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Abstract

The big potassium (BK) channels remain open with a small limiting probability of P, ~ 107 at
minimal Ca?* and negative voltages < -100 mV. The molecular origin and functional
significance of such “intrinsic opening” are not understood. Here we combine atomistic
simulations and electrophysiological experiments to show that the intrinsic opening of BK
channels is an inherent property of the vapor barrier, generated by hydrophobic dewetting of
the BK inner pore in the deactivated state. The vapor barrier only gives rise to a finite free
energy barrier, of ~ 8 kcal/mol, and cannot completely shut down K* flow even when the
voltage sensor domains are fully deactivated. This results in the leaking currents that can be
measured at negative voltages as the indication of intrinsic opening. The shallow limiting slope
of P, at negative voltages results primarily from the electric field effects on the permeating ion
through the vapor barrier. We further demonstrate that the vapor barrier can be perturbed by
inner pore mutations and truncation of the cytosolic domains, leading to predicable changes
in limiting slope measurements. Therefore, the intrinsic opening in BK channels, and possibly
in other ion channels, opens up an opportunity to experimentally study hydrophobic gating.
Our results further suggest that intrinsic opening in BK channels is the fundamental basis for

the allosteric mechanism of activation by both voltage and Ca?".
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Introduction

Large conductance Ca2+-activated K* (BK) channels, also known as KCa1.1 or SLO1
channels, exhibit the highest single-channel conductance of 100-300 pS among all K*
channels (1-5). Formed by four Slo1 subunits, functional BK channels can be activated
independently and synergistically in response to membrane depolarization, through the
voltage sensing domains (VSDs), and binding of intracellular Ca** and Mg** , through the C-
terminal domains (CTDs) (Fig. 1a) (6-9). By linking intracellular Ca?* signal to cell excitability,
BK channels play a central role in many important physiological processes (10, 11), and are
implicated in many cardiovascular and neurological diseases (12). BK channels are
considered promising therapeutic targets for multiple diseases including epilepsy (13),
lysosomal storage diseases (14), temporal lobe seizures (15), hypertension (16) and
dyskinesia (17). There is a great need to further understand the gating and regulatory

mechanisms of BK channels at the molecular level.

BK channels differ significantly from canonical voltage-gated K* (Kv) channels in both the
tetrameric topology and pore conformations. The voltage sensor domains (VSDs) are domain-
swapped with respect to the pore-gate domain (PGD) in Kv channels (18-21). In contrast,
cryo-EM structures of the whole-length BK channels reveal that VSDs and PGDs are not
domain-swapped (22-27), which is a key feature that likely underlies distinct voltage gating
characteristics and mechanisms (28). Another important difference is that a classical Kv
channel is closed by pinching the domain-swapped pore lining helices at the intracellular
entrance, creating a bundle crossing gate that physically obstructs K* entrance from the
cytoplasmic side (3, 29-31). However, bundle crossing is absent in all available cryo-EM
structures of BK channel (22-27), and the pore of BK channels remain physically open with a
diameter of ~10 A even in the Ca®'-free, deactivated state. Molecular dynamics (MD)
simulations suggested that BK channels likely followed the hydrophobic gating mechanism
(32-34). Here, changes in the shape and surface hydrophobicity of the inner pore in the Ca?*-
free state allow it to undergo spontaneous hydrophobic dewetting, giving rise to a (water)
vapor barrier to block the ion flow. The dry pore remains physically open and accessible to
quaternary ammonium channel blockers (32), which has been observed experimentally but
not understood previously (35, 36). The hydrophobic gating mechanism also readily explains
methanethiosulfonate reagent accessibility experiments (37), as well as systematic scanning
mutagenesis studies and free energy calculations showing that modulation of pore

hydrophobicity is strongly correlated with BK channel activation (34, 38).

Hydrophobic gating has now been recognized for dozens of channels, which are activated by

voltage, mechanical force, and/or ligand binding and include both domain-swapping and non-
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domain-swapping channels (39, 40). It has been proposed that hydrophobic gating could work
synergistically with bundle crossing in channels where both features co-exist (41). Yet, the
experimental support for hydrophobic gating in ion channels has been indirect and largely
based on structural, mutagenesis and computational analysis. No effective experimental
assay has been developed to directly validate and further explore this noncanonical gating
mechanism. The key difficulty is the lack of effective assays to functionally study the gate in
the closed state, when dewetting has happened and the vapor plug is formed. Curiously, it is
well known that BK channels have a small but measurable “intrinsic opening” at very negative
voltages (<-100 mV) and minimal intracellular Ca?* (6, 42-44). As shown in Fig. 1b, the open
probability (P,) at these voltages is weakly voltage dependent (red slope), distinct from
canonical Kv channels where P, continues to decrease exponentially as a function of voltage
(blue slope) (45, 46). We observe that a vapor barrier will only give rise to a finite free energy
barrier to ion permeation (32). Thus, it cannot completely shut down ionic current even if the
channel is completely driven into the deactivated conformational state (such as under 0 mM
Ca?" and large negative voltages). That is, unlike physical blockage formed by bundle crossing,
hydrophobic gating channels are inherently leaky, and the intrinsic opening of BK channels

may originate from the leakage property of the vapor barrier under deactivated conditions.

In this work, we integrate atomistic simulations, mutagenesis, and electrophysiology to test
the hypothesis that intrinsic opening of BK channels derives from leakage in hydrophobic
gating. We show that the free energy profiles of ion permeation of the vapor barrier
quantitatively predict intrinsic opening probabilities. Free energy analysis further suggests that
the shallow voltage dependence of P, is primarily due to the electric field effects on the
permeating ion through the vapor barrier. In addition, we explore two orthogonal approaches
to perturb the vapor barrier, via truncation of the entire cytosolic gating ring and mutations of
pore-lining residues. Combined simulation and experiments show that these perturbations of
the vapor barrier lead to predictable and measurable changes in intrinsic opening. Taken
together, our results strongly support the notion that intrinsic opening is an inherent property
of hydrophobic gating. Furthermore, intrinsic opening allows direct study of the hydrophobic
gate, using well-developed limiting slope (47) to measure the leaking current when the vapor
barrier is formed. It provides a straightforward and label-less assay to dissect how the structure,
shape and surface properties of the inner pore as well as binding of Ca®* and other ligands

may control the vapor barrier in BK and other hydrophobic gating channels.
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Figure 1. Structure, hydration and ion permeation free energy of BK channels. a) The
overall structure of Ca?*-free BK channel (PDB: 6v3g), the C-terminal domain (CTD), C-linker,
VSD, pore, and filter are colored in green, pink, yellow, blue and red, respectively. b)
Representative single-channel currents recorded at -140 mV and -100 mV for the full-length
BK channel and the opening probability as a function of membrane voltage. The red and blue
slopes illustrate the difference voltage dependence at very negative voltages vs at positive
voltages where the channel undergoes the activation transition. ¢) Representative traces
showing the number of pore water molecules as a function of time for the Ca®*-free (black)
and bound (red) states. d) A representative snapshot of the dewetted pore (taken at 100 ns
of sim 1, Table S1). Water molecules are represented as wires and the pore-lining residues
(L312, A313, F315, V319 and 1323) are presented in sticks, and A316 is highlighted with van
der Waals spheres. e) Average water and K* density profiles in the open (red) and closed
(black) states, derived directly from the last 150 ns of equilibrium simulations (Table S1, sim
1 and 2). f) PMFs of K* permeation calculated from umbrella sampling for the closed state
(black trace, Table S2, wtOv), the average K* density profile of the open state (red trace, Table

S1, sim 2). The error bars show the standard deviations from three replicas.
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Results
Intrinsic opening of BK channels and leakage of vapor barrier

From the semi-logarithmic plot of open probability (Po) versus voltage (Fig. 1b), BK channels
exhibit two distinct voltage-dependent behaviors. At extremely low voltages, where the voltage
sensor typically remains in its resting state, the channels display a small but measurable open
probability (around 107 to 1077), represented by the red line with a very shallow slope. This
phenomenon, known as intrinsic opening, occurs largely independent of voltage sensor
activation. In contrast, at mid-range voltages, Po becomes clearly voltage-dependent, as
illustrated by the blue line. BK channels differ significantly from classic potassium channels,
such as Shaker channels, in which Po versus voltage relationship is linear at all voltages (48).
To measure the 107 level of open probability, macroscopic patches containing hundreds or
even thousands of channels were used to assess the total open probability (NPo) at very
negative voltages. Calculations revealed that the total opening events last only about 1
millisecond, even over a duration of 10 seconds. Additionally, each opening event is very brief,

making it difficult to analyze.

The molecular basis of intrinsic opening of BK channels is poorly understood. Starting from
the relaxed cryo-EM structure (Fig. 1a, PDB 6v3g, see Methods), the pore of human BK in the
Ca*'-free, closed state readily underwent hydrophobic dewetting transitions during equilibrium
atomistic simulations, similar to what was observed previously using different structures (32-
34). The closed pore remained stably dewetted throughout subsequent production simulations
(e.g., see Fig. 1c). The number of pore waters fluctuated between 0 and up to 5, consistent
with a dry pore occupied by water vapor phase (Fig. 1d). The resulting relative density profiles
show that there is depletion of water, and consequently K*, densities from around -15 A (near
P320) to the filter in the closed state pore (Fig. 1e). This dry inner pore region is lined by a
series of hydrophobic residues including L312, A313, F315, A316, V319 and P320 (Fig. 1d).
The structure of the dry pore is stable during all simulations (Fig. S1) with a diameter of ~7 A
(Fig. S2), physically open and accessible to hydrated ions, channel blockers and various side
chain modifying reagents. In contrast, the pore in the Ca?*-bound open channel remained fully
solvated throughout the simulations (Fig. 1c), and there is no water or K* depletion in the pore
(Fig. 1e). Note that the K" density peaks at about three times that of the bulk in the open
channel, due to the presence of 8 conserved acidic residues near the pore entrance
(E321/E324). It has been shown that deleting these charges leads to ~50% drop in the single

channel conductance (49).

Interestingly, lipid tails can enter the dewetted pore through the fenestration gap between the
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pore lining S6 helices (Fig. S3). This has been observed consistently in previous simulations
and likely reflected in densities within the pore in multiple cryo-EM maps (24, 26, 32-34). It is
possible that the presence of the lipid tails in the pore help stabilize the dewetted state. During
the equilibrium simulations, lipid tails that enter the pore are highly dynamic with average
residence time of < 10 ns, which suggests that lipid tails do not show strong preference of
nonspecific interactions with the pore wall with respect to the hydrophobic interior of the
membrane. Therefore, the presence of lipid tail in the pore is likely a consequence, rather than
a driver, of pore dewetting. Indeed, two independent free energy analyses using either the
classical force field or a polarizable one have confirmed that lipid presence in the pore is not

required for dewetting of the BK pore (34, 50).

We then calculated the potential of mean force (PMF) of K* permeation through the pore in
both open and closed states. The results show that, while there is no significant free energy
barrier for the open (and hydrated) pore, the vapor barrier in the closed (and dry) pore imposes
a free energy barrier of AW ~ 8 kcal/mol near z ~ -12 A for K* to reach the filter from the
cytosolic entrance (Fig. 1e, red vs black trace,). As such, even if the channel is driven to 100%
in the closed conformational state (e.g., under large negative voltages in absence of
intracellular Ca®*), there would be a non-diminishing probability of P, ~ e*"VRT~ 10 for K* to
cross the barrier and leak through at room temperature. Strikingly, this estimate is in
quantitative agreement with the intrinsic opening probabilities of BK channels (Fig 1b) (6, 51-
53). In the classical Horrigan-Cui-Aldrich (HCA) allosteric model of BK activation, the intrinsic
opening probability is attributed to some unknown spontaneous activation of the pore when all
VSDs are in the resting state (51, 54). Curiously, limiting slope experiments show such
spontaneous opening transitions to be extremely brief, typically no longer than 20 us for the
wild type (wt) full-length BK channel (Fig. 1, 2a). The fast transition kinetics is inconsistent with
a large-scale pore conformational change such as those involved in voltage-driven opening of
BK channels on ms timescales (53). Instead, the fast transient opening is reminiscent of
sporadic rehydration dynamics of various hydrophobic nanopores, which readily occurs at tens
of ns timescales for carbon nanotubes (55, 56) to ~us for protein pores with complex shapes
and roughed surface (34). Taken together, leakage of the vapor barrier likely explains both

the magnitude and kinetics of intrinsic opening of BK channels in limiting slope experiments.

Shallow voltage dependence of intrinsic opening arises mainly from the electric field

effects on the permeating K*

The shallow voltage dependence of intrinsic opening is distinct from the steep dependence

driven by VSD activation under depolarizing voltages (51, 54). Its molecular origin is unknown,
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even though it presumably arises from the voltage dependence of the putative pore
conformational equilibrium with the VSDs at the resting state. To examine if vapor barrier
leakage could give rise to the observed voltage dependence, we calculated additional free
energy profiles of K" permeation at -40, -80, -120 and -160 mV with the backbone heavy atoms
of the pore restrained to be the equilibrated conformationally closed state (Table S2; see
Methods). The results, summarized in Fig. 2b, show that the free energy barrier of K*
permeation slightly increases at more negative voltages, from ~8 kcal/mol at 0 mV to ~9.5
kcal/mol at -160 mV. Strikingly, the leakage probabilities estimated from the barrier height are
in quantitative agreement with experimental measurements (Fig. 2d, open and filled black
circles). Furthermore, the slope estimated from calculated Log(P,) values from -40 to -160 mV
is 0.003 mV" (Fig 2d, green line), compared to 0.005 mV-' from analysis of the experimental
measurement (Fig. 1b). This is an important observation, that a large-scale conformational

response of the pore is not required for recapitulating the limiting slope of BK channels.

To determine the origin of the voltage dependence of K* permeation free energy barrier, we
evaluated the contribution of local electric field. The electric potential along the pore axis was
calculated from equilibrium simulations at different voltages with the backbone of the pore
restrained (Table S1, sim 6-10) (see Methods and Fig. S4). The work to move a K* from bulk
solvent to the inner pore region against the electric field can be then estimated as AAW,,) = q
AE«), where g = +1 for K™ and AE, is the relative eclectic potential with respect to the bulk
region. The electric field contribution can be then added to the 0 mV PMF (Fig. 2b, black trace)

to directly estimate the voltage dependence of K* permeation barrier as AW*(,) ~ AW ) + AAW,y),
and then the leakage as PO,(V)~e'AW(7J)/RT. Remarkably, the resulting leakage probability

estimates seem to well reproduce the values derived from the full PMF calculations (Fig. 2d,
empty squares vs filled circles). Therefore, the shallow voltage dependence of intrinsic
opening of BK channels arises mainly from the effects of the electric field on the permeating

K" as it enters the inner pore and crosses the vapor barrier.
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Figure 2. Intrinsic opening of full-length and Core-MT BK channels. a) Representative
single-channel currents recorded at -140 mV for the wt (left) and Core-MT (right) BK channels.
b, ¢) PMFs of K* permeation though the closed pore of the full-length and Core-MT BK
channels calculated using umbrella sampling at different voltages (Table S2, sim wtOmv to
core-160mv). d) Intrinsic opening probabilities from limiting slope experiments (empty circles),
estimated from PMFs in panels b and c (solid circles), and estimated from 0 mV PMFs and
electric potential profiles (empty squares). The error bars show the standard deviations from
three replicas (simulation) or SEM (experiment). The dashed green line shows the linear fit to

opening probabilities calculated at -40 to -160 mV.
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Intrinsic opening reports perturbation to the vapor barrier

To further examine if the vapor barrier leakage is indeed the origin of intrinsic opening, we
explore two distinct approaches to perturb the inner pore properties and the resulting vapor
barrier. The first approach involves the Core-MT construct of BK channels where the whole
CTD is removed and replaced by a 11-residue mini-tail from Ky channels (53, 57). Core-MT
BK channels is devoid of Ca?* and Mg?* activation but retains voltage-dependent gating. It has
been shown that, while the voltage sensor movement (Q-V relationship) of Core-MT only
exhibits a small change compared to the full length channel (shifted to left about 20mV), the
intrinsic opening probability increases by more than two orders of magnitude (53) (Fig 2d).
The equilibrated conformations of the pore are similar in Core-MD and full-length BK channels
(Fig. S5). However, the absence of the CTD increases the flexibility of the C-linkers (Fig. 1a),
potentially leading to dynamic destabilization of the vapor lock in the closed state. Indeed, free
energy calculations reveal that the barrier of K* entering the pore is reduced to ~5 kcal/mol at
0 mV (Fig. 2c, black trace), which translates into ~150-fold increase in leakage probability, in
excellent agreement with the experiments (Fig. 2d). The voltage dependence of intrinsic
opening of Core-MT predicted from the PMFs (Fig. 2c) is also in quantitative agreement with
the measured results (Fig. 2d, solid vs empty red circles). Following the same procedure as
described above, we further show that the experimentally determined voltage dependence at
most negative voltages can be fully explained by the electric field effects and does not require
pore conformational response to different membrane voltages (Fig. 2d, red empty squares vs

circles).
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Figure 3. Effects of pore mutations on Intrinsic opening of full-length BK channels. a)
Representative single-channel currents recorded for A316I (left) at -100 mV and A316S (right)
at-140 mV. b, ¢) PMFs of K" permeation though the closed pore of the full-length A3161 and
A316S mutant BK channels calculated using umbrella sampling at different voltages (Table
S2, sim 316/0mv to 316S-160mv). d) Intrinsic opening probabilities from limiting slope
experiments (empty circles) and estimated from PMFs shown in panels b and c (solid circles).
The error bars show the standard deviations from three replicas (simulation) or SEM
(experiment).

In the second approach, we examined the effects of mutating the pore-lining residues on the
vapor barrier and limiting slope measurements. A previous systematic scanning mutagenesis
study revealed a strong correlation between the overall hydrophobicity of the pore with gating
voltage of BK channels (38). Here we focus on two mutations of A316, located at the center
of the vapor barrier. A316l installs a larger hydrophobic sidechain and increase the half
activation voltage (Vi) from 163 mV to 353 mV in 0 Ca?"; A316S installs a hydrophilic

sidechain and reduces Vi to 40 mV (38). Equilibrium simulations suggest that these

Page 11 of 26


https://doi.org/10.1101/2025.01.13.632877
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.01.13.632877; this version posted January 19, 2025. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

mutations do not lead to significant changes of the pore conformation itself (Fig. S2). However,
alterations of the inner pore hydrophobicity seem to have significant impacts in the vapor
barrier. The barrier to K* entering the pore is increased to ~ 9 kcal/mol for A3161 and decreased
to ~ 3 kcal/mol for A316S at 0 mV (Fig. 3b, c). Indeed, the limiting slope measurements show
that the intrinsic opening of A3161 mutant channel is slightly reduced, even though that it is
now at a level near the limit of experimental sensitivity at < -100 mV (Fig. 3d, empty blue
circles). F315A exhibits a similar QV and GV relationship at 100 yM Ca®* as A316l. The
intrinsic opening probability, calculated from the fitting parameters, was found to be at the 10°
° level(58). However, due to measurement limitations, we cannot accurately measure any
open probability less than 10, This indicates that a patch with 1,000 channels would only
experience 0.1 ms opening events over a 10-second duration. In contrast, the intrinsic opening
of A316S mutation channel is increased by ~4 orders of magnitude as predicted (Fig. 3, empty
green circles). This is also consistent with a previous study of inner pore hydration free energy
of BK channels, which shows that A316S destabilizes the dry vapor state by ~4 kcal/mol and
A316I stabilizes the vapor phase by ~2 kcal/mol (34). Taken together, both CTD truncation
and pore mutations can perturb the stability of the vapor barrier and lead to predictable

changes in intrinsic opening that can be measured experimentally.

Discussion

Hydrophobic gating has emerged as a major noncanonical mechanism in ion channels.
Specifically for BK channels, which possess a large inner pore with a diameter at minimal of
~nm in the activate state. The ion permeation can be efficiently shut off without complete
collapse of the pore to form a physical constriction point. Instead, relatively small
conformational changes are required to change the shape and hydrophobicity of the pore such
that it can spontaneously dewet to create a vapor barrier during deactivation. In this work, we
combine atomistic simulation and electrophysiology to demonstrate that the well-known
intrinsic opening of BK channels derives from the leakage vapor barrier, due to a finite free
energy barrier it provides for K* permeation. We show that vapor barrier leakage quantitatively
recapitulates both the magnitude and kinetics of BK intrinsic opening observed experimentally.
Our study reveals that the shallow voltage dependence of intrinsic opening at negative
voltages does not require conformational response of the pore when VSDs are fully
deactivated; instead, it can be readily explained by the effects of local electric field on the

permeating K* during leakage.

We demonstrate that various mutations can be introduced to affect the dynamics and surface
properties of the pore to modulate the stability of vapor barrier in deactivated BK channels.

These perturbations lead to predictable changes in the leaking probability and can be validated
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directly by measuring intrinsic opening. Therefore, limiting slope experiments provide an
experimental essay to study hydrophobic gating for the first time. This essay will enable one
to systematically study how hydrophobic gating can be controlled by channel protein
properties and binding of various ligands in complex cellular environments. As the intrinsic
equilibrium for channel opening is predominantly determined by liquid—vapor equilibrium in the
inner pore region, hydrophobic gating can be controlled and regulated solution conditions
including the presence of certain metabolites, salt concentration, and external electric field. It
is also known that Ca?* binding enhances the intrinsic open probability of BK channels ~10*-
fold at -140 mV (6, 59). Critically, in all Ca®* concentrations the open probability at very
negative voltages shows a similar shallow voltage dependence, which is characteristic of
vapor barrier leakage but differs from the steep dependence driven by VSD activation at
depolarizing voltages. This suggests that Ca®*-dependent activation primarily affects the vapor
barrier itself in the closed state. Therefore, intrinsic opening in BK channels may be the

fundamental basis for the allosteric mechanism of activation by both voltage and Ca?".
Methods

Atomistic simulations: initial structures, equilibration, and production runs

The cryo-EM structures of BK channel in the Ca?*-bound (PDB: 6v38) or Ca?*-free (PDB: 6v3Q)
states (24) were used in all simulations reported in this work. Several short loops missing in
one structure were rebuilt using the other structure as template with Swiss-PDB server (e.g.
as A567-E576 and N585-E591 is missing in 6v38 but present the 6v3g), as described
previously (34). The missing N- and C-terminal segments as well as several long loops (H55-
G92, A614-N682, S835-1870) are presumably dynamic and thus not included in the current
simulations. Residues before and after the missing segments are capped with either an acetyl
group (for N-terminus) or a N-methyl amide (for C-terminus). Standard protonation states
under neutral pH were assigned for all titratable residues. We note that PDB 6v3g contains a
spurious 7z-helix turn in residues 317-32 of helix S6, which has not been observed in any other
structures of BK channels thus far (22-27) and is unstable in simulations (34). All simulations
of the Ca®'-free state reported in this work were thus initiated from a carefully relaxed 6v3g
structure from a previous work (34) (see Fig. S1a). The relaxed pore structure was stable

during all simulations (e.g., see Fig. S1b).

All initial structures in various states were first inserted in model POPC lipid bilayers and then
solvated in TIP3P water using the CHARMM-GUI web server (60). The systems were
neutralized and 150 mM KCI added. For full-length BK channel system, the final simulation

boxes contain about ~900 lipid molecules (POPC) and ~130,000 water molecules and other
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solutes, with a total of ~520,000 atoms and dimensions of ~180 x 180 x 160 A%. For core-MT
system (with CTD removed), the final simulation boxes contain about ~600 lipid molecules
(POPC) and ~55,000 water molecules and other solutes, with a total of ~260,000 atoms and
dimensions of ~160 x 160 x 100 A®> The CHARMM36m all-atom force field (61) was used with
the CHARMMS36 lipid force field (62). All simulations were performed using CUDA-enabled
versions of Gromacs 2019 (63, 64). Electrostatic interactions were described by using the
Particle Mesh Ewald (PME) algorithm (65) with a cutoff of 12 A. Van der Waals interactions
were cutoff at 12 A with a smooth switching function starting at 10 A. Covalent bonds to
hydrogen atoms were constrained by the SHAKE algorithm (66), and the MD time step was
set at 2 fs. The temperature was maintained at 298 K using the Nose-Hoover thermostat (67,
68). The pressure was maintained semi-isotopically at 1 bar at membrane lateral directions

using the Parrinello-Rahman barostat algorithm (69).

All systems were first minimized for 5000 steps using the steepest descent algorithm, followed
by a series of equilibration steps where the positions of heavy atoms of the protein and lipid
were harmonically restrained (70). Specifically, 6 equilibration step (25 ps for steps 1-3, 100
ps for steps 4-5 and 10 ns for step 6) were performed, where the restrained force constant for
proteins were set to 10, 5, 2.5, 1.0, 0.5 and 0.1 kcal.mol™".A?, respectively. For lipids, the
phosphorus is restrained with force constants of 2.5, 2.5, 1.0 and 0.5, 0.1 and 0.0 kcal.mol
' A2, respectively. In the last equilibration step, only protein heavy atoms were harmonically
restrained, and the system was equilibrated 10 ns in under NPT (constant particle number,

pressure and temperature) conditions.

As summarized in Table S1, three replicas of 200 ns atomistic simulations were first performed
for the Ca**-free and -bound states of WT BK channel (sim 1 and 2). In addition, three replicas
of simulations were preformed for the core-MT BK channel in the closed state, generated by
removing CTD region (residue after R342) from the equilibrated full length BK channel
structure (sim 3). Two additional equilibrium simulations were performed for the A316l and
A316S mutant full-length BK channels in Ca®*-free state (sim 4 and 5). The rest of 20 sets of
simulations (sim 6 to 25) were initiated from various equilibrated structures as noted for various
constructs under different membrane voltages to characterize the electric potentials and/or
generate relaxed initial structures for subsequent free energy calculations (see below). The

external electric field was imposed as described in previous studies (71).

Calculation of K* permeation free energy profiles

Umbrella sampling (72) was used to calculate the ion permeation free energy profiles in the

closed states under different membrane voltages. To generate initial structures for umbrella
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sampling, additional 200 ns simulations with all backbone atoms restrained were performed (-
160 mV to 0 mV) for each system (sim 6-25, Table S1), to relax the ion, water, lipid, and
protein configurations at the voltages imposed. A snapshot was then selected at ~100ns
(Table S2), where a single K* ion was located near the cytosolic pore entrance (~ 25 A below
the membrane center and ~ 10 A to E321/E324). The initial conformations for umbrella
sampling were then generated by 5-ns steered MD simulations, during which a moving
harmonic pulling potential was imposed on the selected K ion with a force constant of 2.0
kcal.mol™".A? (Fig. S1c). Umbrella sampling windows were placed at 2 A intervals covering z
= -6 to -22 A for the selected K*. For each window, 3*20 ns simulations were performed (Table
S2). A spring force constants of 2.0 kcal.mol".A?was used to restrain the distance along the

membrane normal (z) between the ion and membrane center.

Final PMFs were calculated using the weighted histogram analysis method (73). The error
bars of the PMF were estimated as standard errors among the three independent sets of free-
energy profiles. We note that there is high probability of multiple K* occupancy in the hydrated
metal-bound pore or ~ -22 A below the membrane center. The single-ion PMF calculated from
umbrella sampling is thus only valid for the dewetted pore region from -6 to -22 A. The overall
PMFs of K* permeation for the closed state of channel from -6 to -30 A were constructed from
umbrella sampling and equilibrium MD using linear interpolation at -22 to -24 A region as done
previously (32, 34). The height of free energy barrier is then estimated by the difference
between the bulk region (30 to 40 A below membrane center) and the plateau region in free
energy barrier (-15 to -10 A for full length channel and -12 to -10 A for Core-MT).

Simulation analysis

Unless stated otherwise, snapshots were extracted every 50 ps after 50 ns of all equilibrium
MD trajectories for calculation of statistical distributions. Molecular illustrations were prepared
using VMD (74). The ion and water distribution is calculated by MDAnalysis (75). Pore water
molecules were identified as those occupying the internal cavity below the selectivity filter,
roughly from L312 to the plane defined by the center of mass of P320. Pore profiles are
calculated using program HOLE (76). Electric potential maps were calculated using the VMD’s
PMEPot and VolMap plugins from sim 6 to sim 26 (Table S1) (77). The bin size is setto 1 A
during these calculations. To calculate the electric potential profile along pore axis, a cylinder
region is selected the center of which is located at the COM filter. The radius is set to 5 A,
which allows the cylinder to cover the internal cavity of the pore without involving protein atoms.
The cylinder is then sliced along z axis with 1 A intervals, the potential of each slice is then

estimated as the averages of potential of all bins in this slice.
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Mutagenesis and Expression

All mutations studied in this paper were made by using Pfu polymerase (Stratagene) to overlap
extension PCR (polymerase chain reaction) from template of the mbr5 splice variant of mslo1
(Uniprot ID: Q08460) (78). Then the PCR-amplified regions were sequenced to confirm the
mutations. MRNA was synthesized in vitro with T3 polymerase (Ambion, Austin, TX) from
linearized cDNA. About 0.05-50 or 150-250 ng/oocyte mRNA of the mutations was injected
into oocytes (stage 1V-V) from female Xenopus laevis. After 3-6 days’ incubation in 18°C, the

oocytes are ready for electrophysiology recordings.

Electrophysiology

All of experimental data were collected from excised inside-out patches on the set-up that was
built up by an Axopatch 200-B patch-clamp amplifier (Molecular Devices, Sunnyvale, CA) and
ITC-18 interface with Pulse acquisition software (HEKA Electronik, Division of Harvard
Bioscience, Holliston, MA). Borosilicate pipettes were pulled using a Sutter P-1000 (Sutter
Instrument, Novato, CA) to get 0.5-1.5 MQ resistance, which were used for inside-out patches

from oocyte membrane.

The current signals were obtained with low-pass-filtered at 10 KHz and digitized at 20-us
intervals. Solutions were used in recording: 1) Pipette solution (in mM): 140 potassium
methanesulphonic acid, 20 HEPES, 2 KCI, 2 MgClz, pH 7.2. 2) The nominal 0 uM [Ca®"]
solution (in mM): 140 potassium methanesulphonic acid, 20 HEPES, 2 KCI, 5 EGTA, pH 7.1-
7.2. There is about 0.5 nM free [Ca?']; in the nominal 0 [Ca?']; solution. 3) 100 pM [Ca?'];
solution (in mM): 140 potassium methanesulphonic acid, 20 HEPES, 2 KCI, 1 EGTA, and 22
mg/L 18C6TA, 100 uM [Ca®] and pH 7.2.

To measure limiting slope the open probability (Po), NPo (total average open probability for all
the channels N in a patch) need to be measured first at different negative voltage. Patches
containing hundreds or thousands of channels were stimulated with a long pulse (5-10s) at
each voltage and the total openings events were obtained by using the integrated currents
(area = currents X time) to subtract a baseline, which divided by single channel current and
total time to obtain NPo. The number of the channels in the patches (47, 53, 54) was calculated

by I = NyPo(V-Ex) = N I, where i means single channel current and i =yPo(V-Ek).
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Supplementary Tables

Table S1. Summary of equilibrium atomistic simulations

Systems Initial Restraint State Voltage  Mutation Length
Structure (mV) (ns)
sim 1 Relaxed backbone of filter ~ closed 0 wt 200*3
6v3g and CTD'
sim 2 6v38 w/ backbone of filter open 0 wt 200*3
Mg?*/Ca®* and CTD
sim 3 Relaxed backbone of filter ~ closed 0 Core-MT 200*3
6v3g and C-linker
terminus
sim 4 Relaxed backbone of filter ~ closed 0 A316I 200
6v3g and CTD
sim 5 Relaxed backbone of filter ~ closed 0 A316S 200
6v3g and CTD?
sim 6 100 ns, sim1 all backbone closed 0 wit 200* 3
sim 7 100 ns, sim1 all backbone closed -40 wit 200* 3
sim 8 100 ns, sim1 all backbone closed -80 wt 200* 3
sim 9 100 ns, sim1 all backbone closed -120 wit 200*3
sim 10 100 ns, sim1 all backbone closed -160 wt 200* 3
sim 11 200 ns, sim3 all backbone closed 0 Core-MT 200* 3
sim 12 200 ns, sim3 all backbone closed -40 Core-MT 200* 3
sim 13 200 ns, sim3 all backbone closed -80 Core-MT 200* 3
sim 14 200 ns, sim3 all backbone closed -120 Core-MT 200* 3
sim 15 200 ns, sim3 all backbone closed -160 Core-MT 200* 3
sim 16 200 ns, sim4 all backbone closed 0 A316l 200
sim 17 200 ns, sim4 all backbone closed -40 A316l 200
sim 18 200 ns, sim4 all backbone closed -80 A316l 200
sim 19 200 ns, sim4 all backbone closed -120 A316l 200
sim 20 200 ns, sim4 all backbone closed -160 A316l 200
sim 21 200 ns, sim5 all backbone closed 0 A316S 200
sim 22 200 ns, sim5 all backbone closed -40 A316S 200
sim 23 200 ns, sim5 all backbone closed -80 A316S 200
sim 24 200 ns, sim5 all backbone closed -120 A316S 200
sim 25 200 ns, sim5 all backbone closed -160 A316S 200

"The P-loopffilter (T273 to D292) and RCK2 (A614 to C-terminus) are positionally restrained with a

harmonic force constant of 0.5 kcal.mol!.A2

°The P-loop/filter (T273 to D292) and C- are positionally restrained with a harmonic force constants of

0.5 kcal.mol*.A2
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Table S2. Summary of umbrella sampling simulations

System Initial Voltage = Mutations/Ligands Length
Structure (mV)

wtOmv 100 ns, sim6 0 wit 9 window * 3 replies * 20 ns
wt-40mv 100 ns, sim7 -40 wit 9 window * 3 replies * 20 ns
wt-80mv 100 ns, sim8 -80 wit 9 window * 3 replies * 20 ns
wt-120mv 100 ns, sim9 -120 wit 9 window * 3 replies * 20 ns
wt-160mv 100 ns, sim10 -160 wit 9 window * 3 replies * 20 ns
coreOmv 100 ns, sim11 0 Core-MT 9 window * 3 replies * 20 ns
core-40mv 100 ns, sim12 -40 Core-MT 9 window * 3 replies * 20 ns
core-80mv 100 ns, sim13 -80 Core-MT 9 window * 3 replies * 20 ns
core-120mv 100 ns, sim14 -120 Core-MT 9 window * 3 replies * 20 ns
core-160mv 100 ns, sim15 -160 Core-MT 9 window * 3 replies * 20 ns
31610mv 100 ns, sim16 0 A316l 9 window * 3 replies * 20 ns
3161-40mv 100 ns, sim17 -40 A316l 9 window * 3 replies * 20 ns
3161-80mv 100 ns, sim18 -80 A316l 9 window * 3 replies * 20 ns
3161-120mv 100 ns, sim19 -120 A316l 9 window * 3 replies * 20 ns
3161-160mv 100 ns, sim20 -160 A316l 9 window * 3 replies * 20 ns
316S0mv 100 ns, sim21 0 A316S 9 window * 3 replies * 20 ns
316S-40mv 100 ns, sim22 -40 A316S 9 window * 3 replies * 20 ns
316S-80mv 100 ns, sim23 -80 A316S 9 window * 3 replies * 20 ns
316S-120mv 100 ns, sim24 -120 A316S 9 window * 3 replies * 20 ns
316S-160mv 100 ns, sim25 -160 A316S 9 window * 3 replies * 20 ns
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Supplementary Figures
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Figure S1. a) Superposition of the transmembrane domain of equilibrated wt BK (green
cartoon) and the original cryo-EM structure (PDB: 6v3g, yellow cartoon). b) Backbone RMSD
of the pore region (F307 to L325) with respect to the initial structure during three replicas of
sim 1 (Table S1). ¢) Schematic illustration of pulling a K* ion into the pore to generate initial
configurations for umbrella sampling. The arrow indicates the pulling direction.
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Figure S2. a-b) Superposition of the equilibrated pore mutant channels (200 ns, sim 4 and 5,
green cartoon) and the original cryo-EM structure (PDB: 6v3g, yellow cartoon); ¢) Pore profiles
derived from the last 150 ns of equilibration simulations of wt (black, sim 1), core-MT (red, sim
3), and pore mutant channels (blue: A316l, and green: A316S; sim 4 and 5).
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Figure S3. a) Density of lipid tails near the pore of wt BK in the Ca?*-free state, calculated
using the last 150 ns of equilibrium simulations (Table S1, sim 7). The density is plotted as
red mesh with a cutoff of 0.03 atom/A3. b) Distribution of lipid tails at various z-positions along

the central axis of the pore. The mean lifetime of lipid tails in the pore is < 10 ns.
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Figure S4. a) Time-averaged electric potential (from sim 1) on a slice crosses the center of
the pore for illustration. The region used to calculate the electric potential profile is labeled as
a black rectangle. b) The electric potential profiles at 0 mV for various BK constructs.
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Figure S5. a) Superposition of the transmembrane domain of equilibrated Core-MT BK (green
cartoon) and cryo-EM structure (PDB: 6v3g, yellow cartoon). b) Backbone RMSD of the pore
region (F307 to L325) with respect to initial structure during the three replicas of core-MT ; ¢)
Distribution of pore helix (S6, 313-325) tilting angle from simulations of the full length BK
channel Ca?*-free state (black, sim 1), Core-MT (red, sim 3) mutated (red (316l) and green
(A316S), sim 4 and 5) and full length Ca?*-bound BK channel (purple, sim 2).
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