conductive state while the down conformation represented a closed, nonconductive state

[39]. Furthermore, a lipid acyl chain was found in the central cavity of TRAAK in the

down conformation. This finding gave rise to a novel hypothesis that K2P channels

might gate via lipid blocking as a lipid was accessible to the central cavity when the

channel was in the down conformation [38]. However, more evidence suggests that both

conformations are conductive. First, an unobstructed path via the SF for ions is present in

both conformations. Molecular dynamics simulations confirmed that both conformations

are conductive. The down conformation is less conductive than the up conformation

due to an increased probability of carbonyl oxygen flipping at the SF, rendering the

channel nonconductive until the canonical position of the carbonyl oxygen is restored

[40]. Functional experiments also revealed the existence of more than one open state

for TREK-2, and channel activation cannot be simply attributed to switching between

the up and the down conformations [41], and the open state retains the sensitivity to

norfluoxetine [42], suggesting that both the up and down conformations contribute to the

open states.

When TREK-2 adopts the up conformation, two fenestration sites below the SF are

blocked by the side chains of PHE316 and LEU320 of M4, making the two sites inaccessible

to inhibitors such as fluoxetine and norfluoxetine [29, 43, 42]. These conformation-selective

inhibitors can therefore be used to study the conformational preference of K2P.

1.2.4. Gating Mechanism Hypotheses

Kvs [44] and Kirs [45] gate via dilation of their “lower” gate at the cytoplasmic entrance

to the SF. This mechanism, however, is not adopted by K2Ps. It has been well established

6
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that the C-type gate, also called SF gate, is the primary gate for K2P channels [46, 20].

For instance, quaternary ammonium (QA) ions bind freely and strongly to the binding

sites of SF of TREK-1 even before intracellular pH or pressure activation, suggesting that

the “lower” gate of TREK-1 is constitutively open. At the same time, mutations close to

the SF and the physical properties of the permeant ions critically determine the channel

gating of TREK-1. As a result, the primary gate locates at or close to the SF, and the

“lower” gate is not involved in gating.

A hypothesis reconciling the identification of SF being the primary gate and the possibly

functionally relevant up and down conformations of TRAAK and TREK-2 is that the

motion of M4 interpolated between the two conformations is coupled to the dynamics of

the SF [21, 28, 40, 47]. However, whether gating via conformation switching between the

two conformations is adapted by K2Ps remains to be established.

1.3. Electrophysiology

K Na
Cl

K

Cl

Earth

Operating 
amplifier

Signal

Feedback 
resistor

Electrode

K

K

K

K

Figure 4: Cell-attached configuration for patch clamp technique.
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The patch clamp technique is a widely used experimental method to measure electro-

physiological properties of membranes and ion channels [48]. This section briefly describes

the patch clamp technique for measuring the conduction properties of K + channels.

The cell-attached configuration in Figure 4 is the most common configuration in patch

clamp technique [49]. First, the tip of a pipette is pressed against the surface of a cell.

A slight negative pressure is then applied to suck and seal the contact point between the

pipette and the cell, forming a “Ω”-shaped protrusion. The seal is sufficiently tight such

that the leak current through the glass-membrane interface is small and can be subtrac-

ted to obtain a corrected measurement of currents through the channels embedded in

the membrane segment. After the cell-attached configuration is established, additional

procedures may be executed to obtain one of the three configurations, whole-cell, outside-

out, and inside-out, which are better suited to different scenarios. For instance, in the

outside-out configuration, the pipette is sealed against a small membrane segment whose

extracellular side is exposed to the bath solution, making this configuration useful for

measuring ion channels gated by extracellular ligands. By recording the detected cur-

rent, one can obtain a graph of channel recording (current as a function of time) from

which many conduction properties, such as the conductance and the existence of multiple

conductive and non-conductive states, can be deduced.
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2 Aim and Organization of the Thesis

2. Aim and Organization of the Thesis

This thesis aims to contribute to understanding conduction properties in potassium chan-

nels using molecular dynamics simulations. An overview of potassium channels, ion con-

duction mechanisms, and the patch clamp technique for measuring channel activities is

given in Chapter 1. Methods, including molecular dynamics simulations, free energy

calculation, and Markov state modeling, used in the study are introduced in Chapter 3.

Next, the first project, which is dedicated to investigating multi-ion dynamics and

permeation mechanisms in the selectivity filter of potassium channels, is presented in

Chapter 4. We devise an analysis framework for systematically comparing permeation

details in the selectivity filter and discover that the dominant permeation mechanism is

water-free and largely invariant for different simulation conditions. The second project,

which aims to establish the hypothesis that conformational changes in the transmembrane

helices serve a gating mechanism in TREK-2, is summarized in Chapter 5. In collaboration

with a research group specialized in experimental electrophysiology, we identify residues in

TREK-1 and TREK-2 sensitive to channel gating. Our results represent strong evidence

supporting the hypothesis of conformational switching as a gating mechanism in K2P

channels.

Finally, the conclusions and outlook of the projects are given in Chapter 6 and 7, respect-

ively. Supporting information for the two projects can be found in Appendices A and B.
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3 Theory

3. Theory

3.1. Molecular Dynamics Simulations

3.1.1. Equations of Motion

Understanding of dynamics of biomolecules is often required to explain their molecular

mechanisms. Molecular dynamics (MD) simulations are a method to predict the mo-

tions of biomolecules, such as protein-ligand binding and protein folding, using computer

simulations [50, 51]. A short introduction to atomistic MD simulations is given here.

The Born–Oppenheimer approximation states that the total wave function can be decom-

posed into the wave function for nuclei (Ψn) and the wave function for electrons (Ψe),

which can be treated separately:

Ψtotal = Ψn ∗Ψe. (1)

As the electrons have a much lighter mass than nuclei, the nuclei can be considered

stationary when solving the electronic wave function. Therefore, Ψe(r⃗, R⃗) can be obtained

by solving the Schrödinger equation for all electronic configurations r⃗ and a given nuclei

configuration R⃗ [52].

We assume that the electrons are always in the ground state and do not involve in the

molecular processes, and the molecular processes can be fully described in terms of the

coordinates of atoms. In MD simulations, the coordinates of atoms are determined by

solving Newton’s equations of motion:

mi
d2r⃗i
dt2

= F⃗i, i = 1, 2, ..., N, (2)

where mi, r⃗i, are the mass and position of atom i, and F⃗i is the force acting on atom i at

time t.

Since analytical solutions are generally unavailable, numerical integration is performed to

calculate the atomic coordinates at every time t. An example of a numerical integration

algorithm is leapfrog integration:

v⃗i,t+ ∆t
2

= v⃗i,t− ∆t
2

+ F⃗i
mi

∆t (3)
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3 Theory

r⃗i,t+∆t = r⃗i,t + v⃗i,t+ ∆t
2

∆t, (4)

where ∆t is the size of each time step and v⃗i,t+ ∆t
2

=
∂r⃗

i,t+ ∆t
2

∂t
is the velocity of atom i

evaluated at time t+ ∆t
2 . ∆t should be small enough to resolve the fastest motion in the

simulation system. For biomolecular systems, the fastest vibrations are usually represen-

ted by the oscillations of bonded hydrogen atoms. To eliminate such oscillations, which

are usually irrelevant to the biophysical problems in hand, and to create a more accurate

physical representation of the hydrogen atoms which are exclusively in the vibrational

ground state, holonomic constraints are applied to the associated atoms [53]. It allows an

increase in ∆t from typically ∼1 fs to 2 fs. Additional techniques, such as increasing the

mass of hydrogen atoms and introducing dummy atoms to replace hydrogen atoms, can

also be used to speed up the simulations by increasing ∆t [54].

3.1.2. Force Fields

A force field determines most terms in F⃗i. An empirical force field, such as AMBER [55],

and CHARMM [56, 57] force fields, consists of an empirical potential energy function

with parameters, which together define the interactions between atoms [58]. A common,

minimal form of the potential energy function U(r⃗1, r⃗2, ..., r⃗N) is

U(r⃗1, r⃗2, ..., r⃗N) =
∑
bonds

Kb(b− b0)2 +
∑
angles

Kθ(θ − θ0)2+

∑
dihedral

Kϕ

(
1 + cos (nϕ− δ)

)
+

∑
impropers

Kψ(ψ − ψ0)2+

∑
atoms,i<j

[
ϵij

(
(Aij
rij

)12 − (Bij

rij
)6

)
+ qiqj

4πϵ0rij

]
.

(5)

Bond lengths b, bond angles θ, and out-of-plane bending (quantified by improper dihedral

angles ψ) are modeled by harmonic functions. Dihedral angles ϕ are treated using a sinus-

oidal function. Van der Waals (VdW) interactions between two atoms are described by a

Lennard-Jones potential. Electrostatic interactions are calculated using Coulomb’s law.

Parameters may be obtained by optimizing against reference values from quantum mech-

anical (QM) calculations. In Amberff99sb, parameters associated with dihedral angles for

protein were based on fitting conformational energy of glycine and alanine tetrapeptides

from ab initio QM calculations [59]. In Amberff14sb, some parameters for the backbone

dihedral angles in amino acid were optimized to achieve high agreement between NMR
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3 Theory

and MD simulations for short alanine peptides [55]. Given a potential energy function

U(r⃗1, r⃗2, ..., r⃗N), F⃗i = −∇U(r⃗1, r⃗2, ..., r⃗N) can be computed.

3.1.3. Long-range Interactions

Direct calculation using Equation 5 for the whole system leads to a quadratic computation

complexity O(N2), rendering the simulations unscalable to large biomolecular systems.

Thanks to the quickly decaying r−6 dependence of the vdW interactions, it is possible

to compute the interactions only for atom pairs whose separation is shorter than a cut-

off distance. For the Coulomb interactions, the Particle mesh Ewald (PME) algorithm

is usually employed [60]. The PME algorithm decomposes ionic interactions into short-

range and long-range contributions. The short-range contribution is calculated by adding

all Coulomb interaction pairs in real space, while the long-range contribution is calculated

with a Fourier transformation as the equivalent sum of interaction terms converges much

more quickly in Fourier space than in real space. By treating the long-range molecular

interactions differently, the calculation of forces acting on every atom, which represents

the most computationally intensive step in MD simulations, can be reduced from O(N2)

to O(N logN) and becomes feasible for large systems.

3.1.4. Thermostats and Barostats

Simulating the system under constant pressure and temperature is desirable to match

physiological conditions. Algorithms termed thermostats and barostats that regulate the

temperature and pressure, respectively, are used during the simulations to obtain the NPT

(constant number of atoms N , pressure P , and temperature T ) ensemble. For instance,

velocity rescaling is a thermostat that properly rescales velocities of atoms to generate

the canonical distribution at a given temperature [61]. The Berendsen thermostat works

by introducing stochastic and friction terms into the equations of motion to couple the

system to an external heat bath with a fixed reference temperature value T0, yielding the

relation
dT

dt
= T0 − T

τT
, (6)
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where τT is the temperature coupling time constant. The change in temperature is realized

by scaling the velocity of atoms by the factor

λ = [1 + ∆t
τT

(T0

T
− 1)]. (7)

Analogously, the Berendsen barostat controls the pressure via

dP

dt
= P0 − P

τP
, (8)

where τP is the pressure coupling time constant. Assuming the system is isotropic and

confined in a cubic box, the pressure can be achieved by scaling the coordinates so that

the box lengths extend or shrink by the factor

µ = [1− ∆t
τP

(P0 − P )]1/3 (9)

[62]. It is recommended to use the force field with the thermostat and barostat suggested

by the force field developer to avoid undesirable artifacts.

3.1.5. Periodic Boundary Conditions

To reduce finite-size artifacts and surface effects which adversely affect the interpretability

of the results, periodic boundary conditions are usually implemented, allowing the simu-

lated system to interact with its first images to mimic an infinitely large system. Atoms

moving across a periodic boundary will “appear” on the opposite side of the box.

3.1.6. Limitations

Conventional MD simulations allow direct observation of rare events, such as conforma-

tional changes in proteins. However, insufficient sampling due to the timescale of motions

of interest exceeding the simulation timescale hampers it. For instance, in Section 5, the

transitions between the up and the down states of TREK-2 are experimentally estim-

ated to be on the millisecond timescale, while conventional MD simulations are only up

to the microsecond timescale. As a result, it is not feasible to calculate the free energy

difference between the two states for different mutants only by estimating the ratio of

their populations using conventional MD simulations. To overcome this challenge, free
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energy calculations, which are an enhanced sampling technique and will be explained in

Chapter 3.3, were employed. Another way of simulating a larger system with a longer

simulation time is to use a more simplified system representation. Using a coarse-grained

model, including MARTINI [63], simulations of large-scale systems such as realistic cell

membranes become more feasible [64].

Empirical atomistic force fields by no means represent the true details of the molecu-

lar interactions in the system. One may carry out quantum mechanical calculations at

the expense of computational resources to obtain a more accurate description of the sys-

tem. While empirical atomistic force fields have demonstrated their ability to unravel

molecular mechanisms at an affordable cost, uncertainty in the force fields makes the in-

terpretation of the results difficult. For instance, as illustrated in Chapter 4, Amber14sb

and CHARMM36m force fields result in quantitatively different permeation processes.

The differences can be attributed to the uncertainty in the parameterization of the force

fields and the limited ability to describe molecular interactions using simplified physical

models.

3.2. Ion Permeation in MD Simulations

Analogous to experimental electrophysiology, one can perform in silico electrophysiology,

simulating ion permeation processes through potassium channels using MD simulations.

MD simulations of ion permeation are appealing as they provide atomistic and dynamical

details of channels and permeant ions, which are not accessible simultaneously by current

experimental techniques. It is desirable to generate a continuous flow of ions through the

channel in MD simulations that mimic the experimental conditions for direct comparison

between simulations and experiments.

3.2.1. Computational Electrophysiology

Unidirectional flow of ions in MD simulations can be accomplished by computational elec-

trophysiology [65, 66]. In computational electrophysiology, an ion concentration imbalance

is first established across two compartments separated by two lipid bilayers. Thanks to the

concentration gradient, which in turn is typically accompanied by a gradient in electro-

static potential, there is a net ion flow across the compartments through the channel. Ions

are swapped between the compartments using a non-equilibrium Monte Carlo method to
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wild type
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(mut)
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Figure 5: Thermodynamic cycle for determination of folding free energy.

maintain the steep ion gradient for steady ionic fluxes throughout the simulation.

3.2.2. External Electric Field

Another way of generating net ionic fluxes is to apply an external electric field. It has

been shown that a transmembrane voltage V can be induced by applying an electric field

E = V
L

in the direction of membrane normal, where L is the length of the simulation box

along the membrane normal [67]. This method is sometimes more practical as computa-

tional electrophysiology requires a double-bilayer setup which is often more challenging

to construct, and both approaches yield practically indistinguishable results [68]. As a

result, ion permeation events in Chapter 4 were generated by applying an external electric

field to a potassium channel embedded in a single bilayer.

3.3. Non-equilibrium Alchemical Free Energy Calculations

Accurate determination of free energies is crucial for obtaining a thorough understanding

of molecular processes, contributing to the development of drug design and discovery

[69], and understanding of protein thermostability [70]. Here, a short introduction to

MD-based non-equilibrium alchemical free energy calculations is given.
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3.3.1. Alchemical Transformation

It is often sufficient to calculate only the relative free energy ∆∆G as far as only the

relative free energy difference between two thermodynamic states is concerned [69]. Con-

sider the thermodynamic cycle in Figure 5, knowing the folding free energy of a mutant

relative to the wild type (∆∆G = ∆Gfolding
mut −∆Gfolding

WT ) is sufficient to rank the destabil-

ization caused by mutation for multiple mutants. Thanks to the thermodynamic cycle,

one can instead calculate ∆∆G via a non-physical (alchemical) path by morphing the

relevant residue into the target residue and calculating the difference between the muta-

tional free energies ∆∆G = ∆Gfolded
mutation − ∆Gunfolded

mutation, where ∆Gfolded
mutation and ∆Gunfolded

mutation

are the mutational free energy for the folded state and unfolded state, respectively. This

way, a difference in folding free energy can be calculated without having to sample the

cumbersome folding/unfolding pathway.

3.3.2. Non-equilibrium Free Energy Calculations

The calculation of mutational free energies can be carried out by simulating the amino

acid transformation reversibly (equilibrium), theoretically infinitely slowly (τ → ∞), or

irreversibly (non-equilibrium), completing in a finite time τ . Jarzynsky’s inequality

⟨e−βW (τ)⟩ = e−β∆G, (10)

where β = 1
kBT

is the reciprocal of Boltzmann constant times temperature, provides a

means to determine the equilibrium free energy difference ∆G between the two states

using the average of non-equilibrium work values W when carrying the transformations

irreversibly. Unlike Jarzynsky’s inequality which considers only transformations in one

direction, Crooks fluctuation theorem takes into account the irreversible transitions in

both forward and backward directions:

Pf (W (τ))
Pb(−W (τ)) = e−β∆G, (11)
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where Pf (W ) and Pb(W ) are the distributions of the forward and backward work values,

respectively. A simple estimator for ∆G is

∆̂G = W (τ) + kBT ln Pf (Wτ))
Pb(−Wτ)) . (12)

∆̂G is given by the value of W where the two distributions intersect. However, since

this requires a great overlap of the two distributions and long tails of distributions would

contribute to large uncertainty, using an alternative, asymptotically unbiased estimator

called Bennet’s Acceptance Ratio (BAR) is preferred [71, 72]. The BAR estimator can

be calculated by numerically solving

Nf∑
i=1

1
1 + Nf

Nb
eβ(Wi−∆̂G)

=
Nb∑
j=1

1
1 + Nb

Nf
eβ(Wj−∆̂G)

, (13)

where Nf and Nb are the number of forward and backward work values, respectively.

3.4. Markov State Modeling

Markov State Models (MSMs) are a powerful technique for extracting and resolving com-

plex kinetic details in MD simulations, including folding of small proteins [73] and in-

trinsically disordered proteins [74]. Since only conditional probabilities are required to

estimate the transition matrix of a MSM, multiple MD trajectories whose simulation

length is much shorter than the timescale of motions of interest can be combined to re-

veal the molecular details [75]. This section provides a short introduction to discrete-time

Markov chains, which jump at discrete time steps and have a countable set S for their

state space.

3.4.1. Dimension Reduction

A discrete-time Markov chain constructed from MD simulations involves dimension re-

duction, projecting all degrees of freedom (r⃗, v⃗) in MD trajectories onto a finite number

of states Si. Time-lagged independent component analysis (TICA) allows one to obtain a

set of states which are maximally separated in time, suitable for describing slow processes

in an equilibrium system by transitions between the Markov states [76]. An analog-

ous approach for non-equilibrium systems is a variational approach for Markov processes

17



3 Theory

(VAMP) [77]. Having the Markov states defined, MD trajectories can be expressed as

time sequences of the states.

3.4.2. Estimation of Transition Matrices

From the observed sequences of the Markov states visited in the simulations, we can

compute a NS-by-NS count matrix C(τ), where NS is the number of Markov states,

and Cij(τ) is the number of transitions from state Si to state Sj observed after a lag

time τ . To reduce the amount of data discarded due to τ > ∆t, where ∆t is the size

of the time step of the simulations, a sliding window approach of width τ , where the

original sequence is split into sequences such as
[
S(t) → S(t + τ) → S(t + 2τ) → ...

]
and

[
S(t + ∆t) → S(t + ∆t + τ) → S(t + ∆t + 2τ) → ...

]
, may be used. However, this

would lead to errors in the estimation of C(τ) if these split sequences are not statistically

independent.

The transition matrix T (τ), where Tij(τ) is the probability of visiting Sj after τ given that

the system is currently in Si, is central to a MSM as all stationary and kinetic properties

are encoded in it. A simple maximum likelihood estimator is T̂ij = Cij∑
j
Cij

[75].

3.4.3. Validation of Markov State Models

The probabilities in T are only conditioned on the current state S(t), assuming that the

dynamics are ‘memoryless’ and the next state depends only on the current state but not

the past. For this assumption to hold reasonably well, discretization of phase space into

Markov states representing metastable states and a sufficiently long τ to let the system

relax to get rid of the memory are needed. To evaluate how close the constructed MSM

is to an ideal one, one can perform a so-called Chapman–Kolmogorov test [75], checking

whether

T̂ k(τ) ≈ T̂ (kτ), (14)

for k = 1, 2, 3, ... , holds. An example of the Chapman–Kolmogorov test is illustrated in

Section 4. Markov Chain (MC) simulations based on the transition matrices derived from

the MD simulations were performed, starting the system in one of the most frequently

observed states and comparing the relaxation of the system for different values of τ . This

is a harsh test as a sufficient sampling of transitions from and to the most frequently

observed states is needed [75, 78].
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4. Ion Conduction Mechanisms in Potassium Channels

Revealed by Permeation Cycles

Abstract

Potassium channels are responsible for the selective yet efficient permeation of potassium

ions across cell membranes. Despite many available high-resolution structures of po-

tassium channels, those conformations inform only on static information of the ion per-

meation processes. Here, we use molecular dynamics simulations and Markov state models

to obtain dynamical details of ion permeation. The permeation cycles, expressed in terms

of selectivity filter occupancy and representing ion permeation events, are illustrated. We

show that the direct knock-on permeation represents the dominant permeation mechan-

ism over a wide range of potassium concentration, temperature, and membrane voltage

for the pore of MthK. Direct knock-on is also observed in other potassium channels with a

highly conserved selectivity filter, demonstrating the robustness of the permeation mech-

anism. Lastly, we investigate the charge strength dependence of permeation cycles. Our

results shed light on the underlying permeation details, which are valuable in studying

conduction mechanisms in potassium channels.
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4.1. Introduction

Potassium (K+) channels are present in almost all organisms, mediating K+ fluxes during

action potentials [79]. Most K+ channels contain regulatory domain(s) and pore-forming

domain(s), except for channels such as KcsA, which contains only the pore-forming domain

[8]. The regulatory domains are responsible for sensing stimuli and inducing conforma-

tional changes in the channel to regulate ionic fluxes through the pore. The pore-forming

domains provide a direct passage of K+ across membrane bilayers (Figure 6A). Despite

the structural variety of K+ channels due to variations in their pore-forming domains and

regulatory domains, the selectivity filter (SF), a component of the pore domain central

to ion permeation, is highly conserved. A signature sequence TVGYG constitutes a SF

with four-fold symmetry in K+ channels such as KcsA, MthK, and NaK2K. Substitutions

of V by I and Y by F in pore domain 1 (P1) and pore domain 2 (P2), respectively, are

observed in K2P channels such as TRAAK and TREK-2 and lead to a two-fold symmetric

SF. The SF forms the narrowest part of the channel and provides a conduction path to

permeant ions. A canonical SF contains four main binding sites (S1, S2, S3, and S4)

and two additional binding sites (S0 and Scav), which are exposed to the extracellular

side and the cavity of the channel, respectively (Figure 6B). The binding sites provide

coordination to K+, compensating for the loss of solvation upon entering the SF. S0 to

S3 are formed by the backbone carbonyl oxygen atoms of the SF residues. S4 is formed

by the backbone carbonyl oxygen atoms and sidechain hydroxyl oxygen atoms from four

threonines. Scav shares the sidechain hydroxyl oxygen atoms with S4. It has been shown

that the conduction properties of K+ channels are sensitive to the geometry of the SF.

For instance, a study of the wild type (WT) and mutants of NaK channel demonstrated

that the channels with two or three binding sites lost their selectivity to K+ over Na+

and only when four binding sites were present were the selectivity and permeation rate

restored [13]. Structural plasticity is also needed to explain the efficient conduction of

different ions in the non-selective channel NaK [80].

Because of the conservation of the SF, K+ channels likely share the same or very similar

permeation mechanisms. The debate about the permeation mechanisms in K+ channels

has lasted for at least one decade. The first KcsA structure revealed a full electron density

in all four binding sites of its SF. The SF occupancy was interpreted as a superposition

of two configurations KWKW and WKWK (for S1 to S4), as it was believed that K+ in
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direct contact would be electrostatically unfavourable [14, 15]. This interpretation nat-

urally gave rise to the soft knock-on hypothesis for ion permeation. In the soft knock-on

permeation, ions and water molecules move concertedly through the SF, achieving an

ion-water permeation ratio of 1:1 [81]. However, molecular dynamics (MD) simulations

showed that an alternative permeation mechanism that involves no water co-permeation

is energetically possible [16]. A study consisting of extensive MD simulations and crystal-

lographic measurements challenged the traditional view of the ion permeation mechanism,

suggesting that direct knock-on, where ion-ion head-on collisions in the absence of water

inside the SF are the primary driving force of ion permeation, is the dominant permeation

mechanism in K+ channels [17].

Even with the availability of high-resolution structures of K+ channels, limited insights

into the dynamical properties relevant to ion permeation can be gained from these static

conformations. Advance in computational research enables us to extract detailed dynam-

ical information about ion permeation at an atomistic scale to investigate the permeation

mechanisms in K+ channels. To this end, we used MD simulations and Markov state mod-

els (MSMs) to examine how the occupancy of the SF evolves during ion permeation under

different conditions, including K+ concentration, temperature, and membrane voltage.

Additional simulations were carried out to identify variations in ion permeation patterns

for different channels. Finally, we varied the charges of charged residues and ions to evalu-

ate the dependence of the observed permeation patterns on the force field implementation.

The MD trajectories, resulting in a total simulation time of 260 µs and thousands of K+

permeation events, provide extensive dynamical information from which the underlying

permeation processes were studied.

4.2. Methods

4.2.1. MD Simulations

The MthK system was adopted from the work by Kopec et al [82]. CHARMM-GUI

[83, 56, 84] was used to embed the pore-only structure of MthK (PDB: 3LDC [85]), KcsA

E71A (PDB: 5VK6 [86]), NaK2K F92A (PDB: 3OUF [13]), and TRAAK (PDB: 4I9W

[87]) into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane bilayer.

For NaK2K, the mutation F92A was performed using CHARMM-GUI. The systems were

solvated and neutralized by KCl. Binding sites S1 to S4 of all channels were occupied
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Figure 6: (A) Pore-only structure of MthK (PDB ID: 3LDC). (B) Selectivity filter (SF)
of MthK, KcsA, NaK2K, and TRAAK. Each SF consists of six binding sites
(S0 to Scav). Only two opposite subunits are shown for clarity. (C) Example
of reduced permeation cycles.

by K+ in the starting structures for the MD simulations. Two force fields, Amber14sb

[55] and CHARMM36m [57] were used to model the systems. For Amber14sb, Berger

lipids [88, 89], the TIP3P water model [90] and Joung and Cheatham ion parameters

[91] were used. Aliphatic hydrogen atoms were replaced by virtual sites [54]. Combined

with the use of LINCS algorithm [53], an integration time step of 4 fs was used for the

Amber14sb simulations. A leap-frog algorithm was used as the integrator. The temper-

ature was maintained using a velocity rescaling algorithm [61]. The pressure was kept

at 1 bar using a semi-isotropic Berendsen barostat [62]. A cutoff of 1.0 nm was used for

van der Waals interactions. The particle mesh Ewald (PME) algorithm [60] with a 1.0

nm distance cutoff was chosen to compute electrostatic interactions. For CHARMM36m,

CHARMM36 lipids [92], CHARMM TIP3P water model [93] and CHARMM ion paramet-

ers [94] were used. The LINCS algorithm [53] was used to constrain all bonds associated

with hydrogen atoms. An integration time step of 2 fs was used for all CHARMM36m

simulations. A cutoff of 1.2 nm was used for van der Waals forces and the forces were

switched smoothly to zero between 0.8 to 1.2 nm. The particle mesh Ewald (PME) method

with a 1.2 nm distance cutoff was used for electrostatic interactions. The temperature

was maintained using Nosé–Hoover thermostat [95, 96]. The pressure was kept at 1 bar
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using Parrinello–Rahman barostat [97]. Simple harmonic distance restraints between the

backbone oxygen atom of the i-th residue and the backbone hydrogen atom of the (i+4)-

th residue for residues between ACE17 (N-terminal acetyl capping group) and VAL30

and between PHE87 and NME100 (C-terminal N-methyl amide capping group) within

the same chain were applied to avoid unfolding of the two termini in each monomer. The

equilibrium distance d0 and the force constant k are 0.2 nm and 1000 kJ mol−1 nm−2,

respectively. An external electric field E = V
L

, where V is the membrane voltage and L

is the length of the simulation box in the z-direction, was applied along the z-axis. For

charge scaling, the scaling factor q/q0, where q is the scaled charge and q0 is the default

charge of the charged residues of MthK, K+, and Cl−, was applied. In the case of charged

residues, q was achieved by adding an offset charge of (q−q0)/nnm, where nnm is the num-

ber of non-mainchain atoms of the residue, to all the non-mainchain atoms of the same

residue. Also, as all partial charges were rounded to four decimal places, counter charges

were added to Cβ atoms to account for missing charges due to rounding to keep the sim-

ulation box neutral. All simulations were performed with GROMACS 2020 [98, 99]. A

summary of the simulations can be found in Table S1, S2, S3, and S4.

4.2.2. Markov State Modeling and Permeation Cycles

The boundaries of the SF binding sites were defined by the z-coordinate of the center

of mass (CoM) of the backbone carbonyl oxygen atoms or the hydroxyl oxygen atoms

of residues of the SF. For instance, the upper boundary of S2 of MthK WT was defined

by the z-coordinate of the CoM of the backbone carbonyl oxygen atoms from the four

Gly61, as MthK is a tetramer. Similarly, the lower boundary of S2 was defined by the

z-coordinate of the CoM of the backbone carbonyl oxygen atoms from the four Val60. In

Figure 6B, S2 is occupied by a K+, as a K+ is found between the two boundaries of S2 and

within 4 Å of the axis of symmetry of the SF. The upper boundary of Scav was formed

by the hydroxyl oxygen atoms of four threonine residues, and the lower boundary of Scav

was set to be 4 Å below its upper boundary. Using these definitions, we expressed the

SF occupancy of each simulation snapshot using a six-character code, with each character

representing the occupancy of one binding site. For the state C0K0KW in Figure 6C,

since S0 is occupied by a potassium ion and a water molecule at the same time before

the transition, C (Co-occupation) is assigned to the first letter. The second letter is 0, as
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S1 is vacant. Letters K and W represent the occupation by a potassium ion and a water

molecule, respectively. The resulting six-character code defines a SF occupation state.

The transition matrix T (τ) of a Markov state model (MSM) using the SF occupation

states was obtained via normalizing the count matrix C(τ) by

Tij(τ) = Cij(τ)∑
j Cij(τ) , (15)

where Tij(τ) is the probability of transitioning from state Si to state Sj, and Cij(τ) is

the number of transitions from state Si to state Sj after a lag time τ observed in MD

simulations.

Performing eigendecomposition on T yields eigenvalues λm and eigenvectors νm that

characterize the dynamical processes in the molecular system on different timescales [75].

The first eigenvalue λ1 has a value of 1, corresponding to the steady-state distribution of

the SF occupation states. Since the system exhibited non-equilibrium dynamics, λm and

νm could be complex-valued for m > 1. We took the norm of λm when computing the

m-th relaxation time tm, given by

tm = − τ

ln |λm|
. (16)

tm as a function of τ is plotted in Figure S2.

Another test checking whether Markov properties hold is the Chapman-Kolmogorov test

[100, 75, 78], justifying to what extent the approximation,

T̂ k(τ) ≈ T̂ (kτ), (17)

for k = 2, 3, ... , is fulfilled. τ was chosen to be 20 ps. Details can be found in the

Supporting Information.

Independent permeation events, each capturing a series of transitions between SF occu-

pation states that results in a K+ arriving at the extracellular side while the SF returns to

its original occupation state, were first extracted from the trajectories using Algorithm 1.

It assumes that a positive membrane voltage is applied. WKK0KW was selected to be the

initial and the final state (denoted as Sc) of the cycles as it was one of the states with a high

probability of being observed under different simulation conditions. For instance, 98%
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and 100% of the observed permeation events in Figure 8 can be expressed in cycles that

start and end in WKK0KW for Amber14sb and CHARMM36m, respectively. Using Al-

gorithm 2, each of these permeation cycles was reduced such that only the non-repeating,

first-arrived states remain. Trivial oscillations between SF occupation states that involve

no net ion jumps were removed. From the reduced permeation cycle trajectories, trans-

ition matrices, containing the probabilities of observing a transition between any two SF

occupation states in a reduced permeation cycle, were computed. Apart from transition

probabilities based on the reduced permeation cycles, the net fluxes fij = Tijρi − Tjiρj,

where ρi and ρj are the steady-state distribution of state Si and Sj, respectively, between

Si and Sj were computed from the full trajectories without cycle identification and reduc-

tion. The currents through the channels were calculated as I = ⌊Jk

5 ⌋, where Jk is the total

number of net ion jumps in the SF throughout a simulation (see Figure S1 for details of

ion jumps in the SF).

The mean first passage time (MFPT), for the transitions from state Si to state Sj,

tMFPT = E
[

inf {t = t′′ − t′ ≥ 1 : s(t′) = Si, s(t′′) = Sj, 0 ≤
t′′−1∑
t∗=t′

jk(t∗) ≤ 4}
]
, (18)

where s(t) is the SF occupation state and jk(t) is the number of ion jumps at time t (see

Figure S1), was computed. The last condition restricts the calculations to transitions

within the same permeation cycle.

The permeation cycle analysis was performed using KPerm, a Python package developed

by us. Libraries including MDAnalysis [101, 102], NumPy [103], and SciPy [104]

were used to process and analyze simulation trajectories. NetworkX [105] was used to

generate graphs of permeation cycles. Errors of MFPTs are bias-corrected and accelerated

(BCa) 95% bootstrap intervals (B = 10000). Unless otherwise specified, errors are 95%

confidence intervals based on the t-distribution.

4.3. Results

4.3.1. Selectivity Filter Occupancy

To probe the occupancy of SF during ion permeation, we carried out MD simulations

of the pore of MthK WT, KcsA E71A, NaK2K F92A, and TRAAK WT in a 1 M KCl

solution at 323 K and 300 mV. Mutants of KcsA [106] and NaK2K [107] were chosen to
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Amber14sb

CHARMM36m

TRAAK WTMthK WT KcsA E71A NaK2K F92A

Figure 7: K+ (purple) and water (red) occupancy in SF binding sites of channels simulated
at 323 K and 300 mV in 1 M KCl solution.

obtain more permeation events as they have been shown to have higher conductance than

WT. Since hundreds of K+ permeation events in total for each system were recorded from

independent simulations (Table S1, S2, S3, and S4), the average occupancy is not merely

a consequence of the initially full K+ occupancy of the SF but the preference of permeant

ions and water molecules for SF binding sites during ion permeation.

S0 and Scav are exposed to water and thus have a nearly full water occupancy throughout

the simulations of all channels (Figure 7). The inner binding sites S2 and S3 are mostly

shielded from water. In MthK, S2 and S3 are completely dehydrated in simulations

using Amber14sb and CHARMM36m. Non-zero water occupancy in S2 and S3, caused

by rare events of water entering S2 or S3 from the cytosolic side in a few trajectories,

is found in other channels. Water molecules hopping between S0 and S1 and between

S4 and Scav happens, contributing to the water occupancy in S1 and S4, respectively.

The high K+ density in S1 to S4 and the dehydration of S2 and S3 suggest that the K+

permeation happens predominately without water co-permeation. However, how water

molecules contribute to the water-free K+ permeation and under what conditions water

co-permeation is triggered are not fully understood.

There are variations in K+ and water occupancy between the channels with a highly

conserved SF. The average occupancy of K+ and water is also sensitive to the choice of

force fields. For instance, the K+ occupancy of S3 in CHARMM36m simulations tends to

be substantially lower than that in Amber14sb simulations. S1 water occupancy of ∼30%

is found in simulations of KcsA E71A using Amber14sb and simulations of TRAAK WT

using CHARMM36m, but not in simulations using their counterpart force fields. The

presence of water in the SF binding sites and variations in SF occupancy due to force

fields and structural differences between channels prompt the questions about permeation
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mechanisms in these systems and call for a dissection of the permeation processes in the

SF.

4.3.2. Permeation Cycles

In search of the dynamical details of permeation processes in the SF of K+ channels, we

turned to Markov state modeling and expressed ion permeation events during the MD

simulations as transitions between SF occupation states. The resulting Markov state

models (MSMs) contain the arrays of six-character code that represent the occupancy of

the six binding sites. Reduced permeation cycles were obtained by isolating permeation

events from the trajectories and removing trivial oscillations between the states that

do not result in net ion movement. An example of reduced permeation cycles can be

found in Figure 6C. A closed loop in a permeation cycle depicts the sequence of SF

occupation states for a permeation event in which the SF occupancy is restored to its

initial configuration, thus completing a permeation event. With that, one K+ has reached

the extracellular side of the membrane through the SF.

The currents in MthK WT, with the simulated conditions, are 15.4±2.2 pA and 6.8±2.0

pA for Amber14sb and CHARMM36m, respectively. Errors represent 95% confidence

intervals using the t-distribution. The reduced permeation cycles for MthK WT are

displayed in Figure 8. The state WKK0KW was chosen to be the initial and final state of

the cycles as it is one of the states with the highest probability under different simulation

settings, including channels, force fields, K+ concentration, temperature, and membrane

voltage. For instance, 98% and 100% of the permeation events can be expressed as cycles

starting and ending in WKK0KW for MthK WT using Amber14sb and CHARMM36m,

respectively, at 300 mV and 323 K in a 1 M KCl solution. The permeation cycles are

consistent with the plots using net fluxes as the weights of the edges (Figure S9).

Starting in WKK0KW, as the permeation proceeds, the first transition is predominantly

to C0K0KW for both force fields. The transition represents the K+ in S1 moving to S0

and sharing the same binding site with water. It was found in 48 ± 3% and 73 ± 4%

of the reduced permeation cycles for Amber14sb and CHARMM36m, respectively (note

that these probabilities are different from the transition probabilities in the MSMs). Three

routes, ultimately converging to C0KKWC, branch out of C0K0KW. Two steps in common

are involved: a K+ and a water molecule in S4 and Scav hopping collectively to S3 and
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Figure 8: Permeation cycles and MFPTs of SF occupation state transitions for MthK WT
at 300 mV and 323 K in 1 M KCl solution. Only states involved in more than
10% of the observed permeation cycles are shown. The steady-state distributions
of the SF occupation states are stated below the nodes. The probabilities of
observing the transitions given a reduced permeation cycle and the associated
MFPTs are stated next to the edges. Cycles of 98% and 100% of the permeation
events for Amber14sb and CHARMM36m, respectively, were identified and are
shown.

S4 at the same time, respectively, and a K+ approaching from the channel cavity to Scav.

One of the three routes is the direct transition C0K0KW → C0KKWC, in which the two

steps happen simultaneously for a lag time of 20 ps. The other two routes, which occur

approximately twice as frequently as the direct transition, differ in the order of the two

steps. C0K0KW → C0K0KC → C0KKWC represents the formation of a central ion pair

in S2 and S3 with the presence of a K+ in Scav. The last route C0K0KW→ C0KKWW→

C0KKWC suggests the possibility of spontaneous formation of a central ion pair without

head-on collisions by a third K+ in Scav.

Critical differences in permeation cycles between Amber14sb and CHARMM36m emerge

at C0KKWC. For Amber14sb, the cycles continue with the depletion of a transient wa-

ter molecule in S4 (C0KKWC → C0KK0C, 65 ± 3%), followed by a concerted forward

movement of two ions, moving from S2 to S1 and Scav to S4 (C0KK0C → CK0KKW,

70± 3%), respectively. The dominant cycle is eventually closed by the dissociation of K+

in S0 and the forward movement of K+ from S3 to S2. The majority of the permeation

events for Amber14sb can be represented by a single loop that splits at CK0KKW and
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converges at C0KKWC. In contrast, a divergence into two distinct permeation routes at

C0KKWC was observed for CHARMM36m. One of the two routes is similar to the Am-

ber14sb permeation route, involving water depletion in S4, except that CK0K0C plays a

more significant role in connecting C0KK0C and WKK0KW. Compared to the first per-

meation route, the depletion of transient water in S4 happens later in the second route.

Ion movement facilitated by ion-ion repulsion (C0KKWC → CK0KWC → WK0KWC)

finishes earlier than water depletion (WK0KWC → WK0K0C). The cycle ends with the

K+ coming from Scav to S4 and the K+ in S3 moving to S2 (WK0K0C → WKK0KW).

Mean first passage times (MFPTs) of the transitions were computed. The permeation

cycles are comprised of transitions on a broad range of timescales between tens of pico-

seconds and tens of nanoseconds. For both force fields, the rate-limiting step is the forma-

tion of a central ion pair in S2 and S3 with vacant S1 (C0KKxx), likely due to the barrier

posed by the strong Coulomb repulsion between the two K+s. Consistent with the lower

current in CHARMM36m simulations, most rate-limiting permeation steps are consider-

ably slower in CHARMM36m simulations than in Amber14sb simulations. All the slowest

steps in the three transition routes from C0K0KW to C0KKWC for CHARMM36m are

about 2.5 times as slow as for Amber14sb. No permeation cycle finishes substantially

faster than the others, suggesting that there is unlikely a permeation “short-cut” at a

significantly higher rate that the channel may exploit to regulate ion conduction rate by

switching between different permeation routes.

The permeation cycles in MthK represent the direct knock-on permeation, characterized

by the close K+ contact and the absence of water in S2 and S3. Despite the presence of

water in S1 and S4, no water permeation event was observed. The water occupancy in

S1 does not contribute to K+ permeation, as no relevant SF occupation state is found

in the permeation cycles. The transient S4 water occupancy shown in Figure 7 can be

explained by the high probability of finding states with a water molecule in S4, including

C0KKWC and WK0KWC, in a reduced permeation cycle. C0KKWC is achieved by a

water molecule entering the SF during the formation of a central ion pair. The escorting

water molecule enters the channel simultaneously with a K+ jumping from S4 to S3. It

appears to facilitate the formation of a central ion pair essential for the subsequent ion

permeation steps. After forming the central ion pair, the water molecule escapes from S4

to Scav in spite of the presence of K+ in the adjacent binding sites S3 and Scav. This
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lingering water molecule may be due to the high cost of complete dehydration of K+ when

traversing through the SF.

The permeation patterns are sensitive to the choice of force fields. With the identified

permeation cycles, we can explain the lower K+ occupancy, compared to Amber14sb, in

S3 for CHARMM36m. There is a higher probability of finding states such as C0KK0C,

C0KKWC, CK0KKW, or WK0KKW, which has a K+ in S3, in Amber14sb simulations

then in CHARMM36m simulations. The permeation routes sampled by the two force fields

manifest the direct knock-on mechanism, yet variations in the details of the permeation

cycles exist.

4.3.3. Diversity of Permeation Cycles

We examined the permeation cycles individually. As shown in Figure 9, the most fre-

quently observed permeation cycles account for only 4.0% and 4.9% of the total observed

cycles in Amber14sb and CHARMM36m simulations, respectively. Upon closer examina-

tion of the permeation cycles, the apparently highly diversified permeation cycles exhibit

many common features. For instance, the cycles converge to the same route as the per-

meation proceeds. The observed cycles share multiple intermediate SF states that emerge

in the same order in time to connect the cycles. While there are numerous non-identical

permeation cycles, the ion permeation is not about random occupancy of the SF but

collective motions of K+ and water with patterns. The observed permeation cycles carry

a lot of common features that one can extract to analyze the underlying conduction

mechanisms in the simulations.

4.3.4. Effects of Potassium Concentration

The permeation cycle analysis allows a systematic investigation into the effects of physical

factors, such as K+ concentration, temperature, and membrane voltage, on the permeation

mechanisms in K+ channels. While it is expected that increasing K+ concentration leads

to increased ionic current, microscopic details of the impacts of K+ concentration on ion

conduction remain elusive. We, therefore, carried out simulations of MthK WT in a KCl

solution of concentrations ranging from 0.1 M to 2.0 M and analyzed the permeation

cycles (Figure 10).

The channel remains conductive in all simulations. No significant conformational change
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Amber14sb CHARMM36m
4.0% 2.5% 2.4% 2.2% 1.8% 4.9% 3.3% 3.3% 1.6% 1.6%

Figure 9: Diversity of permeation cycles. The first five most frequently observed per-
meation cycles are shown.
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Amber14sb
0.1 M  1.0 M
0.5 M  2.0 M

CHARMM36m
0.1 M  1.0 M
0.5 M  2.0 M

Figure 10: Permeation cycles, MFPTs of SF occupation state transitions, and currents
for MthK at 300 mV and 323 K in KCl of different concentrations. See the
description in Figure 8 for the meaning of nodes and edges. Insets are the
currents and the MFPTs of the transitions as a function of KCl concentration.
Cycles of 98%, 97%, 98%, and 97% for Amber14sb and 99%, 100%, 100%, and
96% for CHARMM36m of the permeation events in a 0.1, 0.5, 1.0, 2.0 M KCl
solution, respectively, were identified and are shown.
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of the SF was observed, even for simulations which show low K+ permeation counts,

suggesting that the pore domain of MthK is stable over a wide range of KCl concentrations

for at least 500 ns. Surprisingly, even with a 20-fold increase in KCl concentration, many

details of the permeation, including the preferred transition paths and the steady-state

probabilities of SF occupation states, remain largely unaffected. The acceleration in

ion permeation is mainly attributed to the shorter MFPTs of the rate-limiting steps,

approximately reduced by half when increasing the K+ concentration from 0.1 M to 2.0

M. Although the two force fields sample different permeation routes, similar effects of

salt concentration on ion permeation were observed in Amber14sb and CHARMM36m

simulations.

Interestingly, one water permeation event happens in one of the CHARMM36m simula-

tions with a K+ concentration of 2.0 M. A water molecule stalls the channel for ∼250 ns

until it has crossed the SF. Afterward, the channel resumes the water-free direct knock-on

permeation and remains conductive to K+ for the rest of the simulation. Therefore, water

permeation is possible yet extremely rare under the given simulation conditions.

4.3.5. Effects of Temperature

The temperature dependence of permeation cycles in MthK was also probed. As shown in

Figure 11, similar to the K+ concentration dependence, the permeation patterns exhibited

by the channel are largely invariant even when elevating the temperature drastically from

283 K to 333 K (well above 270 K, the phase transition temperature of pure POPC bilayers

[108]). While increasing the K+ concentration primarily speeds up the rate-limiting steps

of ion conduction, the higher temperature accelerates most SF occupation state transitions

relevant to permeation. Although the ion conduction rate increases substantially at higher

temperatures, no water co-permeation was observed. We conclude that the permeation

mechanism of the pore domain of MthK is insensitive to temperatures between 283 K and

333 K.

The free energy differences between SF occupation states of KcsA were found to be in-

sensitive to the temperature for CHARMM36m [109]. Given the structural similarities

between the SF of KcsA and MthK, we believe that the conductance of MthK increases

with temperature primarily due to more frequent attempts of ions overcoming the barriers

during all permeation steps.
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Figure 11: Permeation cycles, MFPTs of SF occupation state transitions, and currents for
MthK at 300 mV and different temperatures in 1 M KCl. See the description
in Figure 8 for the meaning of nodes and edges. Insets are the currents and
the MFPTs of the transitions as a function of temperature. Cycles of 97%,
98%, 97%, 98%, 98%, and 98% for Amber14sb and 100%, 100%, 100%, 100%,
100%, and 100% for CHARMM36m of the permeation events at 283, 293, 303,
313, 323, and 333 K, respectively, were identified and are shown.
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4.3.6. Effects of Membrane Voltage

Membrane voltage influences the rates of most of the permeation steps (Figure 12). As

the membrane voltage increases, transition pathways and SF occupation states are re-

distributed, more significant than what was identified when varying K+ concentration or

temperature. While the permeation patterns are moderately conserved at a membrane

voltage below 300 mV, there is a shift in permeation pathways toward the alternative

route C0KKWC → CK0KWC → WK0KWC for both force fields at high voltages (450

mV and 600 mV). In CHARMM36m simulations, a high voltage promotes this route

which is present under most of the conditions we explored. In Amber14sb simulations,

this alternative route emerges only at high voltages. The route is connected with states

WWKKWC and WWKK0C, which have high water content and are irrelevant to per-

meation under most of the explored conditions. The permeation at high voltages is more

chaotic, as only 96% and 90% for Amber14sb and 95% and 87% for CHARMM36m of

the permeation events can be described in closed cycles that start and end in WKK0KW

at 450 mV or 600 mV, respectively. A few water co-permeation events were identified at

high voltages. The tendency of water traversing the SF is mechanistically similar to the

so-called water finger protrusion that happens before pore formation induced by a strong

electric field in lipid bilayers [110]. Since the voltage drop happens mainly in the SF, the

electric field Ez = −∂V
∂z

along the channel axis inside the SF increases with the applied

membrane voltage. The force exerted on a dipole increases with the increase in electric

field strength inside the SF. The strengthened coupling of dipoles to the electric field

drives water into the SF [111]. The current not increasing with the voltage at a high limit

is likely due to the chaotic permeation triggered by the propensity of water co-permeation

at an exceedingly high voltage, which slows down the ion permeation.

4.3.7. Permeation Cycles in Different Channels

Next, we explored how the permeation mechanisms differ for different channels with a

SF with an identical or slightly different amino acid sequence. The observed currents

for MthK WT, KcsA E71A, NaK2K F92A, and TRAAK WT are different (Figure 13).

Noticeable differences in the steady-state distribution and preferred transitions between

SF occupation states during ion permeation were also found. Starting from WKK0KW,

C0K0KW is usually visited before C0KKWW for MthK WT. In contrast, KcsA E71A,
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Figure 12: Permeation cycles, MFPTs of SF occupation state transitions, and currents
for MthK at different membrane voltage and 323 K in 1 M KCl. See the
description in Figure 8 for the meaning of nodes and edges. Insets are the
currents and the MFPTs of the transitions as a function of voltage. Cycles of
88%, 98%, 98%, 96%, and 90% for Amber14sb and 100%, 100%, 100%, 95%,
and 87% for CHARMM36m of the permeation events at 100, 200, 300, 450,
and 600 mV, respectively, were identified and are shown.
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NaK2K F92A, and TRAAK WT can skip C0K0KW, transitioning from WKK0KW to

C0KKWW directly in one step for a lag time of 20 ps. Another deviation from MthK

WT is that all other channels prefer C0K0KW → C0KKWW → C0KKWC to C0K0KW

→ C0K0KC → C0KKWC, but these two paths are equally populated in MthK WT.

The path C0KKWC → CK0KWC → WK0KWC → WK0K0C → WKK0KW present in

CHARMM36m simulations is prevalent in MthK WT and NaK2K F92A, but it is almost

absent in KcsA E71A and TRAAK WT. In Amber14sb simulations, KcsA E71A uses an

alternative path C0KK0C→ CWKK0C→WWKK0C→WWKKKW→WKK0KW for

K+ permeation.

Along with hundreds of K+ permeation events, a few water permeation events were iden-

tified in simulations of KcsA E71A and TRAAK WT using CHARMM36m. This obser-

vation reveals again that water permeation is a possible yet rare event. Different channels

may have different voltage tolerance as water co-permeation is a signature of channels

subjected to an exceedingly high membrane voltage. Most observed permeation events

involve no water permeation, implying the dominance of the water-free direct knock-on

mechanism in K+ channels. The formation of the central ion pair remains the slowest

permeation step for all channels, except for KcsA E71A simulated with CHARMM36m,

as several slowest permeation steps have similar MFPTs. We conclude that there are

channel-specific variations in permeation cycles among the channels, but the direct knock-

on permeation mechanism and most permeation patterns remain highly conserved.

4.3.8. Charge Strength Dependence of Permeation Cycles

Modifying intermolecular interaction parameters of a force field to reproduce realistic

behaviors of biological systems is a popular technique for force field optimization [112,

113]. One possible way is to scale the charges of charged molecular groups, such as charged

residues and ions [114]. Since we have demonstrated that different permeation patterns

arise from Amber14sb and CHARMM36m, scaling the charges is expected to alter the

conductance and permeation patterns of the channels. To continue exploring the charge

strength dependence of permeation cycles, we performed simulations of MthK WT with

different charge scaling factors q/q0 for charged residues and ions. The external electric

field strength was kept at 0.035 V nm−1, equivalent to 300 mV for the unmodified system.

The calculated currents were based on the number of ion jumps jk through the SF and not
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Amber14sb
MthK WT  NaK2K F92A
KcsA E71A  TRAAK WT

CHARMM36m
MthK WT  NaK2K F92A
KcsA E71A  TRAAK WT

Figure 13: Permeation cycles, MFPTs of SF occupation state transitions, and currents for
MthK WT, KcsA E71A, NaK2K F92A, and TRAAK at 300 mV and 323 K
in 1 M KCl solution. See the description in Figure 8 for the meaning of nodes
and edges. Insets are the currents and the MFPTs of the transitions. Cycles
of 95%, 93%, 91%, and 86% for Amber14sb and 94%, 89%, 95%, and 83% for
CHARMM36m of the permeation events in MthK WT, KcsA E71A, NaK2K
F92A, and TRAAK, respectively, were identified and are shown.
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corrected for the scaled charges. Using Amber14sb, the conductance of MthK fluctuates

when q/q0 decreases from 1.00 to 0.70. For CHARMM36m, the conductance drops from

6.81±2.01 pA to 0.32±0.24 pA when q/q0 decreases from 1.00 to 0.90 and rises drastically

to 138.9± 18.1 pA when q/q0 decreases to 0.70 (Figure 14). There are substantial shifts

in the permeation patterns as the charges are reduced, causing the state WKK0KW to

no longer be visited as frequently, especially when the factor is small (≤ 0.75). As a

result, not most of the permeation events can be represented as cycles that start and end

in WKK0KW. Instead, the net fluxes in different systems are compared. For both force

fields, routes involving a high number of ions inside the SF dominate the permeation cycles

when the charges are scaled down, consistent with the intuition that the reduced charges

lead to weakened electrostatic repulsion between ions and favor more ions occupying the

binding sites simultaneously.

4.4. Discussion

4.4.1. Conduction Properties under Different Conditions

Unlike KcsA, which has the same signature sequence TVGYG as MthK for the SF, X-ray

crystallography revealed that the SF of MthK remained structurally unchanged at a low

(1 mM) or even zero K+ concentration, suggesting that the SF maintains a conductive

conformation at an extremely low concentration of K+ [85, 115]. MD simulations showed

that the SF of MthK collapsed in 0 mM K+, yet the introduction of one K+ in either S1, S2,

or S3 prevented SF from collapsing and helped maintain a conductive conformation [115].

Due to the small size of the simulation box used in our study, we could not decrease the

KCl concentration further to probe the ion permeation and the conformational changes of

MthK WT at a K+ concentration lower than 0.1 M while keeping a reasonable number of

mobile ions for neutralizing the system and maintaining ionic fluxes through the channel.

Our MD simulations demonstrate that the pore of MthK allows continuous K+ permeation

in a KCl solution at a concentration as low as 0.1 M and as high as 2.0 M.

Single-channel recordings of MthK revealed a high temperature sensitivity between 294

K and 312 K. N-terminal deletion constructs of MthK in the presence of 0.1 mM calcium

showed a 20-fold increase in open probability (Po) by increasing the temperature [116].

The temperature dependence was found to originate from the coupling between the pore

domain and the RCK domain. As the temperature increased, the coupling appeared to
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Amber14sb
0.75  0.85  0.95
0.80  0.90  1.00

CHARMM36m
0.70 0.80
0.75 1.00

Figure 14: Net fluxes between SF occupation states for MthK at 0.035 V nm−1 and 323
K in 1 M KCl with different charge scaling factor q/q0. Node sizes scale with
the steady-state distributions of the SF occupation states. Edges represent the
net fluxes between states. Only the net fluxes larger than 0.15 and 0.03 of the
maximum among all net fluxes are shown for Amber14sb and CHARMM36m,
respectively.
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be disrupted. The same temperature dependence was not observed from the pore-only

structure of MthK, a truncated construct in which the N-terminal segment and the RCK

domain were absent, similar to the structure we simulated. At −100 mV, increasing

the temperature from 293 K to 309 K led to an approximately 4-fold decrease in Po

while the unitary conductance increased slightly. We observed no pore closure during

the simulations. The discrepancy may be due to the difference between the microsecond

timescale of our MD simulations and the millisecond timescale of open-closed transitions

in the experiment, deduced from the mean open time and the mean closed time. In

agreement with the experimental observation of increased single-channel conductance, the

pore domain of MthK displays higher currents at +300 mV upon elevated temperature over

the range between 283 K to 333 K in our MD simulations. Note that direct comparison

of conductance computed by G = I/V is not straightforward as MthK demonstrates

voltage-dependent rectification at positive potentials [12].

Even though MthK lacks a canonical voltage-sensing domain [117], it possesses a voltage-

dependent gate reminiscent of the C-type inactivation gate located at the selectivity filter

[118]. At negative potentials, Po remains high and increases slightly with voltage. Upon

depolarization, a drastic reduction in Po with voltage was observed. Again, no event of

channel closing was observed from our simulations, likely because of the much shorter

timescale sampled by the MD simulations. Furthermore, increasing external K+ con-

centration increases Po at positive potentials, stabilizing MthK in the open state [119].

Observing no significant conformational change of the selectivity filter at a high voltage

that characterizes a transition from the open state to the closed state during our simu-

lations could result from the stabilization by the high K+ concentration. In qualitative

agreement with the single-channel recording [120, 119], the simulated currents in MthK

WT channels increase with the magnitude of the applied voltage between +100 mV and

+200 mV.

4.4.2. Robustness of Direct Knock-on

Consensus on whether soft knock-on or direct knock-on is the dominant permeation mech-

anism used by most K+ channels is, as of now, not fully reached [18]. Markov state

modeling allows for an in-depth analysis of the conduction events and the associated

mechanisms in K+ channels [47, 121]. Here, for both Amber14sb and CHARMM36m,
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most permeation events observed in our simulations of MthK WT over a wide range of

physical conditions, including K+ concentration, temperature, and membrane voltage,

happen via direct knock-on. Direct knock-on is also the major permeation mechanism in

KcsA E71A, NaK2K F92A, and TRAAK WT, all of which share a largely conserved SF

with MthK WT. Permeation events can be represented by cycles of transitions between SF

occupation states. The identified cycles are apparently diversified yet have many features

in common. For Amber14sb, most permeation cycles can be collapsed into a single loop.

Two loops, one overlapping with the loop of Amber14sb, explain most of the observed

cycles in CHARMM36m simulations. Under most conditions, the rate-limiting step in-

volves the formation of a central ion pair in S2 and S3. Water is found occasionally in S1

and S4. Our analysis suggests that, except for KcsA E71A using Amber14sb, S1 water

occupancy is irrelevant to ion permeation when a positive membrane voltage is applied.

Transient occupancy of a water molecule in S4 is involved in the permeation, but no water

molecule passes through the SF in most cases.

Rectangular voltage pulses of 450 mV induce electroporation of a synthetic POPC bilayer

in 10 µs [122]. At extremely high voltages (450 mV or above), we observed deviations in

permeation cycles from the typical ones, accompanied by a few water permeation events

reminiscent of the water finger protrusion that happens before the pore formation in lipid

bilayers [110]. Simulations of KcsA E71A and TRAAK WT using CHARMM36m also re-

veal rare water co-permeation events. There were reports of water-mediated permeation

events, where ions and water molecules permeated through the channel under an ap-

plied membrane voltage. However, the effective membrane voltages in their studies were

much higher than the physiologically relevant voltages [123, 124, 125, 126], confirming the

propensity of water permeation at high voltages. At lower voltages, direct knock-on was

observed in independent studies using MD simulations [17, 82, 10, 127, 121].

Experimental evidence appears to be in favor of direct knock-on over soft knock-on in

general [18]. For instance, single wavelength anomalous dispersion X-ray diffraction data

revealed full occupancy of S1 to S4 by K+ in NaK2K [22] and TREK-1 [21], making the

traditional interpretation of the electron density map as a superposition of KWKW and

WKWK for S1 to S4 less appealing. Solid-state nuclear magnetic resonance measurements

support the idea of water-free binding sites, at least for S3 and S4, in NaK2K [19]. Elec-

trophysiological measurements with Rb+ and Cs+ suggest that 3 to 4 ions are required
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to enter the SF to activate the filter for the voltage-dependent gating in K2P channels

which lack a canonical voltage-sensing domain [20]. That said, fitting MD snapshots to

two-dimensional infrared spectroscopy data probing the occupancy of S1 to S3 in KcsA re-

vealed that both states representing soft knock-on and states representing direct knock-on

derived from MD could explain the data equally well [17]. Despite the poor signal-to-noise

ratio, different experimental conditions, and difficulties in interpreting streaming poten-

tial measurements, the data arguably support the co-permeation of water through K+

channels and are compatible with the soft knock-on mechanism [23, 24, 25]. More efforts

are required to distinguish under what conditions one permeation mechanism overtakes

the other. We believe that direct knock-on is an overall better hypothesis explaining

and reconciling various independent experimental and computational findings than soft

knock-on regarding ion permeation in K+ channels under physiological conditions.

Variations in conductance and permeation cycles were observed from MthK WT, KcsA

E71A, NaK2K F92A, and TRAAK WT. It implies that the amino acid sequence of the SF

is not the only determining factor for K+ permeation across the SF. Since ion permeation

is sensitive to the precise geometry of the SF [80], residues in the vicinity of the SF likely

contribute to the conformational dynamics of the SF and influence the movement of ions

through the SF. In KcsA, E71A is a substitution of the glutamic acid behind the SF.

The mutation prevents the inactivation of KcsA, possibly by disrupting the carboxyl-

carboxylate interactions between D80 and E71 [106]. Such a mutation may alter the

conductance of the channel by influencing the geometry of the SF, and the impacts would

be reflected in the permeation cycles. The analysis framework presented in this work

allows for a systematic comparison of permeation cycles in different simulated systems

to study the underlying permeation mechanisms quantitatively. With our framework,

studies such as exploring the permeation mechanisms used by different mutants of K+

channels in the future become possible.

4.4.3. Charge Strength Dependence of Permeation Cycles

It is crucial to emphasize that our findings were based on non-polarizable fixed-charge

atomistic models. Polarizable force fields, such as AMOEBA [128], are not as popular

as the fixed-charge force fields, such as Amber14sb and CHARMM36m, in part due to

higher computational cost. However, improving the existing non-polarizable fixed-charge
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force fields is desirable as the simulated conductance of K+ channels is often underes-

timated [127]. The estimated currents from our simulations are approximately one order

of magnitude lower than the experimental values [119, 120]. An alternative to intro-

ducing polarizability to fixed-charge force fields is to model the electronic polarization

effects using a mean-field approximation via charge scaling, known as the electronic con-

tinuum correction (ECC) [114]. Our simulations reveal new permeation cycles with higher

ion occupancy by scaling the charges of charged residues and ions to 0.7 of the original

charges. For CHARMM36m, there is a 20-fold increase in the conductance of MthK WT.

In line with our charge scaling simulations, it has been shown that using AMOEBA or

CHARMM36m with ECC favors full ion occupation over water/ion alternate occupation in

the SF, likely further promoting water-free ion permeation [109]. While the authors com-

puted the free energy profile for the single-vacancy mechanism [129], the single-vacancy

permeation pathway was not necessarily the dominant pathway used by the channel, as

we have shown that the permeation pathways depend on the actual implementation of

the force field. The quantitative framework for analyzing permeation cycles presented in

our work can serve as a complementary tool for identifying permeation pathways adopted

by ion channels, which can be then used to calculate the associated free energy profiles

to obtain a comprehensive view of the ion permeation processes. We expect that the

conduction rates and permeation patterns will differ when switching from a fixed-charge

force field to a polarizable force field.

The precise details of the ion permeation mechanism are sensitive to the choice of force

field. Amber14sb and CHARMM36m, being fixed-charge and non-polarizable force fields,

result in different conduction rates and permeation patterns cycles. Despite overlap-

ping pathways, our Markov state models reveal that the dominant, direct knock-on-based

permeation pathways observed in Amber14sb and CHARMM36m simulations are not

identical. It is highly advised, if possible, to use different force fields for comparison as

far as ion permeation is concerned. The differences in permeation details between the

two force fields suggest that determining optimal force field parameters is of paramount

importance. Our framework for analyzing permeation cycles provides additional insights

into the quantitative details of ion permeation events that help guide the calibration of

force field parameters for properly characterizing the ion permeation processes in MD sim-

ulations. An optimization strategy for developing a non-polarizable force field dedicated
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to reproducing desired conduction properties in K+ channels is to match the conductance,

permeation cycles, and the MFPTs of permeation steps for channels simulated using a

polarizable force field. From our results, applying charge scaling to CHARMM36m can

be a promising starting point for this purpose.

4.4.4. Conclusions

Using molecular dynamics simulations and Markov state modeling, we computed per-

meation cycles representing ion permeation events in the selectivity filter of potassium

channels. The permeation cycles demonstrate the robustness of the direct knock-on per-

meation mechanism over a wide range of conditions, including potassium concentration,

temperature, and voltage. These factors primarily influence ion conduction rates, while

the impacts on selective filter occupancy and permeation pathways were relatively in-

significant. Water co-permeation and deviations from the typical ion permeation cycles

were almost only observed at supraphysiological voltages. Additional simulations suggest

that direct knock-on remains the dominant permeation mechanism in different potassium

channels with a highly conserved selective filter. Lastly, we show the charge strength

dependence of permeation cycles via charge scaling and demonstrate the possibility of

force field optimization using the framework presented in this work. Our results reveal

the underlying details of permeation processes in the selectivity filter and help answer

long-standing questions regarding permeation mechanisms in potassium channels.
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5. Identification of Gating-Sensitive Residues in TREK-2

Abstract

TREK-2, a two-pore domain potassium (K2P) channel, responds to a wide range of

stimuli, such as pH, membrane tension, and binding of small ligands. The crystallographic

up and the down conformations have been resolved, where their main difference lies in the

position and orientation of the transmembrane helix M4. However, molecular explanations

for gating mechanisms and whether transitions between these two conformations play an

essential role in gating remain elusive. Here, we use molecular dynamics (MD) simulations

and free energy calculations to determine how the equilibrium between the up and the

down conformations of TREK-2 is shifted by mutations. We identified mutants that

exhibit a considerable shift away from the down state. Most conformational shifts due to

mutations can be attributed to induced steric clashes or weakened favorable interactions

in the cytoplasmic part of M2, M3, and M4. These findings are in excellent agreement

with functional analysis and norfluoxetine (NFx) inhibition measurement of TREK-1 WT

and mutants, shedding light on the molecular roles of the identified residues in governing

transitions between the two conformations and suggesting a possibility of conformational

switching between the up and down states as a gating mechanism for TREK-1 and TREK-

2.
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5.1. Introduction

The background and the gating hypothesis of K2P channels are summarized in Section 1.2.

Here, we aim to investigate the possibility of switching between the up and down states

as a gating mechanism for TREK-1 and TREK-2. To this end, we first identified residues

that contribute to the conformational equilibrium between the two states of TREK-2 using

molecular dynamics (MD) simulations and free energy calculations, providing molecular

explanations for their roles in maintaining the stability of the two states. Experimental

measurements, including conductance upon pH activation and norfluoxetine (NFx) inhib-

ition, are performed for TREK-1 WT and mutants in parallel to assess the functional

relevance of the residues. Our combined results will elucidate the gating sensitivity of

residues in TREK-1 and TREK-2 and represent evidence for whether conformational

switching between the up and down states is a valid gating mechanism for these channels.

5.2. Methods

5.2.1. System Construction

The up (PDB ID: 4BW5) and the down (PDB ID: 4XDJ) crystal structures of TREK-

2 were used as the starting structures for the MD simulations [29]. Missing loops and

residues were introduced using LOOPY [130] and PyMOL [131]. The resulting struc-

tures were truncated at K333. CHARMM-GUI [83, 56, 84] was used to embed TREK-2

into a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) membrane bilayer. The

systems were solvated and neutralized by a 500 mM KCl solution. Two force fields,

Amber14sb [55] and CHARMM36m [57] were used. For Amber14sb, Slipids [132], the

TIP3P water model [90], and Joung and Cheatham ion parameters [91] were used. For

CHARMM36m, CHARMM36 lipids [92], CHARMM36 TIP3P water model [93] and

CHARMM36 ion parameters [94] were used. No membrane voltage was applied. An

integration timestep of 2 fs was used for all simulations. All simulations were performed

in GROMACS 2019 or GROMACS 2020 [98, 99].

5.2.2. Free Energy Calculations

Mutants that carried hybrid residues for the free energy calculations were generated with

pmx [133]. 10,000 energy minimization steps were performed with a steepest descent
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algorithm preceding the simulations. Harmonic position restraints with a force constant

of 1,000 kJ mol−1 nm−2 were applied to all backbone atoms of the channel. All bonds were

constrained with the LINCS algorithm [53]. For CHARMM36m simulations, Newton’s

equations of motion were integrated with a leap-frog stochastic dynamics integrator at

300 K. Pressure was coupled with the Parrinello–Rahman barostat [97] at 1 bar. Van

der Waals forces were switched smoothly to zero between 1.0 to 1.2 nm. The particle

mesh Ewald (PME) method [60] with a 1.2 nm distance cutoff was used for electrostatic

interactions. For Amber14sb simulations, a leap-frog algorithm was used as the integrator.

Temperature and pressure were kept at 300 K with the velocity rescaling algorithm [61]

and 1 bar with the Parrinello–Rahman barostat. A cutoff of 1.5 nm was used for van

der Waals interactions. The PME algorithm with a 1.5 nm distance cutoff was used for

electrostatic interactions.

For every combination of systems, ten 20-ns equilibrium simulations were carried out.

For the non-equilibrium simulations, starting snapshots were taken from the equilibrium

runs every 80 ps (the first 1 ns was discarded). During the non-equilibrium simulations,

as TREK-2 is a dimer, two residues were morphed into target ones alchemically in 100

ps. The work values associated with the non-equilibrium transitions were computed via

thermodynamic integration (TI). Combining the work values computed from the forward

and the backward transitions via the Crooks fluctuation theorem [134] and the Bennett

Acceptance Ratio (BAR) method [71] yielded the free energy differences ∆Gmutation
up and

∆Gmutation
down (Figure 16A). Point estimates of the free energy differences were obtained by

including all the computed forward and backward work values. Uncertainties were estim-

ated as the standard error of the ten independent estimates of ∆Gs, each coming from a

unique pair of the distributions of forward and backward work values. For CHARMM36m

calculations, ∆Gmutation
up and ∆Gmutation

down for glycine mutants were not provided because

it is not yet possible to take the contributions of the grid-based energy correction maps

(CMAP) into account when computing ∂H
∂λ

in GROMACS, and that the CMAP for

glycine is different from those of other amino acids. As a result, the CHARMM36m

free energy estimates for glycine mutants calculated with the current protocol would be

invalid.
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5.2.3. Conventional MD Simulations

Mutants for 1-microsecond conventional (unbiased) simulations were generated with Py-

MOL [131]. The simulation setting was identical to that of the free energy calculations

except for the following: only bonds associated with hydrogen atoms were constrained

with the LINCS algorithm in the conventional MD simulations. For CHARMM36m simu-

lations, a leap-frog algorithm was used as the integrator, and the Nosé–Hoover thermostat

[95, 96] and the Parrinello–Rahman barostat were used to maintain the systems at 300

K and 1 bar, respectively. For every combination of systems, 10,000 energy minimization

steps with the steepest descent algorithm followed by 4 to 10 independent 1-µs equilibrium

simulations were carried out.

5.2.4. Residue Interaction Networks

RING 2.0 web server [135] was used to generate the residue interaction networks for

TREK-2 in the crystallographic up and down states. Only main chain-side chain and side

chain-side chain interactions satisfying the default distance thresholds were kept in the

interaction map.

5.2.5. Difference Vector Projection

The difference vector between the up and down states was constructed from the two crys-

tallographic conformations using the GROMACS module covar. Only Cα atoms of

TREK-2 not belonging to the extracellular cap domain were used for the construction.

The conventional MD simulation trajectories were then projected onto the difference vec-

tor using the GROMACS module anaeig. The projection values were re-centered and

re-scaled such that a projection value of 0 and 1 mean that the conformation of TREK-2 is

identical to the crystallographic down state and the crystallographic up state, respectively.

5.2.6. Intrasubunit M2/M4 Distance Profiles

d1, d2 and d3 were defined as the intrasubunit distances between Cα atoms of residues

208 and 318, Cα atoms of residues 212 and 322, and Cα atoms of residues 216 and 326,

respectively. d4 was defined as the intrasubunit distances between Cα atoms of residues

280 and 316. d5 was defined as the intersubunit distances between Cα atoms of residues

189 and 320. The first 0.5 µs of the simulations were excluded in the calculation of the
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probability density functions of the distances. Errors are the 95% bootstrap confidence

bands with 200 iterations of resampling.

5.2.7. Data Analysis

NumPy, pandas were used for data analysis. Matplotlib was used to generate plots.

VMD [136, 137] was used to render figures for molecular visualizations. Sequence align-

ment was done using Jalview2 [138].

5.3. Results

5.3.1. Slow Transitions between “Up” and “Down”

Four to ten individual conventional MD simulations were carried out for the wild type

(WT) and mutants of TREK-2 starting in the up or the down state. Two force fields, Am-

ber14sb and CHARMM36m, were used. In order to identify the conformational dynamics

of TREK-2, simulation trajectories were projected onto the difference vector constructed

from the up and the down crystallographic conformations. A projection value of 0 and 1

mean that the conformation of TREK-2 is identical to the crystallographic down and the

crystallographic up states, respectively. As illustrated in Figure 15, 35, and 36, WT and

most of the mutants initially adopting the up state are highly stable in Amber14sb sim-

ulations, without undergoing a significant conformational change. In contrast, TREK-2

starting in the down state shows different degrees of instability. The difference vector pro-

jection of some simulations fluctuates about 0, representing that either both subunits are

undergoing the transition between the two states or one subunit is in the up state while

another subunit is in the down state. More significant conformational motions deviating

from the two states are observed in CHARMM36m simulations. The projection suggests

that residues such as R237 and A318, at which a stronger tendency of down-to-up trans-

itions upon mutation is demonstrated, potentially shape the conformational equilibrium

between the two states and that conformational shifts away from the down state may be

induced by mutations at these residues. Although partial or complete transitions from the

down state to the up state were, yet rarely, observed, no reversible transitions between

the up and down states happen in any of the 1-µs simulations. The long timescale of

transitions between the two conformations pose challenges to quantifying the extent of

conformation shift induced by mutation using only conventional MD simulations. To
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Figure 15: (A) Front and (B) side view of crystallographic up and down conformations
of TREK-2. (C) Projection of TREK-2 onto difference vector for WT, F215C,
E223C, R237C and A318C.

avoid being misguided by insufficient sampling, non-equilibrium free energy calculations

were carried out to provide a complementary view of the conformational shifts brought

by the mutations.

5.3.2. Destabilization of the Down State by Weakening Favorable Interactions

The non-equilibrium free energy calculations aim to estimate the free energy differences

(∆∆G) between the crystallographic up and the crystallographic down states for TREK-2

mutants relative to WT (Figure 16A). The predicted conformational shifts due to muta-

tions expressed in the form of ∆∆Gs are tabulated in Table 1. As position restraints

were applied to backbone Cα atoms of TREK-2 during the free energy calculations to

avoid them from drifting away from either the up or the down state, ∆∆Gs represent the

shift in conformational preference of restrained mutants. The true extent of the shift un-

der physiological conditions should be less significant than these estimates. Nevertheless,

these ∆∆G estimates offer insights into the direction and magnitude of conformational

shifts and allow systematic identification of residues sensitive to the conformational sta-

bility of TREK-2.

Side chains of M322 and W326 in M4 and R237 in M3 are stacked when TREK-2 is in the

down state (Figure 16C). The packing of these residues is absent in the up state as M4

is kinked and rotated, causing W326 to move away from M2 and M3 of the same subunit

(Figure 16B). We speculated that mutating these residues into a cysteine may disrupt the
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favorable interactions that are formed exclusively in the down state and thereby shifting

the conformational equilibrium away from the down state. As shown in Table 1, M322C

and W326C demonstrate consistently substantial conformational shifts away from the

down state (∆∆G > 1 kcal mol−1, or 4.2 kJ mol−1, for both force fields). To avoid

technical complications due to the introduction of a net charge when mutating a charged

residue during non-equilibrium simulations, the free energy calculation for R237C was not

performed. In two of the ten Amber14sb and two of the ten CHARMM36m conventional

MD simulations, R237C undergoes a transition from the down state to the up state for

both monomers within the first 0.5 µs, while no complete transition in the same direction

was observed in any of the simulations for WT (Figure 15C). In line with the difference

vector projection, helix separation profiles (Figure 16D), which quantify the local details

of the dissociation between M2 and M4 from the same subunit, reveal that the mutation

R237C destabilizes the down state and facilitates a down-to-up transition while affecting

the stability of the up state only slightly. The instability of the down state for these

mutants is consistent with the reduced stretch activation of R237A, M322A, and W326A

[29], supporting our hypothesis that the relevant residues are crucial for the conformational

stability of TREK-2 and that the conformational shifts upon mutation lead to altered ion

conductance of the mutants.

E223 on M2 may contribute to the conformational stability of the down state via ionic

interactions with R237 on M3. However, not only does the mutation E223C, which in

principle abolishes the ionic interactions, not trigger a complete transition from the down

state to the up state, the mutant starting in the down state even adopts a more compact

down-like conformation (difference vector projection < 0) in one Amber14sb and one

CHARMM36m simulation (Figure 15C). Still, there is no strong evidence suggesting the

direction of the conformational shift brought by E223C. This residue deserves a closer

examination in the future as the sequence alignment for TREK-1 and TREK-2 reveals

a non-conserved sequence segment appending the equivalent glutamic acid (Figure 46).

While E223 in TREK-2 is followed by a cluster of positively charged residues (K224,

R227, K227, and K228), three of the four equivalent appending residues are substituted

by a negatively charged and two hydrophobic residues in TREK-1. The drastic difference

in charge distribution may lead to a differential gating sensitivity of this residue between

TREK-1 and TREK-2.
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Figure 16: (A) Thermodynamic cycle for computing relative free energy difference ∆∆G
between up and down states. Residues contributing to conformational equi-
librium for TREK-2 WT shown in (B) up state and (C) down state. (D)
Probability density function of d1, d2 and d3 for WT, R237C and W326C.

Above the interaction core formed by R237, M322, and W326, there is another core of

hydrophobic residues, including F215 and Y315 (Figure 16B and C). Mutations such as

F215A and Y315A were found to reduce the stretch activation of TREK-2 significantly

[29]. In good agreement with the experimental observations, our free energy calculations

for F215C and Y315C suggest strong destabilization of the less conductive down state.

While no significant change in conformational stability was observed from the difference

vector projection for F215C, a subtle collapse of the interaction core was identified in

CHARMM36m simulations starting with the down conformation (Figure 43), and the up

state remained largely unaffected in both Amber14sb and CHARMM36m simulations.

The observed destabilization of the down state by the two mutations can be attributed

to the disruption of favorable interactions between the transmembrane helices and the

reduced occlusion by the side chain at residue 215 and 315 when substituted by a shorter

amino acid such as cysteine.
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Figure 17: Residues for TREK-2 WT shown in (A) up state and in (B) down state. (C)
Probability density function of d1, d2 and d3 for A318C. (D) Fenestration site
for NFx in A318G, WT, and A318F and (E) probability density function of
d4, and d5 for A318G and A318F. The snapshot of WT in (D) was taken from
the down crystal structure.

5.3.3. Induced Steric Clashes Shifting Conformational Equilibrium Away From

Down

Supported by the free energy calculations, A318C is another mutation that destabilizes

the down state substantially. Despite also being buried in the helices (Figure 17A and

B), the residue interaction map (Table 8) suggests that A318 does not form interactions

with surrounding residues as extensively as residues such as F215, Y315, M322, and

W326. The substantial conformational shift away from the down state by A318C is

accompanied by a stronger tendency of M2/M4 dissociation in the down state relative

to WT shown in the distance profiles (Figure 17C). In conventional MD simulations, the

conformational change of mutant A318C is driven by strengthened steric clashes inside
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the interaction cores due to mutation. The additional thiol group introduced by the

mutation is tolerated by the helices in the up state. However, the clashes cannot be

resolved when TREK-2 is in the down state due to the tight packing of M2, M3, and

M4. As a result, the mutation destabilizes and shifts the conformational equilibrium

away from the down state. Several mutations at the same residue were investigated.

A318F leads to a more positive value of ∆∆G, implying even stronger destabilization of

the down state. Additionally, conventional MD simulations for mutants having a longer

side chain at residue 318, such as A318V, A318N, A318F, and A318Y, demonstrate a

drastic increase of intrasubunit M2/M4 distances for TREK-2 starting in the down state,

indicating a stronger tendency of down-to-up transitions (Figure 39, 40, 43, and 44).

The free energy calculation for A318G also results in a positive ∆∆G. Conventional

MD simulations reveal that A318G undergoes a contraction of lower part of M2, M3,

and M4 and adopts an even more compact conformation than the crystallographic down

conformation (Figure 39 and 43). The propensity for the more compact down state is more

prominent in CHARMM36m simulations. Therefore, the positive ∆∆G for A318G can be

rationalized as the conformational shift from the down state to a more compact down-like

(down+) conformation. We conclude that A318 is another critical residue determining

the conformational equilibrium between the two states.

Given the strong conformational shifts included by mutations at residue 318, we cal-

culated the opening of the fenestration site for norfluoxetine (NFx), located below P2,

induced by A318G and A318F (Figure 17). Upon A318G mutation, reduced occlusion

by the side chain leads to a slight increase in d4 and d5, indicating an expansion of the

fenestration site, which would increase the accessibility of NFx to the binding site and

thereby increasing the NFx sensitivity. An opposite response was observed from A318F,

where the mutation induces a more compact intrasubunit P2M4 and intersubunit M2M4

packing and shrinks the fenestration site. The tight packing of the transmembrane helices

around the fenestration site is comparable to that in the up state. As a result, we predict

an increase and a decrease in NFx sensitivity upon mutation A318G and A318F, respect-

ively. Our predictions are in excellent agreement with the NFx dose-response function

of A318G and A318F, where the curve for the normalized current shifts towards a lower

concentration and a higher concentration of NFx, respectively.
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5.3.4. Mutations Altering Stability of Both Conformations

Likewise, G208 and G212 are another two sites buried in the helical bundle. From our

free energy calculations, mutations G208A and G208C are predicted to destabilize the

up state, while G208M is predicted to demonstrate no clear conformational shift in any

direction, and G208I and G208F are predicted to destabilize the down state. The reversal

of direction of the conformational shift is supported by the structural changes in the

helical bundle during the conventional MD simulations: mutation G208A leads to the

shortened M2/M4 separation for the up state (Figure 37 and 41). The stability of the

down state is less affected by the mutation. For G208C, similar patterns, except for the

slightly more prominent destabilization of the down state, were observed. We noticed

comparable destabilization of the two conformations for G208M. For G208I and G208F,

the destabilization of the up state is less significant than that of the down state. Unlike

most identified mutations that only destabilize the down state primarily, mutations at

residue 208 may alter the conformational equilibrium by influencing the stability of either

or both the up state and the down state. The free energy calculations predict that

G212A and G212C lower the stability of the down state. It is further supported by

the apparent shift of intrasubunit M2/M4 distances in simulations starting in the down

state. The free energy calculation for G212F suggests otherwise. We speculate that

while the substitution of glycine by phenylalanine facilitates the expansion of the lower

helical bundle in the down state due to occlusion by the side chain, the side chain of

the phenylalanine strengthens the hydrophobic interactions in the core. G212F may be a

mutation driving the conformational shift away from the up state by weakly stabilizing the

the down state. The free energy calculations predict that the mutants L211A, L211C, and

L211F would shift the equilibrium away from the up state. Intriguingly, the mutations

trigger helical rearrangement in both the up and down states (Figure 38 and 42). Similar

to G208, L211 may contribute to the stability of both conformations. Nevertheless, as

L211 is partially exposed to the lipid bilayer, we believe that the prediction for L211 in

part suffers from the drawbacks of our protocols, such as slow equilibration of lipids.

5.3.5. Facilitating Down-to-up Transitions by Reducing Side Chain Exclusion

A recent study describes L282 in TREK-1 as a fulcrum, allowing upward movement of

the M4 C-terminus when switching from the down state to the up state [139]. Shortening
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Figure 18: P198, L320, and G324 in (A) the up state and (B) the down state. (C)
Probability density function of d1, d2 and d3 for P198Y.

the side chain of this residue may promote closer contact for M4 with M2 of another sub-

unit. We investigated the equivalent residue L313 in TREK-2. In all four CHARMM36m

simulations and one of the four Amber14sb simulations, the mutant L313C initially in the

down state ends in a conformation resembling the up state, consistent with the free energy

calculation results that the mutation destabilizes the down state. By the same token, I309

in TREK-2 is potentially a gating-sensitive residue using the same mechanism.

5.3.6. Mutations Resulting in No Conformational Shift

We identified A317 and V319, despite being close to the interaction cores, as insensitive

to conformational switching between the two conformations. The findings are consistent

with the low number of conformation-dependent inter-residue interactions (Table 8). It

implies that the difference between the local environment around A317 and V319 in

the two conformations is minuscule. Therefore, we predict that mutations at these two

residues unlikely alter the conformational equilibrium considerably.

5.3.7. Destabilization of Up by Disrupting Intersubunit M2/M4 Interface

In the up state, P198 in M2 is in close contact with residues such as L320 and G324 in

M4 of the opposite subunit (Figure 18A). Mutations at these residues may undermine

the stability of the up state by disrupting favorable interactions or introducing clashes

on the intersubunit M2/M4 interface. Due to technical difficulties in mutating proline,

only conventional MD simulations were carried out for P198Y and P198F. Shortened

intrasubunit M2/M4 distances were observed for the two mutants starting in the up state
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Figure 19: Residues contributing to intrasubunit and intersubunit interactions in (A) up
state and (B) down state. Residues in the lower M4 segment involved in the
intrasubunit and intersubunit interactions are in red and orange, respectively.
Residues not in the lower M4 segment involved in the intrasubunit and inter-
subunit interactions are in blue and purple, respectively.

(Figure 18C, 37, and 41). Most of the identified gating-sensitive residues do not show

destabilization of the up state consistently, but P198Y and P198F demonstrate consistent

destabilization of exclusively the up state in Amber14sb and CHARMM36m simulations.

While no significant motions of M4 were observed for L320C and G324C in the up state,

free energy calculations suggest that the two mutations induce strong destabilization of

the up state. As a result, P198, L320, and G324 may be essential for maintaining the

stability of the up state.

5.3.8. Differences in Conformational Stability Explained by Contact Analysis

Many of the mutations in the lower M4 segment were found to destabilize the down state,

and only a few mutations in M2 or M3 were consistently predicted to destabilize the

up state. To explain the apparent bias of conformational stability, we turned to contact

analysis, specifically identifying intrasubunit and intersubunit residue interactions in the

lower M4 segment (residues 309 to 333) for TREK-2 in the two states (Figure 19 and

Table 2). Our initial speculation was that the residue network formed by the down

state was more extensive than the up state, therefore it was easier to find a substitution

that disrupted the network and weakened the stability of the down state. However, the

contact analysis suggests that both networks are comparable in terms of the total number

of interaction pairs and residues involved in the network.

To investigate the apparently higher stability of the up state against mutations, we inspec-
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ted the composition of the two networks and compared the intrasubunit and intersubunit

interactions. There are only a small number (6) of intersubunit interaction pairs, formed

between I323, W326, L327, and R328 from M4 and I194, F195, P198, and F202 from

M2, likely responsible for the stability of the up state. This is in stark constant with the

much higher number (20) of intrasubunit interaction pairs in the down state. In other

words, it is harder to find a mutation that disrupts the intersubunit interaction in the up

state, destabilizing the up state exclusively without affecting the down state, than finding

a mutation that disrupts the intrasubunit interactions which promote the stability of the

down state, thereby destabilizing the down state without affecting the up state.

While the network in the up state is more extended and involves residues of or close

to the SF, the network in the down state is more concentrated in the compact bundle

of M2, M3, and M4 from the same subunit. For instance, W326 rotates and forms a

hydrophobic contact with intrasubunit residues such as M322 and R237 upon transition

from the up state to the down state. The distance analysis reveals the compactness of the

M2, M3, and M4 residues from the same subunit, which contributes to the stability of the

down state. These suggest that mutations in the compact bundle would have a stronger

influence on the conformational stability of the down state than the up state, in line with

our computational results that many of the mutations at the involved residues shift the

equilibrium away from the down state. Mutations at residues that belong to the up state

network and are close to or part of SF may alter the stability of the up state while affecting

the down state little. However, many of those are not investigated by us as the mutations

are very likely to perturb the SF gate directly, which is not the focus of this work. As a

result, there can be a selection bias where the up state is seemingly much more resistant

than the down state against mutations. Here, based on the contact analysis, we conclude

that the up state is more resistant to mutations that shift the equilibrium between the

up state and the down state only and do not perturb the SF gate directly.

5.4. Discussion

Using conventional MD simulations and free energy calculations, residues contributing to

the equilibrium between the crystallographic up and down states were identified. Muta-

tions such as F215C, Y315C, M332C, and W326C destabilize the down state by weakening

hydrophobic interactions between M2, M3, and M4 that are more extensively formed in
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the down state. A318C is an example of mutations that induce a substantial conforma-

tional shift away from the down state by introducing unfavorable steric interactions that

cannot be resolved effectively in the down state. Mutations at P198, L320, and G324 on

the intersubunit M2/M4 interface destabilize the up state. From a protein engineering

perspective, it is easier to find a destabilizing point mutation than a point mutation that

stabilizes a certain protein conformation [140, 141]. As a result, most of the identified

mutations that trigger the conformational shifts appear destabilizing. Despite the modest

size of K2P channels, they can be modulated by a large class of modulators that bind in

different sites of the channels. NFx is an inhibitor that can bind to a side fenestration site

that is exposed when the channel is in the down state. Thus NFx can be used as a state-

dependent probe [29, 42] to evaluate how mutations alter the conformational equilibrium

between the two conformations by measuring the channel inhibition differential. Com-

bined with the functional analysis and NFx inhibition measurements of TREK-1 mutants,

our findings provide a molecular explanation for the observed change in channel activity

of mutants, and suggest the possibility of gating via conformational switching between

the up and the down states for K2P channels.

Multiple models highlighting the primary role of the SF of K2P channels in gating have

been proposed [20, 21, 28]. It was also identified that the down state comes with a

less stable selectivity filter that becomes non-conductive temporarily due to a higher

frequency of carbonyl oxygen flips for TREK-2 [40]. A recent study concludes that the

basal and mechanically activated conductance of TRAAK is characterized by the open, low

conductance down state and the open, high conductance up state, respectively. Membrane

tension activates TRAAK by increasing the population and lengthening the dwell time of

the up state [142]. All these observations reinforce our hypothesis that the movement of

M4 influences the SF gate, which acts as the primary gate for K2P channel gating.

W275S in TREK-1, equivalent to W306S in TREK-2, is a gain-of-function mutation that

increases the open probability of TREK-1 [46]. We observed a moderate shift by W306C

and a slight shift by L203C, T213C, and I214C away from the up state (Table 8). The

relevant residues are not expected to influence the conformational equilibrium much, as

they are not located in the interaction cores of M2, M3, and M4 on the cytoplasmic side

of the membrane. These residues and L211 are exposed to the surrounding lipids and thus

may be sensitive to the lipid arrangement around the channel. Given the short (20 ns)
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equilibration prior to the non-equilibrium free energy calculations and the relatively slow

dynamics of lipids, the initial conditions of the lipids and the channel may be a source of

error in the calculations for residues exposed to the lipids. Additionally, the cytoplasmic

domain of TREK-2 is absent in the simulations as TREK-2 crystal structures are resolved

only up to the proximal C-terminus. Impacts on the gating sensitivity of these residues

and the thermodynamics and kinetics of TREK-2 due to the absence of the cytoplasmic

domain are yet to be established.

The free energy calculations suffer from the limitations due to applying restraints to

the channel. On the one hand, backbone restraints help confine the system in the end

states defined in the thermodynamic cycle to evaluate the free energy differences properly.

Without the restraints, the channel often drifts quickly away from the two crystallographic

conformations. On the other hand, with the restraints, only a small region of the conform-

ational space around the two crystallographic states is taken into account. It is possible

that TREK-2 explores other conformational states, such as having a partially unfolded

M2-M3 loop [47], that may be relevant to the conductance of the channel. As a result, a

representative ensemble for the more conductive states, including the crystallographic up

state conformation, and the less conductive down states, including the crystallographic

down state conformation, is required to incorporate the conformational flexibility in the

free energy calculations for estimating the true extent of conformational shifts between the

up state and the down state. Another downside is the overestimation of the magnitude

of the conformational shifts, as there are unresolved steric clashes that should have been

resolved if the position restraints on the Cα atoms of channel were not applied. In light

of their limitations, we used conventional MD simulations and free energy calculations

simultaneously to obtain a complementary view of conformational shifts by mutations.

5.5. Conclusions

To identify residues that determine the equilibrium between the crystallographic up state

and the crystallographic down state of TREK-2, we estimated the conformational shifts

brought by mutations using MD simulations and free energy calculations. Many studied

mutations, which induce conformational shifts, destabilize the down state. Due to the

tighter packing of residues, the down state is more vulnerable to destabilization by a

point mutation at the interaction cores formed by M2, M3, and M4 from the same subunit
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than the up state. The destabilization results from weakened hydrophobic interactions

or induced steric clashes inside the interaction cores. Mutations that destabilize the

up state exclusively or both conformations were also identified. These findings are in

excellent agreement with the functional analysis and NFx sensitivity measurement of

TREK-1 WT and mutants. Our work explain the molecular roles of the identified residues

in the conformational equilibrium of TREK-2 and suggest that conformational switching

between the up and the down state is a viable gating mechanism in TREK-1 and TREK-2.
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Table 1: Relative free energy differences ∆∆G between up and down states, and prediction
of direction of equilibrium shift. The conformational equilibrium is shifted away
from the crystallographic down conformation when ∆∆G > 0. ∗Determined
by relative open probability Po = IpH8.0

IpH5.0
, where IpH8.0 and IpH5.0 are the current

at pH 8.0 and pH 5.0, respectively. ∗∗Determined by half maximal inhibitory
concentration (IC50) of NFx. †Measurement data provided by Marcus Schewe et
al..
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5 Identification of Gating-Sensitive Residues in TREK-2

# interaction pairs # residues 309-333 # residues not 309-333
conformation Intra Inter Intra Inter Intra Inter

up 17 6 9 4 11 4
down 20 1 11 1 14 1

Table 2: Intrasubunit and intersubunit contact analysis for lower segment of M4 (residue
309-333). There is an interaction pair if at least one interaction between one of
the residues in the lower M4 segment and one of the residues not in the lower
M4 segment is identified by the residue interaction network. Only interactions
that exist in both subunits are included.
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6. Conclusions

The two projects elucidate the conduction properties of potassium channels from different

perspectives.

6.1. Ion Conduction Mechanisms in Potassium Channels Revealed by

Permeation Cycles

A systematic investigation into the multi-ion permeation processes happening in the se-

lectivity filter of potassium channels was carried out. Using molecular dynamics simula-

tions and Markov state modeling, permeation cycles representing ion permeation events

in the selectivity filter were computed. The permeation cycles demonstrate the robustness

of the direct knock-on permeation mechanism over a wide range of conditions, including

potassium concentration, temperature, and voltage. These factors primarily influence ion

conduction rates, while the impacts on selective filter occupancy and permeation path-

ways are relatively insignificant. Water co-permeation and deviations from the typical ion

permeation cycles were almost only observed at voltages beyond the physiological range.

Additional simulations show that direct knock-on remains the dominant permeation mech-

anism in different potassium channels with a highly conserved selective filter. Lastly, the

charge strength dependence of permeation cycles via charge scaling and the possibility

of force field optimization using the framework presented in this work were illustrated.

Our results reveal the underlying details of permeation processes in the selectivity filter

and help answer long-standing questions regarding permeation mechanisms in potassium

channels.

6.2. Identification of Gating-Sensitive Residues in TREK-2

In the second part of the thesis, determining mutations that contribute to the rearrange-

ment of transmembrane helices, which has been suggested to represent a gating mechan-

ism, in TREK-2 is the main focus. To identify residues that determine the equilibrium

between the crystallographic up state and the crystallographic down state of TREK-2,

conformational shifts brought by mutations using MD simulations and free energy cal-

culations were estimated. Many studied mutations, which induce a conformational shift,

destabilize the down state. Due to the tighter packing of residues, the down state is
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more vulnerable to destabilization by a point mutation at the interaction cores formed by

M2, M3, and M4 from the same subunit than the up state. The destabilization results

from weakened hydrophobic interactions or induced steric clashes inside the interaction

cores. Mutations that destabilize the up state exclusively or both conformations were

also identified. These findings are in excellent agreement with the functional analysis

and NFx sensitivity measurement of TREK-1 WT and mutants. Our work explain the

molecular roles of the identified residues in the conformational equilibrium of TREK-2

and suggest that conformational switching between the up and the down state is a viable

gating mechanism in TREK-1 and TREK-2.
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7. Outlook

7.1. Ion Conduction Mechanisms in Potassium Channels Revealed by

Permeation Cycles

With the permeation cycle framework and its implementation in the package KPerm

we develop, one can identify the effects of mutation on ion permeation. For instance,

mutation F92A increases the conductance of NaK2K substantially [107], but the molecular

explanation remains elusive. MD simulations with the permeation cycle analysis will

provide valuable mechanistic insights. Similar analyses can be readily carried out in the

future to improve our understanding of different mutants of potassium channels.

While the theoretical framework and the package are established and available for invest-

igating the collective movement of ions in the SF, one can pursue some improvements

to make the framework even more versatile. Theoretically, the framework can be easily

extended to SFs with an arbitrary number of binding sites. With some adaptation in

KPerm, it can analyze simulation trajectories of mutants with a non-canonical SF. The

improvement will enable comparative studies such as studying KcsA mutants G77A and

G77C, which were found to have a WKWK configuration in the SF. It was shown that

the ion selectivity and potassium binding affinity of G77A were similar to those of KcsA

WT. Thus G77A and G77C were considered as evidence supporting the water-mediated

ion permeation mechanism [143]. Since the mutations occur at the SF, the mutations

possibly alter the conformation of SF and distort the binding sites. As a result, MD

simulations and permeation cycle analysis can reveal how the mutations influence the SF

conformation and details of ion permeation mechanisms.

Next, as the conformations of the SF play a key role in ion permeation, it is desirable

to incorporate structural information of the SF into the analysis to identify structural

factors determining channel conductance. The outline of hierarchical Markov models is

as follows: Since ion permeation is a non-equilibrium process, a variational approach

for Markov processes (VAMP) can be used to identify metastable conformational states

of the SF, which the transitions between these states represent the slowest dynamics in

the system [77]. A Markov state model of ion occupation states is constructed for each

metastable SF conformation. One can then compare the kinetics of ion permeation for

each SF conformational state of SF to look for geometric details of SF for efficient ion
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7 Outlook

conduction.

7.2. Identification of Gating-Sensitive Residues in TREK-2

MD simulations and free energy calculations of TREK-2 were performed to identify

residues that contribute to the stability of the up and down states. Experimental meas-

urements of the conduction properties of TREK-1/2 WT and mutants were done by our

collaborators in parallel. Both computational and experimental results suggest that many

equivalent residues in TREK-1 and TREK-2 play the same role in the conduction proper-

ties, suggesting that the gating mechanism is likely conserved in TREK-1 and TREK-2.

Other K2P channels may employ the same gating mechanism. For example, analogous up

and down conformations of TRAAK, which share many common structural features with

the two TREK-2 conformations, were resolved [38]. Therefore, the same computational

and experimental protocols can be used to investigate other K2P channels to evaluate the

possibility of conformational switching as a gating mechanism in K2P channel family.
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A Ion Conduction Mechanisms in Potassium Channels Revealed by Permeation Cycles

A. Ion Conduction Mechanisms in Potassium Channels

Revealed by Permeation Cycles

Data: SF occupancy s[t] at time t in a MD trajectory of length L, number of net
ion jumps jk[t] at time t of length L− 1, chosen initial and final state Sc of
the cycles

Result: list l of sub-trajectories ei[t′], each representing an independent
permeation cycle of length Ti

l← empty list;
t← 0;
while t < L− 1 do

if s[t] = Sc then
T ← 0;
found← false;
while T < L− t− 1 and found = false do

T ← T + 1;
if s[t+ T ] = Sc then

/* compute cumulative net K+ jumps between t and t+T */
nk ←

∑t′=t+T−1
t′=t jk[t′] ;

if nk = 5 then
/* five net ion jumps and returning to the initial

state make one cycle */
append s[t : t+ T + 1] to l;
found← True;

else if nk ≤ −5 or nk ≥ 10 then
/* not save it as the sub-trajectory contains more

than one cycle */
found← True;

end
t← t+ T − 1;

end
t← t+ 1;

end
Algorithm 1: Identification of permeation events. See Figure 20 for the explanation
of the number of net ion jumps jk.
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Data: sub-trajectory ei[t] expressing one independent permeation cycle of length
Ti, and number of net ion jumps jk,i[t] at time t of length Ti − 1
corresponding to ei[t]

Result: simplified sub-trajectory er containing one reduced permeation cycle
t← 0;
er ← empty list;
while t < Ti − 1 do

st ← ei[t];
if st not in er then

append st to er;
I ← { t′ | ei[t′] = st};
sort I in descending order;
foreach t′ ∈ I do

if ∑t′−1
t′′=t jk,i[t′′] = 0 then

/* skip transitions that eventually return to the initial
state with no net ion jump */

t← t′;
break;

end
end

end
t← t+ 1;

end
append ei[Ti] to er;

Algorithm 2: Permeation cycle reduction. See Figure 20 for the explanation of the
number of net ion jumps jk.
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name K+

(M)
T

(K)
V

(V)
q
q0

#
sims

t
(ns)

# K+ event # water
event

MthK
WT

0.1 323 0.3 1.0 10 500 39,32,41,44,29,
32,14,34,15,48

0,0,0,0,0,
0,0,0,0,0

MthK
WT

0.5 323 0.3 1.0 10 500 39,50,63,45,51,
30,32,66,54,46

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 1.0 20 500 52,45,59,41,26,
27,52,63,72,22,
42,29,68,34,64,
57,52,51,50,58

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

MthK
WT

2.0 323 0.3 1.0 10 500 53,8,75,35,63,
29,59,58,26,36

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 283 0.3 1.0 10 500 6,3,9,16,4,
3,14,2,2,6

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 293 0.3 1.0 10 500 3,19,1,14,7,
1,13,13,13,13

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 303 0.3 1.0 10 500 3,29,18,28,14,
18,27,6,25,36

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 313 0.3 1.0 10 500 55,38,37,30,22,
16,32,37,27,13

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 333 0.3 1.0 10 500 53,49,80,78,63,
73,75,59,56,87

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.1 1.0 10 500 1,3,5,3,3,4,2,7,3,2 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.2 1.0 10 500 19,14,15,34,20,
6,21,14,18,24

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.45 1.0 10 500 82,92,106,112,97,
118,96,83,82,140

0,0,0,0,1,
0,0,0,0,0

MthK
WT

1.0 323 0.6 1.0 10 500 115,109,77,88,97,
97,132,108,127,100

2,2,0,0,0,
0,1,1,0,0

Table 3: Summary of MD trajectories simulated using Amber14sb.
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name K+

(M)
T

(K)
V

(V)
q
q0

#
sims

t
(ns)

# K+ event # water
event

KcsA
E71A

1.0 323 0.3 1.0 20 500 19,33,37,56,30,
28,36,35,23,30,
37,34,39,24,39,
30,48,32,32,34

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

NaK2K
F92A

1.0 323 0.3 1.0 20 500 9,17,3,20,22,
27,30,20,26,31,
18,23,8,19,22,
27,23,19,22,19

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

TRAAK
WT

1.0 323 0.3 1.0 20 500 6,7,20,2,20,
7,13,8,2,7,
9,14,6,9,8,
9,7,11,7,9

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.7 10 500 3,1,2,7,3,4,4,4,8,1 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.75 10 500 28,22,31,22,22,
22,33,13,21,25

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.8 10 500 50,31,46,44,55,
41,54,58,49,46

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.85 10 500 33,67,13,56,64,
46,44,64,20,70

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.9 10 500 25,24,36,13,11,
45,25,9,17,3

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.95 10 500 13,14,20,7,11,
2,10,12,6,3

0,0,0,0,0,
0,0,0,0,0

Table 4: Summary of MD trajectories simulated using Amber14sb (continue).
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name K+

(M)
T

(K)
V

(V)
q
q0

#
sims

t
(ns)

# K+ event # water
event

MthK
WT

0.1 323 0.3 1.0 10 500 19,29,4,19,11,
6,9,10,8,23

0,0,0,0,0,
0,0,0,0,0

MthK
WT

0.5 323 0.3 1.0 10 500 3,12,0,16,37,
14,8,22,12,23

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 1.0 20 500 48,40,17,7,24,
25,19,14,36,3,
16,11,32,9,16,
17,49,8,24,10

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

MthK
WT

2.0 323 0.3 1.0 10 500 28,45,35,21,23,
20,21,28,18,22

1,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 283 0.3 1.0 10 500 6,3,3,10,10,
11,11,1,3,16

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 293 0.3 1.0 10 500 12,17,9,0,11,
2,27,6,13,9

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 303 0.3 1.0 10 500 19,18,12,2,3,
15,13,4,20,43

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 313 0.3 1.0 10 500 22,16,19,40,9,
2,22,23,5,4

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 333 0.3 1.0 10 500 1,55,36,53,12,
27,14,41,39,7

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.1 1.0 10 500 6,0,2,5,6,5,1,1,5,2 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.2 1.0 10 500 7,6,2,5,0,6,6,4,16,9 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.45 1.0 10 500 44,5,32,42,32,
29,28,15,28,29

0,0,0,0,1,
1,0,0,0,1

MthK
WT

1.0 323 0.6 1.0 10 500 12,26,23,30,23,
31,28,7,14,14

1,1,0,0,0,
1,2,1,0,0

Table 5: Summary of MD trajectories simulated using CHARMM36m.
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name K+

(M)
T

(K)
V

(V)
q
q0

#
sims

t
(ns)

# K+ event # water
event

KcsA
E71A

1.0 323 0.3 1.0 20 500 26,28,20,37,8,
35,12,26,28,23,
25,41,31,41,18,
25,26,23,14,28

0,0,0,0,0,
0,0,0,0,0,
0,0,2,0,0,
0,0,2,0,0

NaK2K
F92A

1.0 323 0.3 1.0 20 500 30,32,36,40,32,
35,17,37,38,30,
24,31,39,33,38,
22,31,33,27,27

0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0,
0,0,0,0,0

TRAAK
WT

1.0 323 0.3 1.0 20 500 15,11,12,13,0,
10,26,16,9,15,
23,12,16,14,2,
6,14,4,1,30

1,0,0,0,0,
0,1,0,0,0,
0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.7 10 500 322,391,463,460,465,
520,426,294,447,545

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.75 10 500 192,204,163,91,206,
127,149,136,278,222

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.8 10 500 25,18,31,17,12,
10,15,13,50,49

0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.85 10 500 7,4,2,12,0,2,2,2,2,4 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.9 10 500 2,0,3,2,0,1,1,0,1,0 0,0,0,0,0,
0,0,0,0,0

MthK
WT

1.0 323 0.3 0.95 10 500 0,1,1,1,1,3,4,3,0,8 0,0,0,0,0,
0,0,0,0,0

Table 6: Summary of MD trajectories simulated using CHARMM36m (continue).

91



A Ion Conduction Mechanisms in Potassium Channels Revealed by Permeation Cycles

Figure 20: Ion jumps in SF.

In addition to the instantaneous SF occupation states, we kept track of the number of net

ion jumps jk(t) at time t during the SF occupation state transitions. In our convention,

only ion jumps to or from S1, S2, S3, or S4 are considered (Figure 20A). For example,

there is a positive ion jump (jk = +1) when an ion hops to the next binding site toward S0.

Multiple ions hopping at the same time is possible. Water jumps jw(t) are also counted

using the same convention. A complete permeation cycle is achieved by returning to the

initial occupation state after time T with ∑t+T−1
t∗=t jk(t∗) = +5 net K+ jumps in total.

Two possible transitions for C0KK0C → CK0KKW are illustrated in Figure 20B. The

first transition involves two forward ion jumps, one from S2 to S1 and one from Scav to

S4. This transition is relevant to the permeation cycles at a positive membrane potential.

However, the second one, where three backward ion jumps are involved (the jumps from

Scav to the cavity of the channel and from the extracellular side to S0 are excluded), is

also possible. It implies that using only SF occupation states cannot describe permeation

events uniquely. Therefore, we specified ion jumps jk(t) and water jumps jw(t) in the

MSMs to avoid ambiguity.
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Amber14sb CHARMM36m

Figure 21: Relaxation time tm of slowest dynamics (2 ≤ m ≤ 7) as function of lag time
τ for MthK WT simulated at 323 K and 300 mV in 1 M KCl solution using
Amber14sb and CHARMM36m. Errors are the normal-based 95% bootstrap
intervals (B = 100). In each bootstrap iteration, MD trajectories were re-
sampled with replacement to compute a transition matrix for eigendecompos-
ition.

For an ideal MSM, the relaxation time tm is a constant, independent of the choice of lag

time τ . The relaxation times tm for m > 2 increases with τ because τ is comparable to or

longer than the relaxation times, therefore overestimating the timescales (Figure 21). We

argue that using the convergence of the first M relaxation times to evaluate the deviation

from the ideal Markov process is not comprehensive. It rests on the assumption that the

motions of interest are the slowest motions in the simulated system. This assumption,

however, does not hold in the context of ion permeation, as a complete ion permeation

event consists of processes occurring on a wide range of timescales from tens of picoseconds

to tens of nanoseconds. The fastest permeation step WK0KKW → WKK0KW has a

MFPT of 30 ps and 50 ps for Amber14sb and CHARMM36m, respectively. Using a

large τ results in an overestimation of the timescales of fast processes. Furthermore,

inspecting components in the eigenvectors reveals that the slowest motion (m = 2) in

AMBER simulations is irrelevant to ion permeation as this motion refers to the transitions

between typical conductive states, such as WKK0KW, C0KK0C, and WK0KKW, and

non-conductive states with S1 filled with water, such as CWK0KW and CWK0KC, that

are absent in the permeation cycles. As a result, we did not choose the value of τ only

based on the convergence of the first few relaxation times.

We instead performed Chapman-Kolmogorov test via observing the relaxation in the

Markov chain (MC) simulations based on the transition matrices derived from MD data

(Figures 22 and 23). We evaluated the probability of staying in one of the most frequently

observed SF occupation states, given that the system started in the same state. This
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Figure 22: Chapman-Kolmogorov test for relaxation in Markov chains for MthK WT sim-
ulated at 300mV and 323 K in 1 M KCl using Amber14sb. The first three most
abundant states were chosen. Errors represent 95% normal-based bootstrap
intervals (B = 100). In each bootstrap iteration, MD trajectories were re-
sampled with replacement to compute a transition matrix used by the MC
simulation for the estimation of the probability. The dashed lines indicate the
steady-state distributions of the selected SF occupation states.

is a harsh test for Markovianity, as a thorough sampling of transitions into and out

of the metastable states is required [75, 78]. Furthermore, we compared the transition

probabilities observed from MD and predicted by the MSMs using τ = 20 ps (Figures 33

and 34). Since a lag time as small as 20 ps can reproduce the MD results reasonably

well, τ was chosen to be 20 ps for all MSMs. A small τ is preferable to reduce the

overestimation of the mean first passage times of fast permeation steps (Figure 24) and

τ = 20 ps reproduces the ionic currents very well (Figure 26 and 27).
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Figure 23: Chapman-Kolmogorov test for relaxation in Markov chains for MthK WT sim-
ulated at 300mV and 323 K in 1 M KCl using CHARMM36m. The first three
most abundant states were chosen. Errors represent 95% normal-based boot-
strap intervals (B = 100). In each bootstrap iteration, MD trajectories were
re-sampled with replacement to compute a transition matrix used by the MC
simulation for the estimation of the probability. The dashed lines indicate the
steady-state distributions of the selected SF occupation states.
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Amber14sb CHARMM36m

Figure 24: Mean first passage times of SF occupation state transitions as function of lag
time τ for MthK WT simulated at 300mV and 323 K in 1 M KCl. Errors
of MFPTs are bias-corrected and accelerated (BCa) 95% bootstrap intervals
(B = 10000) computed from the observed values of first passage times in MD
simulations.

Amber14sb

CHARMM36m

Figure 25: Probability density functions of first passage times of SF occupation state
transitions for MthK WT simulated at 300mV and 323 K in 1 M KCl.
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Amber14sb

CHARMM36m

Figure 26: Currents observed in MD and MC simulations for MthK WT simulated at
300mV and 323 K in 1 M KCl. Uncertainty for the MD simulations is the
95% confidence intervals using the t-distribution. Uncertainty for the MC
simulations is the 95% normal-based bootstrap intervals (B = 100). In each
bootstrap iteration, MD trajectories were re-sampled with replacement to com-
pute a transition matrix used by the MC simulation for the estimation of the
current.

Amber14sb CHARMM36m

Figure 27: Currents in MD and MC simulations for MthK WT, KcsA E71A, NaK2K
F92A, and TRAAK WT simulated at 300mV and 323 K in 1 M KCl. Un-
certainty for the MD simulations is the 95% confidence intervals using the
t-distribution. Uncertainty for the MD simulations is the 95% confidence in-
tervals using the t-distribution. Uncertainty for the MC simulations is the 95%
normal-based bootstrap intervals (B = 100). In each bootstrap iteration, MD
trajectories were re-sampled with replacement to compute a transition matrix
used by the MC simulation for the estimation of the current.
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Amber14sb
CHARMM36m

Figure 28: Net fluxes between SF occupation states for MthK WT at 300 mV and 323
K in 1 M KCl. Node sizes scale with the steady-state distributions of the SF
occupation states. Edges represent the net fluxes between states. Only the net
fluxes larger than 0.1 of the maximum among all net fluxes are shown.
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Amber14sb
0.1 M  1.0 M
0.5 M  2.0 M

CHARMM36m
0.1 M  1.0 M
0.5 M  2.0 M

Figure 29: Net fluxes between SF occupation states for MthK WT at 300 mV and 323 K
in KCl of different concentrations. Node sizes scale with the steady-state dis-
tributions of the SF occupation states. Edges represent the net fluxes between
states. Only the net fluxes larger than 0.1 of the maximum among all net
fluxes are shown.
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Amber14sb
283 K  303 K  323 K
293 K  313 K  333 K

CHARMM36m
283 K  303 K  323 K
293 K  313 K  333 K

Figure 30: Net fluxes between SF occupation states for MthK WT at 300 mV and different
temperature in 1 M KCl. Node sizes scale with the steady-state distributions
of the SF occupation states. Edges represent the net fluxes between states.
Only the net fluxes larger than 0.1 of the maximum among all net fluxes are
shown.
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Amber14sb
100 mV  450 mV

 200 mV  600 mV 
300 mV                

CHARMM36m
100 mV  450 mV

 200 mV  600 mV 
   300 mV                

Figure 31: Net fluxes between SF occupation states for MthK WT at different membrane
voltage and 323 K in 1 M KCl. Node sizes scale with the steady-state distri-
butions of the SF occupation states. Edges represent the net fluxes between
states. Only the net fluxes larger than 0.1 of the maximum among all net
fluxes are shown.
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Amber14sb
MthK WT  NaK2K F92A
KcsA E71A  TRAAK WT

CHARMM36m
MthK WT  NaK2K F92A
KcsA E71A  TRAAK WT

Figure 32: Net fluxes between SF occupation states for MthK WT, KcsA E71A, NaK2K
F92A, and TRAAK WT at 300 mV and 323 K in 1 M KCl. Node sizes
scale with the steady-state distributions of the SF occupation states. Edges
represent the net fluxes between states. Only the net fluxes larger than 0.1 of
the maximum among all net fluxes are shown.
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Figure 33: Chapman-Kolmogorov test with τ = 20 ps for MthK WT simulated at 300mV
and 323 K in 1 M KCl using Amber14sb. The five states, in which the first
three most frequently observed states in MD are also included, involved in
most of the observed permeation cycles were chosen. Errors represent 95%
normal-based bootstrap intervals (B = 100). In each bootstrap iteration for
the uncertainty of MC simulations, MD trajectories were re-sampled with re-
placement to compute the transition matrix T̂ k(τ), for k = 1, 2, ..., 20.
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Figure 34: Chapman-Kolmogorov test with τ = 20 ps for MthK WT simulated at 300mV
and 323 K in 1 M KCl using CHARMM36m. The five states, in which the
first three most frequently observed states in MD are also included, involved
in most of the observed permeation cycles were chosen. Errors represent 95%
normal-based bootstrap intervals (B = 100). In each bootstrap iteration for
the uncertainty of MC simulations, MD trajectories were re-sampled with re-
placement to compute the transition matrix T̂ k(τ), for k = 1, 2, ..., 20.
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B. Identification of Gating-Sensitive Residues in TREK-2

∆∆G (kJ/mol) prediction

mutant Amber14sb CHARMM36m free energy calculation conventional MD

L310C 1.49 ± 1.10 -4.10 ± 1.19 no shift -
V311C -28.5 ± 0.74 -24.2 ± 1.14 away from up -
G312C 4.81 ± 1.19 - away from down -
L313F -13.10 ± 1.40 6.92 ± 3.45 ? -
L313I -7.23 ± 2.14 -6.93 ± 1.50 away from up -

L313M 4.54 ± 0.53 8.05 ± 0.80 away from down -
L313V -10.41 ± 3.03 -6.67 ± 1.33 away from up -
L313S 0.61 ± 0.75 4.94 ± 0.90 away from down / no shift -
A314C 7.52 ± 2.61 7.53 ± 2.47 away from down -
F316C 6.32 ± 1.67 5.85 ± 1.09 away from down -
A318N 49.38 ± 2.13 73.00 ± 1.49 away from down -
A318V 54.93 ± 0.81 49.84 ± 0.49 away from down -
A318Y 88.81 ± 2.97 111.97 ± 2.85 away from down -
S321C -2.12 ± 0.26 -3.24 ± 0.38 no shift -
I323C -27.71 ± 1.30 -21.16 ± 1.90 away from up -
L327C -27.18 ± 1.12 -20.67 ± 1.14 away from up -
V329C 3.50 ± 0.42 5.02 ± 0.27 away from down / no shift -
L330C -4.92 ± 0.80 -5.63 ± 1.59 away from up -
S331C 4.75 ± 1.05 7.66 ± 1.46 away from down -

Table 7: Relative free energy differences ∆∆G between up and down states, and prediction
of direction of equilibrium shift. The conformational equilibrium is shifted away
from the crystallographic down conformation when ∆∆G > 0.
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Figure 35: Projection of TREK-2 onto difference vector (Amber14sb).
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Figure 36: Projection of TREK-2 onto difference vector (CHARMM36m).
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Figure 37: Probability density function of d1, d2 and d3 for P198Y, L203C, L204C, G208A,
G208C, G208I, G208M and G208F (Amber14sb).
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Figure 38: Probability density function of d1, d2 and d3 for L211A, L211C, L211F, G212A,
G212C, G212F, T213C and I214C (Amber14sb).
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Figure 39: Probability density function of d1, d2 and d3 for F215C, W306C, I309C, L313C,
Y315C, A317C, A318G, A318V (Amber14sb).
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Figure 40: Probability density function of d1, d2 and d3 for A318N, A318F, A318Y, V319C,
L320C, M322C, G324C, W326C (Amber14sb).
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Figure 41: Probability density function of d1, d2 and d3 for P198Y, L203C, L204C, G208A,
G208C, G208I, G208M and G208F (CHARMM36m).
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Figure 42: Probability density function of d1, d2 and d3 for L211A, L211C, L211F, G212A,
G212C, G212F, T213C and I214C (CHARMM36m).
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Figure 43: Probability density function of d1, d2 and d3 for F215C, W306C, I309C, L313C,
Y315C, A317C, A318G, A318V (CHARMM36m).
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Figure 44: Probability density function of d1, d2 and d3 for A318N, A318F, A318Y, V319C,
L320C, M322C, G324C, W326C (CHARMM36m).
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Figure 45: Residue interaction network of TREK-2 WT in crystallographic “up” and
“down” conformations. Only a subset of the network is shown. Nodes rep-
resent the residues. For example, A-326-TRP refers to W326 in chain A. Each
edge represents a main chain-side chain or a side chain-side chain interaction
between two residues found only in the crystallographic “up” (green), only in
the crystallographic “down” (black), or in both conformations (grey).

O95069|TREK-1
P57789|TREK-2

O95069|TREK-1
P57789|TREK-2

O95069|TREK-1
P57789|TREK-2

O95069|TREK-1
P57789|TREK-2

O95069|TREK-1
P57789|TREK-2

O95069|TREK-1
P57789|TREK-2

KWK TVS T I F L VVV L Y L I I GA TV F K A L EQ PHE I SQR T T I V I QKQ T F I SQHS CVNS
KWK TVVA I F VVVVV Y L V TGG L V F RA L EQ P F ES SQKNT I A L EK A E F L RDHVCVS P

T E L DE L I QQ I VAA I NAG I I P LGNTS NQ I S HWDLGS S F F F AG TV I T T I G FGN I S P
Q E L E T L I QHA L DADNAGVS P I GNS S NNS S HWDLGS A F F F AG TV I T T I G YGN I A P

R T EGGK I F C I I Y A L LG I P L FG F L L AGVGDQ LG T I FGKG I AK V EDT F I KWNVSQ T
S T EGGK I F C I L Y A I FG I P L FG F L L AG I GDQ LG T I FGK S I ARV EK V F RK KQVSQ T

K I R I I S T I I F I L FGCV L F VA L P A I I F K H I EGWS A L DA I Y F VV I T L T T I G FGDYV
K I RV I S T I L F I L AGC I V F V T I P AV I F K Y I EGWTA L ES I Y F VVV T L T TVG FGDF V

AGG - S D I E Y L DF YK P VVWFW I L VG L A Y F AAV L SM I GDWL RV I S K K TK E EVG E F R
AGGNAG I NYR EWYK P L VWFW I L VG L A Y F AAV L SM I GDWL RV L S K K TK E EVG E I K

AHAA EWTANV TA E F K E TRRR L S V E I YDK FQRA TS I
AHAA EWKANV TA E F R E TRRR L S V E I HDK LQRAA T I

*

Figure 46: Sequence alignment of human TREK-1 and TREK-2. E223 of TREK-2 and the
non-conserved sequence segment following E223 are indicated by an asterisk
and a black dashed box, respectively.
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up down
residue chain A chain B chain A chain B
P198 2 2 0 1
L203 0 2 2 1
L204 2 1 0 2
G208 0 0 0 0
L211 2 2 3 4
G212 0 0 0 0
T213 1 0 0 0
I214 0 0 0 0
F215 1 2 6 6
E223 2 1 0 1
R237 0 0 1 2
W306 2 0 1 0
I309 1 1 0 1
L313 2 2 0 3
Y315 4 5 4 3
A317 1 0 0 1
A318 2 1 2 2
V319 1 1 1 1
L320 0 2 0 0
M322 3 2 2 3
G324 0 0 0 0
W326 4 2 3 2

Table 8: Number of residue-residue interactions exclusively found in crystallographic “up”
and crystallographic “down”, respectively. The table was derived from the
residue interaction network (see Figure 45 and Methods).
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