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Supplementary Note 1 - Effects of lipid-protein interactions on the activity of potassium
channels reported in literature.

The structure and function of potassium channels are known to be sensitive to the membrane
environment. For instance, phosphatidylinositol 4, 5-bisphosphate (PIP2), a negatively charged
lipid, modulates the gating of potassium channels (e.g., the inwardly rectifying potassium
channel GIRK, and Kir, and the voltage gated potassium channel Kv) by specific lipid-protein
interactions.!™® Valiyaveetil et al.” showed that potassium conduction of KcsA depends on the
presence of negatively charged phosphatidylglycerol lipids (PG). In addition, specific binding
sites of cholesterol were identified on the protein surface of GIRK and Kir channels.®!* In terms
of general membrane properties, negative charges on the membrane surface accelerate potassium

permeation by polarizing their local environment in combination with an increasing ion
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concentration at the water-membrane interface. Experimental studies revealed lipid-
dependent gating of the voltage gated potassium channels, which was ascribed to interactions
between the voltage sensing domains and the phospholipid headgroups, in particular the anionic
phosphate groups. Therefore, the lipid composition (i.e., concentration of lipids with anionic
phosphate groups) exerts strong effects on the equilibrium between its resting and its activated
state.'®!” Lateral pressure also modulates the open probability and ion conduction rate of
potassium channels. One example is formed by members of the two-pore domain potassium
channel (K2P) family, which are gated by membrane lateral pressure.?’! In addition, larger
lateral stress in thicker membranes is observed to reduce the open probability and increase the
energy barrier of conformational changes between the open and closed states of potassium

channels such as the large-conductance Ca**-activated K* channel (BKc,)?*>** and KcsA*,

Supplementary Note 2 - Effects of the outer helix on ion permeation rate revealed by
restrained simulations.

Restrained simulations confirm the correlation between the conformation of the outer helix
and the ion permeation rate. We observe a larger Prol9 Ca-Ca distance of 3.5 nm accompanying
an optimum current in POPC, and a smaller Pro19 Ca-Ca distance of 3.2 nm with an almost
closed channel in DEPC (Fig. 3C, F). Restraining the Pro19 Ca-Ca distance in POPC to 3.2 nm
reduces ion current from 6.3 pA to 2 pA, whereas restraining it to 3.5 nm in DEPC increases the

ion conduction rate from 1 pA to 4.7 pA (Supplementary Table 4).



Supplementary Note 3 - Coupling between the conformations of the inner and outer helices.
Both restrained and unrestrained simulations support the coupling between the conformations
of the two helices. Smaller Pro19 Ca-Ca distances roughly correlate with a lower fraction of the
bent state of the inner helix in simulations using different membranes (Fig. 3G, Supplementary
Table 2). In addition, as aforementioned, we divide each of the DLPC, DYPC, DOPC, and DPPC
systems in two groups, and the Pro19 Ca-Ca distances are smaller for the groups with a lower
average fraction of the bent sate (Supplementary Table 3 and Supplementary Fig. 1). Moreover,
a restraint on the conformation of one helix changes the conformation of the other: e.g.,
restraining the Pro19 Ca-Ca distance to a larger value induces a smaller bending angle
(Supplementary Fig. 2) and a higher bent state fraction in DEPC (8% v.s. 1% in unrestrained
simulations, Supplementary Table 4), whereas restraining all four subunits in their kinked and
bent state results in smaller and larger Pro19 Ca-Ca distances, respectively (Supplementary
Table 4 and Supplementary Fig. 1). In addition, functional mode analysis (FMA) indicates a
correlation of a larger bending angle of the inner helix (kinked state) with the clockwise rotation
of the outer helix, which reduces the Pro19 Ca-Ca distance (Fig. 4A). We ascribe the coupling of
these two helices to hydrophobic contacts between residue side chains from these two helices,

including interactions between Ile23 and Val89, and the interactions between Leu24 and Leu94.

However, we note that coupling of the conformations of the two helices only partially explain
how the outer helix affects ion permeation. In the aforementioned POPC simulation with the
Pro19 Co-Co distance restrained to a smaller value, three subunits of the tetramer are stabilized
in the kinked state, but the remaining one was trapped in the initial conformation, the bent state
(Supplementary Fig. 2). In this case, the reduced current may not be fully ascribed to
stabilization of the kinked state of the inner helix, and the motion of the outer helix may
participate in regulating ion conduction via other mechanisms. Also, the correlation between the
conformations of two helices is not perfect (see Fig. 3G and Supplementary Fig. 1), suggesting
other reasons that may stabilize the kinked state of the inner helix, in addition to the clockwise
rotation of the outer helix. One exception is the DLPC simulation, in which the larger bending of

the inner helix is induced by the thickness mismatch between the hydrophobic region of the



protein and the bilayer, and in that case, a coupling of the conformations of the two helices is not

observed.

Supplementary Note 4 - Conformational changes across the selectivity filter.

We compared the “free energy” profiles of potassium along the permeation pathway in
simulations using different membranes (three bilayers with different ion currents are shown as
examples in Fig. 4C). The higher energy barriers for potassium transfer between different
binding sites in the selectivity filter (Fig. 4C) in low conductive simulations suggest involvement
of all four potassium binding sites in ion permeation rate and conformational changes across the
selectivity filter. The Thr59 Oy-Oy distance and the Thr59 and Gly61 backbone oxygen distances
(Fig. 4D) correlate with each other to a certain extent, supporting a cooperative motion of the
selectivity filter residues. Therefore, the selectivity filter opening is not only facilitated by the
local expansion of the intracellular entrance (determined by Thr59 Oy-Oy distance), but also a

global motion of the whole selectivity filter.

In addition, we observe a correlation between the Thr59 Oy-Oy distance (as well as the Ile84-
Thr59 side chain distance) and the potassium occupancies at S4 and S3 sites (Supplementary Fig.
5): A larger Oy-Oy distance results in lower occupancy at S4 site and a higher occupancy at S3
site. This observation indicates that opening degree of the selectivity filter not only affects the
energy barriers for ion transition between different potassium binding sites (Fig. 4C), but also
modulates ion affinity at these sites, implying a complex mechanism for how the opening degree

of selectivity filter regulates ion conduction rate.

Supplementary Note 5 - Sampling.

We observe a large uncertainty of ion currents in some membranes, €.g., ion currents of the
simulation replicates in POPC range from 0.2 to 13 pA (Supplementary Fig. 8). However, in
other membranes, such as DEPC, it is easier to reach convergence as the protein conformational
space is well confined to a specific region. This observation mainly reflects a change of the
energy barrier for the conformational transition of the channel by certain membrane properties. A
large uncertainty (such as in POPC) may suggest that the simulation timescale (us for a single

replica) is sufficient to sample a conformational transition but not to fully equilibrate. In this



regard, a considerable number of simulation replicates is essential to attain statistical significance.
Actually, we observe that conformational changes of the two helices happen at a time scale of
hundreds of nanoseconds and thus, the effects of the initial conformation propagate long in
simulations. Also, ion permeation is governed by several conformational changes that correlated
with each other, as described above (e.g., kinked or bent state of the inner helix, positions and
orientations of Ile84 and Phe87 side chains, conformation of the outer helix). Sampling all of
these elements sufficiently is challenging. Finally, we are sampling subtle conformational
changes of the selectivity filter. Thus, the residue side chain flexibility, as well as the thermal
fluctuation of the structure, leads to substantial fluctuations. For example, the difference in the
average distances of Thr59 Oy-Oy between the most extreme systems we simulated is only ~0.04
nm, whereas the values distribute in the range of ~0.45-0.65 nm (Supplementary Fig. 9, i.e., a

range of 0.2 nm).

Supplementary Note 6 - Simulations using the AMBER14 force field.

MthK was simulated in 8 membranes using the AMBER14 force field for the protein and the
Slipids force field for the lipids, including (a) lipids with two saturated tails (DLPC, DMPC,
DPPC); (b) lipids with two unsaturated tails (DOPC); (¢) hybrid lipids (POPC); and (d)
cholesterol containing membranes (33% molar ratio) (DLPC:cholesterol, POPC:cholesterol, and

sphingomyelin:cholesterol mixtures), see Supplementary Table 7.

Conformational changes of the two transmembrane helices observed in CHARMM?36m
simulations are confirmed by AMBER 14 simulations. AMBER 14 simulations also present two
states for the inner helix: a kinked state with a kink and larger bending angle, and a bent state
with a smaller bending angle (Supplementary Fig. 10A). We find that the membrane properties
identified to impact the bent state fraction (and ion current) in CHARMM236m simulations are
also observed in AMBER 14 simulations: larger membrane thickness (compare DLPC to DMPC,
also compare POPC:cholesterol mixture to SSM:cholesterol mixture), cholesterol content
(compare mixtures with cholesterol to membranes with saturated lipids), and larger unsaturation
degree of lipid tails (compare DOPC to POPC) shift the conformational equilibrium to the
kinked state (see Supplementary Fig. 10B, Supplementary Table 7). Larger membrane thickness

induces smaller Pro19 Ca-Ca distance of the outer helix (clockwise rotation of the outer helix,



Supplementary Fig. 10C). The Pro19 Ca-Ca distance as a function of the bent state fraction
implied partial coupling between the conformations of these two transmembrane helices

(Supplementary Fig. 10D).

As in CHARMM236m simulations, transition from the kinked state to the bent state induces
larger opening degree of the selectivity filter (as determined by the Thr59 Oy-Oy distance,
Supplementary Fig. 11A). Conformation of the inner helix and the opening degree of the
selectivity filter are coupled by the Ile84-Thr59 side chain interactions. As shown in
Supplementary Fig. 11C-D, the bent state induces larger 1le84-Thr59 side chain distances
(Supplementary Fig. 11C), which in turn pull Thr59 residues of different subunits away from
each other, so that the Thr59 Oy-Oy distance is increased in simulations with higher bent state
fraction (Supplementary Fig. 11D). The relevance of the opening degree of the selectivity filter is
proved by the correlation between the ion current and the Thr59 Oy-Oy distance (Supplementary
Fig. 11B). However, note that the POPC simulation is an exception, as the central cavity is
partially dehydrated by the Phe87 side chains due to its high bent state fraction (see
Supplementary Fig. 12 and Supplementary Table 7). Selectivity filter opening involves coupled
motions of all the selectivity filter residues, not only the intracellular entrance (i.e., the Thr59
Oy-Oy distance), as suggested by the correlation between the Thr59 Oy-Oy distance and the
backbone oxygen atom distances of Thr59 (top panel) and Gly61 (bottom panel) residues
(Supplementary Fig. 11E). Note that at a given bent state fraction, the opening degree of the
selectivity filter is larger in AMBER14 force fields than in CHARMM?36m force fields: for
instance, when the bent state fraction is ~10%, the Thr59 Oy-Oy distances are ~0.505 and ~0.518
nm in CHARMM36m and AMBER 14 simulations, respectively (Supplementary Table 2, 6).

Two different orientations of the Phe87 side chain and the coupling between Phe87 side chain
orientation and the conformation of inner helix are also found in AMBER 14 simulations (Fig.
11). Note that in AMBER 14 simulations using POPC membrane, the bent state fraction is ~50%,
and the dehydration of the central cavity is an additional energy barrier for ion permeation, as
indicated by the comparable ion current, but larger Thr59 Oy-Oy distance in POPC than in
DMPC (Supplementary Fig. 11B).



In summary, the effects of membrane properties (thickness, unsaturation degree of lipid tails,
cholesterol content) on the conformations of outer and inner helices observed in CHARMM?36m
simulations, as well as the correlation between the conformation of the inner helix and the
structure of the permeation pathway (i.e., opening degree of the selectivity filter mediated by
[1e84-Thr59 sidechain interactions, and the dehydration degree of the central cavity mediated by
the sidechain orientation of Phe87), are confirmed (see supporting information for details,
Supplementary Fig. 10-12, Supplementary Table 7). However, the AMBER14 simulations show
a larger degree of selectivity filter opening than the CHARMM36m simulations at given bent
state fraction of the inner helix. This difference might reflect slight differences of the tertiary
structures of the protein in AMBER 14 and CHARMM36m force fields. lon permeation rates
only show minor differences between simulations using the two force fields at a given Thr59 Oy-

Oy distance, suggesting ion-protein interactions are comparable for these two force fields.

Supplementary Note 7 - Effects of membrane thickness and cholesterol concentration on
ion permeation rate revealed by experiments in literature.

The effects of membrane thickness on the open probability and ion permeation rate of
potassium channels are also observed by experiments. Callahan et al.?* revealed that KcsA is
more active in thin bilayers (14:1 to 18:1 PC lipids) than in thick bilayers (20:1 and 22:1 PC
lipids) and ascribed the different activities to the increased energy barrier for conformational
changes between the open and closed states in thicker membranes, in line with our simulations of
MthK. Yuan et al.”® investigated the effects of membrane thickness on ion conduction of the
large-conductance Ca?"-activated potassium channel (BKc,), a homologue of MthK. An
optimum conductance was observed in a 18:1 lipids (corresponding to DOPC), while both
thinner (14:1, thinner than DYPC) and thicker (22:1 and 24:1, corresponding to DEPC and
DNPC) membranes reduced the ion permeation rate, indicating the same trend as revealed in our
simulations of MthK (Fig. 2). In another work from the same group,? a slightly different result
was found: ion conductance decreased with increasing lipid tail length from 14:1 to 22:1, and
then increased with further increase of the tail length to 24:1 or sphingomyelin. This result is
partially in line with our simulations using DOPC and DEPC lipids. Increased conductance with
further increase of membrane thickness was explained in the study by the interplay between the

transmembrane domain and the intracellular domain in the presence of a dramatical thickness



mismatch. However, we used only the pore domain of the channel in simulations and hence
cannot test their hypothesis further. They also showed modified stability of both open and closed
states and an increased energy barrier of conformational transition between them in thicker
membranes, which may fit with the changes of the open probability of MthK we describe in our

25.26 indicated decreased ion

proposed model. Chang et al. and Crowley et al.’s experiments,
permeation rate and open probability of BKca as a result of increased cholesterol concentration,
which highlight the role of lateral pressure and is consistent with our simulations of cholesterol

containing membranes.

In the case of MthK in different bilayers in our simulations, thicker membranes are more
ordered at given temperature due to their higher phase transition temperature, which may
increase the lateral stress. Cholesterol also results in a larger lateral pressure in the bilayer by
inducing more ordered packing of the phospholipids. We propose that, the larger lateral pressure
may push the outer helices and induce their clockwise rotation (Fig. 3F, Fig. 4A), so that the
kinked state of the inner helices is stabilized (Fig. 3G). However, we do not rule out the

possibility that the larger lateral pressure affects the conformation of the inner helix directly.

Supplementary Methods.
Setups of simulations with restraints on the protein conformation.

We conducted a series of simulations of the MthK potassium channel with restraints on the
inner and outer helices to further evaluate effects of the conformational changes revealed by
unrestrained simulations on the ion permeation rate.

Simulations with restraints on the inner helices. Two states were found for the inner helix: the
kinked state which has a kink in the vicinity of Gly83, and the bent state which does not have
this kink. To control the conformation of the inner helix in the kinked and bent state, we applied
harmonic restraints of four backbone “hydrogen bonds”: 11e800-11e84HN, Val8§10-Gly85HN,
Leu820-Thr86HN, and Gly830-Phe87HN (Supplementary Table. 1). O refers to the carbonyl
oxygen, while HN refers to hydrogen atom of the amide group. Target distances and force
constants for the kinked and bent states are shown in Supplementary Table 1. These simulations

were conducted for the POPC membranes to restrain all four inner helices at the kinked state,



and for the DOPC membranes to restrain all four or one of the four (while leaving the other three

subunits free) inner helices at the bent state, respectively (see Supplementary Table 4).

Phe87 is a residue close to the kink region of the inner helix. It was observed to reside in the
central cavity in the bent state of the inner helix and dehydrate the cavity. When all four subunits
were restrained at the bent state, a partially unwinding was observed for the helical turn
immediately following the kink (i.e., between residues Gly85 and Ala90) in some simulations,
probably due to steric hindrance when all four Phe87 side chains resided in the central cavity.
This partial unwinding allowed Phe87 side chains to reside out of the central cavity. We
therefore performed simulations with harmonic restraints of the backbone “hydrogen bonds” of
this region including [1e840-Ala88HN, Gly850-Val89HN, Thr860-Ala90HN, and Phe§870-
Val91HN, in addition to those restrained in the bent state. These addition restraints may stabilize
the Phe87 side chain conformation in the central cavity. This simulation was performed in DOPC
membranes to test the ion permeation when the central cavity is completely occluded and
dehydrated. It is referred as occluded state simulation, see Supplementary Table 1 for the target

values and force constants of distance restraints.

Simulations with restraints on the outer helices. We performed simulations in which the Pro19
Co-Coa distance was restrained, in order to test effects of the conformation of the outer helix on
ion conduction. Both the distances between atoms of adjacent subunits and the distances between
atoms of opposite subunits were controlled by the pulling code of GROMACS package using a
force constant of 500 kJ/(mol nm?). This simulation was performed for the POPC system (in
which the ion permeation reached an optimum) with a target value that was found in simulations
with blocked ion conduction, as well as the DEPC system (in which ion permeation was
inhibited) with a target value that found in simulations with optimum ion current, see

Supplementary Table 4.

Simulations with restraints on the Ile84 side chain distances. 1le84 is a residue at the inner
helix and its side chain has interactions with Thr59, the first residue constituting the selectivity
filter. In order to simulate the protein with different degrees of opening of the selectivity filter

with least effects on the flexibility of the selectivity filter conformation, we restrained the



distances between the centres of mass (COM) of the [1e84 side chains to a series of values using
the above protocol for restraining the Pro19 Ca-Ca distance. In this case, a force constant of
5000 kJ-mol'-nm?) was used. The target distances reported in Supplementary Table 5 are the
distances between opposite residues. This simulation was conducted for MthK in the DLPC and

POPC membranes, see Supplementary Table 5 and 6.

Parameters of molecular dynamics simulations.

Molecular dynamics simulations were conducted an integration time step of 2 fs. The
CHARMM36m force field*” was used for proteins and standard CHARMM36 parameters was
used for lipids?®, the TIP3P water model?’, and ions. All hydrogen containing bonds were
constrained by the LINCS algorithm.*® The pressure was maintained at 1 bar using the semi-

t31,32

isotropic Parrinello-Rahman barosta and a relaxation time of 5 ps. The Nose-Hoover

thermostat’33*

was applied to maintain the temperature at 323 K with a relaxation time of 1 ps.
We used the force switch method™ to turn off the van der Waals interactions from 1.0 to 1.2 nm.
Long range electrostatic interactions were computed with the Particle Mesh Ewald*®3” method,
using a real space cut-off value of 1.2 nm, a Fourier grid spacing of 0.12 nm, and an interpolation
order of 4 for the Ewald mesh. For the simulations using AMBER 14 force field for the protein
and Slipids force filed for the lipids, the same parameters were used, except for a cut-off value of
1.0 nm for van der Waals and long range electrostatic interactions and a v-rescale thermostat’®.

Each system contained 1 MthK protein, ~140-180 lipids, ~10,000 water molecules, and ~350-

400 potassium and chloride ions depending on membrane compositions.

The systems were first equilibrated in six steps with gradually removed restraints on the
protein and lipids, using the default scheme suggested for GROMACSS5.1 by CHARMM-GUI.
Three parallel equilibrium simulations without restraints and transmembrane voltage were then
performed for 0.1-0.3 us for each system. At last, 2-4 snapshots randomly selected from the
equilibrium simulations were used as initial states of the production simulations in which a

transmembrane voltage was applied.

Our simulations were performed at 323 K to investigate lipid-protein interactions in a liquid

phase state environment (either La or liquid ordered), as some of the membranes, e.g. DPPC,



may form a gel phase at lower temperatures. This higher temperature also accelerated ion
permeation rate and allowed us to observe more ion permeation events at given simulation time.
In addition, this temperature may accelerate the conformational transition between different
states of the protein in our simulations. Considering the energy barrier the protein needs to
overcome during the conformational transition, the chosen enhanced temperature aids sampling
transition events while remaining in the physiological range for MthK a potassium channel from

the thermophile Methanothermobacter thermautotrophicus.

Data analysis.
To evaluate the ion conduction rate, we used the FORTRAN code in Kopec et al’s work>” to
count the number of permeation events. The ion current across the channel was calculated by

dividing the permeated charges by simulation time.

The distances between [1e84 and Thr59 side chains were calculated for the four subunits
separately and the averages are reported. We also calculated the 11e84-Thr59 distance for the
subunits in the kinked and bent states separately, and compared the corresponding averages.
Phe87 side chain had two conformations in our simulations: in one conformation, its side chain
interacted with hydrophobic residues from the adjacent subunit, while in the other conformation,
its side chain pointed toward the central cavity (Fig. 5). In order to characterize the orientation of
Phe87 side chain, we defined the center of mass (COM) of the four Phe87 Ca atoms as the center
of the Phe residues (CoF), and calculated the distances between the COM of Phe87 side chain
and the CoF for the four subunits separately, and reported the averages. A smaller average value
for the Phe87-CoF distance is expected if more Phe87 side chains point toward the central cavity.
The other distances reported in this work are the average distances between the corresponding

residues/atoms from opposite subunits.

A cutoff value of 0.34 nm was used for the Val§10-Gly85HN distance to discriminate the
kinked and bent states in the simulations: it was considered as in the kinked state if the Val810-
Gly85HN distance is larger than 0.34 nm. Two vectors are fitted by singular value
decomposition of the backbone atom coordinates of res. 71-81 and res. 85-99 respectively. The

bending angle of the inner helix was defined as the angle between these two vectors.



Functional mode analysis (FMA) attempts to correlate a functional quantity that describes the
function of a protein, to the collective motions of the protein. In this work, we choose the
bending angle of the inner helix of one of the four subunits as the functional quantity and
performed FMA of the tetramer to evaluate the protein conformational changes relevant to the
bending of this inner helix. This was done for concatenated trajectories of simulations in POPC
membranes, as well as concatenated simulation trajectories of different systems, and the same

conclusions were obtained.

The pore radius was calculated by HOLE* for each frame of the trajectories and the average
was reported. To calculate the density of potassium and water along the permeation pathway, we
superimposed the systems based on the selectivity filter (specifically, the heavy atoms of Thr59
and the backbones of Val60, Gly61 and Tyr62) and counted the potassium/water molecules
located within a cylinder whose axis is parallel to the membrane normal and passes through the
center of mass of the Ca atoms of Glu96, a residue at the entrance of the central cavity. We used
a radius of 1.2 nm for the cylinder, approximately the size of the entrance of the central cavity.
The density profile was calculated as the number distribution and normalized to the value in bulk.

The “free energy” profile was generated based on the density profile.



Supplementary Table 1. Distance restraints to control the conformation of the inner helix.

. Target value | Target value Target value
Distance e v . . Force constant
Restrained in kinked state | in bent state | in occluded state (kJ-mol' nm?))
(nm) (nm) (nm)
11e800-11e84HN 0.27 0.20 0.20 3500
Val810-Gly8SHN 0.43 0.24 0.24 3500
Leu820-Thr86HN 0.35 0.21 0.21 3500
Gly830-Phe87HN 0.20 0.20 0.20 1500
11e840-Ala88HN - - 0.22 3500
Gly850-Val89HN - - 0.25 3500
Thr860-Ala90HN - - 0.21 3500
Phe870-Val91HN - - 0.21 3500




Supplementary Table 2. Simulations of MthK in different membranes using CHARMM36m force field. Data are presented as

mean values = SEM. Source data are available as a Source Datafile.

. . . Distance (nm)
Thickness | Sim. Time Curr. Bent state
Membrane Thr59 Prol19 le84-Thr59 .
. A - fract
(am) | (us*No) | (pA) 0y-0y | Co-Co | Sidechain cOM | P1e87-CoF | fraction
Lipids with two saturated tails
DLPC, 12:0/12:0 3.15+0.01 1.5x40 | 4.15+0.35 | 0.507+0.001 | 3.54+0.01 0.547+0.001 1.039+0.006 | 12%+1%
DMPC, 14:0/14:0 3.63+£0.01 0.5x30 | 6.19+0.61 | 0.515+0.001 | 3.56+0.02 0.560+0.003 0.919+0.014 | 32%+3%
DPPC, 16:0, 16:0 4.1940.01 0.5x40 | 3.81+0.40 | 0.506=0.001 | 3.36+0.01 0.54540.001 1.048+0.007 | 8%+2%
Lipids with two unsaturated tails
DYPC, 0/ 170
16:1(n-9)/16:1(n-9) 3.56+0.01 0.5%x20 | 3.54+0.66 | 0.505+0.001 | 3.46+0.03 0.548+0.002 1.008+£0.015 | 15%+3%
DOPC, 0/ 170
18:1(n-9)/18:1(n-9) 3.86+0.01 0.5x40 | 4.61+0.40 | 0.507+0.001 | 3.37+0.03 0.549+0.002 1.042+0.008 | 11%+2%
DGPC, 0/ 110
20:1(n-11)/20:1(n-11) 4.2540.01 0.5%25 1.15+0.20 | 0.499+0.001 | 3.21%0.01 0.539+0.001 1.072+£0.002 | 2%=£1%
DEPC, o o
22:1(n-13)22+1(n-13) 4.60+0.01 0.5x20 | 0.92+0.11 | 0.497+0.001 | 3.17+0.01 0.536+0.001 1.068+0.001 | 1%=+0.2%
DNPC, 0 0
24:1(n-15)24:1(n-15) 4.90+0.01 0.5x10 | 0.61£0.11 | 0.498+0.001 | 3.13+0.01 0.535+0.002 1.073£0.002 | 1%=+0.2%
Hybrid lipids
POPC, 3.92+0.01 1.5x40 | 6.29+0.52 | 0.515+0.001 | 3.55+0.02 0.568+0.003 0.937+0.016 | 34%+3%
16:0/18:1(n-9)
Cholesterol containing membranes, with cholesterol molar ratio of 33%
DLPC:Cholesterol 3.63+£0.01 0.5%30 1.60+0.35 | 0.501£0.001 | 3.40+0.02 0.538+0.002 1.069+0.005 | 4%=+1%
POPC:Cholesterol 4.2440.02 0.5x10 | 0.90+0.21 | 0.499+0.001 | 3.27+0.03 0.534+0.002 1.052+0.011 | 4%+2%




Supplementary Table 3. Correlation between ion permeation and the fraction of bent state of the inner helix. Simulation
replicates in DLPC, DYPC, DOPC and DPPC are divided to two groups based on their bent state fraction in the trajectories. The

average currents and distances are shown for each group. Data are presented as mean values £ SEM. Source data are available as a

Source Datafile.

Membrane Sim. Time Curr. (pA) Thr59 Pro19 11e84-Thr59 | Phe87-CoF | Bent state
(usxNo.) O7-Oy (nm) | Ca-Co (nm) | COM (nm) (nm) fraction

DLPC groupl 1.5x15 6.19+£0.38 | 0.513+0.001 | 3.58+0.01 | 0.555+0.002 | 1.002+0.011 | 22%=+1%
group?2 1.5%25 2.93+0.31 | 0.504+0.001 | 3.51£0.02 | 0.542+0.001 | 1.061+0.003 | 7%=+1%

DYPC groupl 0.5x11 5.15¢0.90 | 0.510£0.002 | 3.544+0.03 | 0.555#£0.002 | 0.9584+0.015 | 25%+2%
group?2 0.5%9 1.57+0.39 | 0.501+0.001 | 3.35+0.03 | 0.538+0.002 | 1.069+0.006 | 3%=*1%

DOPC groupl 0.5x17 5.96+£0.47 | 0.51240.001 | 3.45+0.02 | 0.556+0.002 | 1.012+0.015 | 22%+2%
group?2 0.5%23 3.62+0.52 | 0.503+0.001 | 3.31+£0.01 | 0.542+0.001 | 1.064+0.002 | 4%=*1%

DPPC groupl 0.5x10 6.35+£0.93 | 0.513+0.002 | 3.45+0.02 | 0.55440.004 | 0.995+0.016 | 23%=+4%
group?2 0.5%30 2.97+0.32 | 0.504+0.001 | 3.33+0.01 | 0.543+0.001 | 1.066=0.003 | 4%=+1%




Supplementary Table 4. Restraining the conformation of the two transmembrane helices modulates ion currents. Data are

presented as mean values = SEM. Source data are available as a Source Datafile.

Membrane Rest. Sim. Time Curr. (pA) Thr359 Prol19 I1e84-Thr59 | Phe87-CoF | Bent state
Target Val. (psxNo.) <P 07-Oy (nm) | Ca-Cao (nm) | COM (nm) (nm) fraction

Restrain Prol19 Co-Ca distance

POPC 3.20 nm 05x10 | 1.9940.38 | 0.502£0.001 | 3.21£0.01 | 0.540+0.002 | 1.06320.002 | 24%+2%

DEPC 3.55 nm 05x10 | 4.73£1.11 | 0.509£0.002 | 3.53£0.01 | 0.549+0.002 | 1.056+0.002 | 8%+2%

Restrain inner helix conformation

POPC Kinked state 05x10 | 0.38+0.06 | 0.497+0.001 | 3.28+0.02 | 0.533+0.001 | 1.086:0.002 | 0%=0.1%

DOPC lée's‘ltlg;itlf) 0.5x10 | 5.9040.52 | 0.512+0.001 | 3.4320.03 | 0.554+0.002 | 0.975:0.009 | 28%+2%
Bent state

DOPC \ 1.0x10 | 2.88+1.05 | 0.533£0.003 | 3.75£0.02 | 0.642+0.006 | 0.703+0.061 | 100%=0.2%
(4 subunits)

popc | Bentstate (F8TA) [ o (0 | 133301 04 | 0.52940.002 | 3.58+0.03 | 0.614+0.002 ] 100%0.2%
(4 subunits)

DOPC Occluded state 0.5x10 | 0.71£0.10 | 0.527+0.003 | 3.82+0.02 | 0.664+0.003 | 0.514+0.009 | 100%=0.2%
(4 subunits)

DOPC Occluded state 0510 | 1.93£026 | 0.531£0.002 | 3.69+0.02 | 0.622+0.002 | 0.730+0.005 | 76%=1%
(3 subunits)

d

DOPC Occluded state 0.5x10 | 10.32+0.86 | 0.528+0.002 | 3.62+0.03 | 0.591=0.003 | 0.777+0.006 | 55%=2%
(2 subunits)

DOPC Og‘;‘:lf:lfitf)‘te 0.5x10 | 5.45£0.90 | 0.512£0.003 | 3.49£0.04 | 0.559+0.004 | 0.944+0.010 | 32%+3%

2 The numbers indicated in the parentheses are the number of subunits restrained in the indicated state. The remaining subunits are left
free. P 1 us simulation was performed for each simulation replicate, however, data of the last 0.5 ps was reported, as the first 0.5 ps
simulation did not converge due to a partial unwinding of the helical turn immediately following the kink (from Gly85 to Val§89). ¢ A

snapshot at 500 ns in a bent state simulation was used as the initial conformation. ¢ Two adjacent subunits are restrained.



Supplementary Table 5. Simulations with the Ile84 side chain distances restrained in POPC and DLPC membranes. Data are

presented as mean values = SEM. Source data are available as a Source Datafile.

Target | T Carr. | S Time | Thrsd

. 1m. 11me r urr. 1m. 11me r

Dist(mm) | "5xNo.) | 0y-0y @®4) | (sNo) | oOy-0y |CUT-®A)
1.62 0.5x20 0.528+0.002 | 16.13+£1.50 0.5x10 0.525+0.002 | 16.43+1.81
1.60 0.5x10 0.523+0.002 | 10.86*1.41 0.5x10 0.517+0.002 | 11.09+1.25
1.57 0.5x10 0.514+0.001 | 7.12+1.18 0.5x10 0.508+0.001 | 5.83+0.81
1.55 0.5x10 0.510+0.001 | 5.38+0.96 0.5x10 0.505+0.001 | 3.244+0.71
1.52 0.5x10 0.504+0.001 | 3.08+0.53 0.5x10 0.501+0.001 | 1.57+0.45
1.50 0.5x10 0.505+0.001 | 3.46+0.51 0.5x10 0.498+0.001 | 0.74+0.19

Supplementary Table 6. Simulations with the Ile84 side chain distances restrained in POPC membrane. Target values of the
restraint are 1.62 and 1.65 nm, respectively, which result in an average Thr59 Oy-Oy distance of ~0.528 and ~0.538 nm. Simulation
replicates are divided to two groups based on a cutoff value of 12 (1.62 nm simulation) and 15 pA (1.65 nm simulation) for the current.

Average currents, distances, and bent state fractions of all replicates, and the replicates in each group are shown. Data are presented as

mean values + SEM. Source data are available as a Source Datafile.

Membrane | Category Sim. Time Curr. (pA) Thr59 Pro19 11e84-Thr59 | Phe87-CoF | Bent state
(usxNo.) : 07-Oy (nm) | Co-Co (nm) | COM (nm) (nm) fraction
Restrain Ile84 side chain distance at 1.62 nm, current cutoff value is 10 pA
POPC All 0.5%20 16.13+1.50 | 0.5284+0.001 | 3.59+0.01 | 0.578+0.003 | 0.8524+0.021 | 44%+3%
POPC Smaller Curr. 0.5%6 8.38+0.66 | 0.529+0.002 | 3.59+0.02 | 0.585+0.006 | 0.762+0.034 | 57%+4%
POPC Larger Curr. 0.5x14 19.46+1.33 | 0.52740.001 | 3.60+0.02 | 0.576+0.003 | 0.8914+0.018 | 39%+3%
Restrain 11e84 side chain distance at 1.65 nm, current cutoff value is 15 pA
POPC All 0.5%20 13.40£2.16 | 0.538+0.001 | 3.63£0.01 | 0.611+0.004 | 0.7254+0.021 | 65%+3%
POPC Smaller Curr. 0.5x13 6.93+£0.86 | 0.537+0.001 | 3.62+0.02 | 0.621=0.003 | 0.666+0.013 | 71%+2%
POPC Largeer Curr. 0.5x7 25.41£1.60 | 0.541+0.001 | 3.654+0.03 | 0.594+0.004 | 0.836+0.020 | 54%=+5%




Supplementary Table 7. Simulations of MthK in different membranes using AMBER14 force field for the protein and the

Slipids force field for the lipids. Data are presented as mean values = SEM. Source data are available as a Source Datafile.

Distance (nm)

Thickness | Sim. Time Curr. Bent state
Membrane Thr59 Pro19 I1e84-Thr59 .
(nm) (ns > No.) (pA) 0y-Oy Ca-Co. | Sidechain cOM | Fhe87-CoF fraction
Lipids with two saturated tails
DLPC, 12:0/12:0 | 3.04+0.01 0.5%20 11.17£0.66 | 0.518+0.001 | 3.64+0.01 0.526+0.001 1.054+0.006 | 10%+2%
DMPC, 14:0/14:0 | 3.42+0.02 0.5x10 14.68+0.69 | 0.526+0.002 | 3.64+0.02 0.541+0.004 0.965+0.020 | 28%+5%
DPPC, 16:0, 16:0 | 3.81+0.02 0.5x10 13.94+1.06 | 0.524+0.003 | 3.49+0.02 0.532+0.003 1.019+0.013 | 19%+4%
Lipids with two unsaturated tails
DOPC, 3.65+0.02 0.5x10 11.60+0.62 | 0.523+0.003 | 3.56+0.02 0.532+0.004 1.038+0.016 | 20%+5%
18:1(n-9)/18:1(n-9)
Hybrid lipids
16'05?8?%&9) 3.67+0.02 0.5x20 13.67+0.57 | 0.532+0.002 | 3.60+0.01 0.567+0.005 0.880+0.015 | 51%+3%
Cholesterol containing membranes, with cholesterol molar ratio of 33%
DLPC:Cholesterol | 3.49+0.01 0.5x10 7.91£1.04 | 0.513£0.002 | 3.53+£0.01 0.525+0.002 1.049+£0.004 | 7%+2%
POPC:Cholesterol | 4.02+0.02 0.5x10 8.04+0.98 | 0.513+0.001 | 3.45+0.03 0.523+0.003 1.010+0.021 | 10%+3%
Sfé“lglh%fftgegﬂ 443£0.01 | 0.5x10 | 5.19£0.56 | 0.505+£0.001 | 3.26£0.02 | 0.513+£0.001 | 1.050+0.002 | 2%+1%




Supplementary Figure 1. Coupling between the conformations of the two transmembrane
helices. Left panel: Simulations in DLPC, DYPC, DOPC, and DPPC membranes. Simulation
replicates are divided in two groups (labelled as gp1 and gp2, respectively), and the average
distances and bent state fractions are calculated separately for the two groups; right panel:
Simulations with restraints of the inner and outer helices (open symbols). Simulations in
corresponding membranes without restraints are also shown for comparison (filled symbols).
Number of replicates for each data point in the left panel is the same with Fig. 3D. Each data
point of the restrained simulations in the right panel includes 10 independent simulations. Data

are presented as mean values = SEM. Source data are available as a Source Datafile.
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Supplementary Figure 2. Restraining the outer helix induces changes of the bending angle
of the inner helix. Results are compared for the simulations with and without restraints of the
Prol19 Co-Ca distance. In POPC, Pro19 Ca-Ca distance is restrained to a smaller value
(compared with the simulations without restraints), while it is restrained to a larger value in

DEPC. Source data are available as a Source Datafile.
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Supplementary Figure 3. Ion current as a function of the Thr59 Oy-Oy distance. (A)
Simulations using different membranes. (B) Simulations in DLPC, DYPC, DOPC, and DPPC
membranes. Simulation replicates are divided in two groups (labelled as gp1 and gp2,
respectively), and the average currents and distances are calculated separately for the two groups.
(C) Simulations with restraints of the inner and outer helices (open symbols). Simulations in
corresponding membranes without restraints are also shown for comparison (filled symbols).
Number of replicates for each data point in panels A, B and C is the same with Fig. 2, Fig. 3D,
and the right panel of Supplementary Fig. 1, respectively. Data are presented as mean values +

SEM. Source data are available as a Source Datafile.
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Supplementary Figure 4. Correlation between the Thr59 Oy-Oy distance and the Ile84-
ThrS9 side chain distance. Left panel: Simulations in DLPC, DYPC, DOPC, and DPPC
membranes. Simulation replicates are divided in two groups (labelled as gp1 and gp2,
respectively), and the average distances are calculated separately for the two groups; right panel:
Simulations with restraints of the inner and outer helices (open symbols). Simulations in
corresponding membranes without restraints are also shown for comparison (filled symbols).
Number of simulation replicates for each data point in the left and right panels is the same with
Fig. 3D and the right panel of Supplementary Fig. 1, respectively. Data are presented as mean

values = SEM. Source data are available as a Source Datafile.
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Supplementary Figure 5. Correlation between the potassium occupancy at the selectivity
filter and the protein conformation. Potassium occupancies at S4 and S3 binding sites as a
function of the Thr59 Oy-Oy distance (top panel), and the [1e84-Thr59 sidechain distance
(bottom panel). Number of simulation replicates for each data point is the same with Fig. 2. Data

are presented as mean values = SEM. Source data are available as a Source Datafile.
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Supplementary Figure 6. Correlation between Phe87-CoF distance and the bent state
fraction. Left panel: Simulations in DLPC, DYPC, DOPC, and DPPC membranes. Simulation
replicates are divided in two groups (labelled as gp1 and gp2, respectively), and the average
distances and bent state fractions are calculated separately for the two groups; right panel:
Simulations with restraints of the inner and outer helices (open symbols). Simulations in
corresponding membranes without restraints are also shown for comparison (filled symbols).
Number of simulation replicates for each data point in the left and right panels is the same with
Fig. 3D, and the right panel of Supplementary Fig. 1, respectively. Data are presented as mean

values = SEM. Source data are available as a Source Datafile.
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Supplementary Figure 7. Dehydration of the central cavity reduce ion conduction rate.
Simulations in which the Ile84 side chain distance is restrained at 1.62 and 1.65 nm are analyzed.
The simulations are divided in two categories based on cutoff values of 12 pA and 15 pA for the
currents, respectively. The (A) pore radius, “free energy” profiles of water and potassium, as
well as the (B) average currents are shown for each category. “Energy barriers” of potassium are
indicated in the text label of panel B. Ion currents of the simulation replicates in panel B are
shown as black dots. The numbers of replicates are indicated above the X axis. Data are

presented as mean values + SEM. Source data are available as a Source Datafile.
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Supplementary Figure 8. Ion current as a function of the Thr59 Oy-Oy distance for
simulation replicates in POPC. A large uncertainty is observed for ion permeation rate. Source

data are available as a Source Datafile.
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Supplementary Figure 9. Distributions of Thr59 Oy-Oy distances. Simulations in DLPC,

DMPC and DEPC are shown as examples. Source data are available as a Source Datafile.
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Supplementary Figure 10. Conformational changes of the two transmembrane helices in
AMBERI14 simulations. (A) Histogram as a function of Val810-Gly85HN distance and the
bending angle of the inner helix. (B) Bent state fraction of the inner helix as a function of the
bilayer thickness. (C) Coupling of the conformations of the inner (characterized by the bent state
fraction) and outer (characterized by the Pro19 Ca-Ca distance) helices. (D) Pro19 Co-Ca
distance as a function of membrane thickness. As in CHARMM36m simulations, the simulations
are conducted in membranes composed of saturated lipids (DLPC, n=20; DMPC, n=10; DPPC,
n=10;), unsaturated lipids (DOPC, n=10), and hybrid lipids (POPC, n=20), and in cholesterol-
containing membranes (DLPC:CHOL, n=10; POPC:CHOL, n=10; SSM:CHOL, n=10). n
indicates the number of simulation replicates. Data are presented as mean values + SEM. Source

data are available as a Source Datafile.
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Supplementary Figure 11. Gating of the selectivity filter by the kink of the inner helix in

AMBERI14 simulations. (A) Thr59 Oy-Oy distance as a function of the bent state fraction of the

protein. (B) Ion current as a function of Thr59 Oy-Oy distance. (C) Histogram as a function of

the [1e84-Thr59 side chain distance and the Val810-Gly85HN distance. Subunits in the kinked

state show smaller I1e84-Thr59 distance. (D) The Thr59 Oy-Oy distance as a function of the

[1e84-Thr59 side chain distance. (E) Correlation between the Thr59 Oy-Oy distance and the

backbone oxygen atom distances of Thr59 (top) and Gly61 (bottom). Panels A, B, D and E share

the same legend. Number of independent replicates for each data point is the same with

Supplementary Fig. 10. Data are presented as mean values = SEM. Source data are available as a

Source Datafile.
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Supplementary Figure 12. Gating of the central cavity by the kink of the inner helix in
AMBERI14 simulations. Left panel: histogram as a function of the Val810-Gly85HN distance
(as a measure of the inner helical conformation) and the Phe87-CoF distance (as a measure of the
Phe87 side chain orientation). Result of the simulations in POPC is show as an example; right
panel: the Phe87-CoF distance as a function of the bent state fraction of the inner helix. Number
of independent replicates for each data point in the right panel is the same with Supplementary

Fig. 10. Data are presented as mean values = SEM. Source data are available as a Source Datafile.

bent kinked
1.2 >5~03 1.1
c x10™>
. o <> DLPC
£1.0 sl E ¥ -3— O DMPC
£ = _)%_ O DPPC
5 3 5 1.0f 4 DorC
0 0.8 - &) _(1); # POPC
S k> 2 o S/ DLPC:CHL
g 5 ) 7/ POPC:CHL
< 0.6 =
o © Nl £ 0.9¢ <} SSM:CHL
3 *
0-470.2 0.4 0 0% 20% 40%

Val810-Gly85HN (nm) Bent state fraction

Supplementary Figure 13. Pro19 residue is buried more deeply in the hydrophobic region
in thicker membranes. Normalized distributions of the density of Pro19 Ca atoms and the
phosphorous atoms of lipids along the membrane normal are compared for the DOPC and DGPC

simulations. Pay attention to the relative position of Pro19 and lipid headgroups.
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