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Structures of the large-conductance, calcium-activated potassium (BK) chan-
nel in the Ca?* -bound and Ca*" —free states have suggested that K* conduction
is not gated via a steric closure of the pore-lining helices of the channel, in
contrast to the gating mechanism of other 6TM channels. This has raised the
question of how gating might occur in the absence of apparent steric hin-
drance by protein residues. To answer this question, we perform molecular
simulations and free-energy calculations to develop a microscopic picture of
the gating mechanism. Our results highlight an unexpected role for annular
lipids, which appear to be an integral part of the gating machinery. In the
Ca* —free (“closed”) pore, methyl groups from lipid alkyl chains can enter the

pore through fenestrations between the pore-lining helices. This dynamic
occupancy directly contributes to dewetting of the inner-pore cavity, thus
hindering ion conduction. In contrast, Ca** binding leads to occlusion of the
fenestrations, thus preventing the lipids from entering the pore cavity and
permitting pore hydration and ion conduction. This apparent lipid-mediated
hydrophobic gating may also explain functional observations that include
state-dependent pore accessibility of hydrophobic channel blockers.

Large-conductance, calcium-activated potassium channels (BK chan-
nels) are finely tuned molecular machines that gate cellular K* efflux in
response to cytosolic Ca** binding and depolarization. They are ubi-
quitously expressed in nerves and muscles and control various biolo-
gical functions ranging from hearing and neurosecretion to smooth
muscle contraction.

Each subunit of the tetrameric BK channel consists of a voltage
sensing domain (VSD), a pore-gate domain (PGD), and a cytosolic tail
domain (CTD) (Fig. 1). The PGD enables permeation of selected ionic
species across the cell membrane, while the VSD and CTD allosteri-
cally modulate pore gating. The transmembrane region of each
monomer comprises seven helices, SO through S6, with S1-S4
responsible for detecting membrane depolarization (VSD) and S5-S6
constituting the PGD. The loop between S5 and S6 forms the selec-
tivity filter (SF), which accommodates at least two K' ions

simultaneously’ (Fig. 1b). A water-filled central cavity in the pore is
also the binding site for some cationic pore blockers’. The CTD
contains binding sites for Ca*, and Ca*" binding triggers channel
opening. BK channels can be activated independently via either Ca*
binding to the CTD or membrane depolarization, which activates the
VSD to trigger channel opening®*. An interesting property of BK PGD,
compared to other potassium channels, is a pronounced kink of the
pore-lining S6 helix between Ala316 and Ser317°. A rotation at this
kink is part of the conformational transition that underlies in channel
gating®®. Even though several experimental structures in WT
Ca®* -bound (open) and WT Ca* —free (presumed closed) states have
elucidated mechanisms of these structural modules, several crucial
aspects of the gating mechanism remain unclear. In particular,
although the WT Ca* —free conformation (PDB 5TJI°) presents a
slightly narrower pore radius compared to the WT Ca* -bound one
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WT Ca2+-bound

Fig. 1| Conformation and radius profile of the WT Ca** -free, WT Ca** -int, and
WT Ca* -bound states. a Side view of BK channel. Protein in cartoon repre-
sentation: the S1-S4 helices (Voltage-Sensing Domain, VSD) are highlighted in red,
the S5-S6 helices in green (Pore-Gate Domain, PGD), and the intracellular portion
(C-Terminus Domain, CTD) in yellow. Membrane lipids (ochre) and ions are shown
as thick lines and spheres, respectively. The water molecules in the selectivity filter
are shown in space filling representation. For clarity, only three subunits are
shown. In the inset, the PGD is shown (only two subunits shown for clarity) along
with the K" ions (gray spheres) and waters occupying the Selectivity-Filter (SF).

WT Ca2+-free
WT Ca2+-int
WT Ca2+-bound

radius [A]

The deep pore volume (DPV) and the side chain of residue L312 are shown as pink
cylinder and blue sticks, respectively. b Average radius profiles of the WT Ca* —free
(green), WT Ca* —int (yellow), and WT Ca* -bound (red) states (pdb codes 6V3G,
8GHG, and 6V38, respectively). z=0 is set at the SF center of mass and the pink
shaded area indicates the location of the DPV. ¢ Surface representation of the Cryo-
EM structures (side and bottom views): WT Ca?" —free (green, pdb code: 6V3G), WT
Ca* —int (yellow, pdb code: 8GHG), and WT Ca* -bound (red, pdb code: 6V38).
Error bars represent standard deviations.

(PDB 5TJ6°), neither structure shows a pore that is sufficiently
occluded by the pore-lining helices to hinder diffusion of waters and
ions to and from the central cavity. In the WT Ca®* —free conforma-
tion, the radius of the pore is in principle still large enough (as large
as ~6 A) to allow occupancy by multiple water layers, ions and other
molecules’ ™. One of the molecular mechanisms that has been pro-
posed to explain the transition toward a non-conductive state is
hydrophobic gating™"”. This mechanism relies on dewetting phe-
nomena that can occur within narrow hydrophobic pores or chan-
nels, owing to a combination of spatial restriction and unfavorable
interaction between water molecules and exposed non-polar
residues™ ™™, Since the BK inner PGD core presents a hydrophobic
region just below the SF, in particular near residue Leu-312, the
hypothesis that hydrophobic gating may occur in BK channels is
supported by several computational and experimental studies" .
This mechanism may explain how the pore could remain accessible
to relatively large hydrophobic molecules while relatively small ions
become impermeant. However, the BK PGD volume seems to exceed
the critical radius, length, and hydrophobicity needed for the “bub-
ble nucleation” that disrupts ion permeation'>'**">*, According to the
model developed by Rao et al. *° to predict the presence of a
hydrophobic gate, the WT Ca* —free BK channel structure is hydra-
ted. This suggests that some other, thus far unidentified molecular
events may contribute to the dewetting of the BK channel pore.
Here we explore the molecular basis of pore-gating in the BK
channel via a quantitative investigation of WT Ca* -bound and WT
Ca®" -free structures through extensive Molecular Dynamics (MD)
simulations that combine equilibrium and enhanced sampling cal-
culations. Our analysis unveils additional physical and

thermodynamic features underlying the gating process and strongly
emphasizes the fundamental, yet unanticipated, role of membrane
lipids in the dewetting transition. BK gating may depend on lipids
that partially breach the conduction pathway through lateral fenes-
trations, gaps between the Sé helices that line the pore cavity?*”, in
the WT Ca® -free conformation. The intrusion of lipids into the
cavity results in steric hindrance and increases the hydrophobic
character of the pore inner cavity, triggering dewetting. Finally, these
annular lipids may also play a crucial role in the coupling between the
PGD and CTD; Ca* binding to the CTD causes an apparent dis-
placement of lipid molecules that makes them incapable of per-
meating the fenestrations and inhibiting ion conduction. Overall, our
results reveal unexpected regulatory mechanisms governing BK
channel activation that rely on the interplay between Ca?* binding,
PGD-lipid interactions, and hydrophobic gating.

Results

Pore hydration and lipid penetration

To gain insight into the structural basis of BK channel gating, we col-
lected an extensive set of 1 us-long MD trajectories of the human BK
channel, based on cryo-EM structures of WT Ca* -bound and WT
Ca* —free states—PDB accession numbers 6V38 (WT Ca?* —bound) and
6V3G (WT Ca* —free)?. Additionally, we studied a structure of the BK
channel acquired in EDTA-free solution but with no Ca** added (PDB
accession number 8GHG)?. Since in the absence of EDTA free Ca*' is
present as a contaminant of KCI and other salts at a concentration of
=20 uM, we refer to the 8GHG structure as “intermediate” (hereafter
denoted as WT Ca?" —int). The WT Ca* —int structure was previously
observed to exhibit C2 molecular symmetry, only slightly different
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from the C4 symmetry of the WT Ca® -bound structure, consistent
with the idea that this conformation represents BK channels in which
the Ca® binding sites are less occupied”. Thus, the WT Ca* —int con-
formation may be intermediate between the fully WT Ca*" -bound
(open) state and the WT Ca* —free (presumed closed) state.

Using measurements of protein atoms in the WT BK channel
structures, the WT Ca** -bound and WT Ca*" —free states show distinct
radius profiles in the region delimited on one end by the cytosolic
mouth and on the other by Ca*" —int structure has a pore lumen radius
that resembles the WT Ca*" -bound structure (Fig. 1b). The pore radius
of the WT Ca*" —free configuration, although small, is twice the radius
of a water molecule, i.e., this section is large enough to accommodate
two to four water molecules. Thus, although the presence of multiple
hydrophobic residues within the DPV potentially contributes to
dewetting, it may not be sufficient to trigger a “bubble nucleation™".
Although the pore radii of WT Ca® -bound, WT Ca* —int, and WT
Ca?* —free BK channels are all seemingly large enough to accommodate
water and ions, inspection of our molecular simulation trajectories
reveals qualitatively different behaviors. Specifically, the DPV of the
WT Ca®* —free state evolves from a wet to a dewetted state during the
course of the simulation, consistent with previously reported
observations*. Notably, we find that the dewetting event occurs
specifically when methyl groups of annular lipid tails, breach the DPV
through fenestrations, partially occupying the pore lumen (Fig. 2d). To
quantify the extent of these events, we monitored the number of lipid
carbon atoms and water molecules within the DPV over time (Fig. 2a).

Despite the fact that the initial configuration of our systems shows
no lipids tails breaching these fenestrations, after 200 ns the WT
Ca*" —free DPV is breached and becomes occupied by up to 8+3

carbon atoms. In contrast, in the WT Ca* -bound and WT Ca*' —int
states, the hydration level remains approximately constant along the
trajectory with a vanishing lipid occupancy of the pore. The difference
between the conformations is summarized by the distributions of
water and lipids counts computed after 200 ns: the water average
counts are 0.8, 14.1 and 15.6 for the WT Ca*" —free, WT Ca* -bound,
and WT Ca?' —int, respectively, while the average lipid counts are 7.7
for WT Ca*-free and O for the others (Fig. 2a).

Steric hindrance by lipid carbon atoms occupying the DPV was
quantified by computing the DPV radius, taking into account the
protein structure and the lipids. Compared to the WT Ca®' -bound
state, the radius of the WT Ca®* —free DPV (at z ~ -15 A) is decreased by
40%, passing from r,, = 2.4 A to rp, =1.5 A (Fig. 2b-pink line). Intrusion
of lipid carbon atoms in the WT Ca?" —free structure is possible due to
four symmetry-related fenestrations connecting the pore lumen to the
central region of the lipid bilayer. These fenestrations present in the
WT Ca —free structures arise from the kinked conformation of S6
(Figs. 1c and 2e). Although the kink is present also in the WT
Ca**-bound and WT Ca* -int structures, only the WT Ca* —free
undergoes dewetting. The Sé6 tilt angle distributions of WT Ca** —free,
WT Ca® -bound, and WT Ca* —int indicate that the latter two states
adopt a more bent conformation, as reflected by their larger angles,
resulting in narrower or completely closed fenestrations. These results
are, in general, consistent with the observation of electron density near
the fenestrations attributed to annular lipids in cryo-em structures
(e.g., in PDB ID 6V38)>'>*%°_Strikingly, a recent high-resolution cryo-
EM structure of the WT Ca* —free state of the BK channel in lipid
bilayers revealed the presence of lipid molecules breaching the
fenestrations and occupying the pore lumen in a conformation that is
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Fig. 2 | Pore hydration and lipid penetration. a Lipid carbon atoms and water
molecules count within the DPV as a function of time and their relative probability
densities computed for t >200 ns. b Average radius profiles: WT Ca*" —free, WT
Ca* —int, and WT Ca*" -bound conformations are shown in green, yellow, and red,
respectively. The pink line shows the radius profile of the WT Ca** —free con-
formation when lipid atoms are included in the calculation. z = O corresponds to the
SF center of mass, and the pink shaded area indicates the location of the DPV. Error
bars represent standard deviations. ¢ The two-dimensional histograms of water and
lipid atom counts for the WT Ca*" —free conformation. For visual clarity, a negative

. -o- WT Ca2+-free

60 -o- WT Ca2+-free + lipids

logarithmic scale is used for plotting the values obtained through kernel density
estimation and the global minimum is set to zero. d Molecular surface of the WT
Ca*" —free and WT Ca* -bound conformations sampled from the MD trajectories.
To highlight the shape of fenestrations, the location of the intruding lipids and the
pore occupancy by water molecules, a section of the PGD is shown along the C4 axis
of symmetry. e Comparison of Sé6-helix tilt angle probability distributions. In the
inset, the tilt angle (defined as the angle between S6 helix and vertical axis) is shown
for the WT Ca** —free (green), WT Ca?" —int (yellow), and WT Ca* —bound (red)
states.
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completely analogous to the one observed in our simulations™.
Overall, water and lipid pore occupancies are mutually exclusive, as
suggested by the anticorrelation shown in Fig. 2c, which highlights two
distinct DPV states: a hydrated one without lipids, and a dewetted one
with lipids.

Dewetting was observed in 2 out of 3 of the 1 us WT Ca*" -free
trajectories (Fig. S2a), whereas it was never observed in the two WT
Ca” —int ones (Fig. S2c) or in the two WT Ca* -bound ones (Fig. S2b).
To further investigate the differences between WT Ca*" —free and WT
Ca” —int, we performed metadynamics simulations and quantitatively
characterized the stability of each lipid occupancy state.

We collected 0.7 ps-long trajectories of WT Ca®* —free and WT
Ca®" —int states using the lipid carbon atom density in a sphere as
collective variable, as described in Methods. Both trajectories show
anticorrelation between hydration levels and lipid counts (Fig. 3a).
However, the lipid-count free-energy profiles are significantly dif-
ferent (Fig. 3b). The WT Ca®* —free free energy profile shows two local
minima, separated by a minor barrier of approximately 1-2 kcal/mol.
Interestingly, the state corresponding to a high lipid count (=35) is
the energetically favorable one. In contrast, the free-energy profile of
the WT Ca* —int state has the global minimum at low lipid density
(=10), consistent with a greater hydration level favoring ion
conduction.

Metastability of hydrated and dewetted state

Since the transition between the wet and dry state of a nanocavity can
be considered a rare event®, estimating quantitatively the relative
probabilities of these states requires sampling over extended time
scales. Hence, to establish how the stability of the two states varies with
the number of lipid carbon atoms present in the DPV, we employed
enhanced restrained MD simulations'*,

Using this approach (see Methods for details), we calculated
hydration free-energy profiles as a function of the number of water
molecules within the DPV, for various structures extracted from the
WT Ca® —free and WT Ca* —int trajectories. For each sampled struc-
ture, in the absence of intruding lipids, no metastable minima are
observed in the dewetted state (Figs. 4d and S8). However, when lipid
intrusion occurs, hydration free-energy profiles reveal two minima,
corresponding to hydrated and dewetted (meta)stable states (Fig. 4).
Specifically, Fig. 4 highlights how increasing the number of lipids
within the cavity influences the relative stability of the hydrated and
dewetted state: for alower number of lipid carbon atoms, the dry state
is stable (replica rl1, r2); as the number reaches n; ~7, the two states
become equiprobable (r3, r4); for larger values, the dry state becomes
the most probable (r5, r6).

Q
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In the dry state, water molecules are absent from the region in
contact with the potassium ions within the SF. This absence is note-
worthy since ions must cross this region during conduction® and is in
line with the previously proposed hydrophobic gating mechanism".
Importantly, no such dewetting is observed unless lipids are present in
the pore: this is true for both the WT Ca*" —free structure, as well as the
WT Ca? —int structure. This indispensable role of lipids in triggering
dewetting does not depend on the ions configurations in the SF (we
examined both S1-S3 and S2-S4 confirguations) or the force-field
adopted for the simulations (the restrained MD simulations were
performed using both the SPC/Eb and TIP3P water models): see
Fig. S8d and Supplementary Figs. S8 and S9.

Altogether, our results support the conclusion that the intrusion
of lipid tails into the DPV is a critical component of the dewetting
transition to a non-conductive configuration. This conclusion is con-
sistent with observations reported in previous studies®®**, where a
dynamic occupancy of the pore lumen by lipid tail was deemed
responsible for the “lack of convergence” of hydration free energy
profiles. Rather than preventing lipid diffusion into the pore as was
done in these previous investigations, here we systematically investi-
gated the effect of lipid occupancy on hydration metastability and
clarified that, depending on their penetration depth, lipids can shift
the equilibrium from the hydrated to the dewetted state.

Deep-pore mutations that stabilize the open state prevent
dewetting

It was previously observed that mutations at residue L312, which is
located within the DPV near the site of lipid-breaching (Fig. 1), can have
substantial effects on BK channel gating energetics. In patch clamp
experiments, the L312A mutant shows a median voltage of activation
close to 0 mV even at nominally O Ca*, representing a shift of around
-180 mV compared to WT. The L312D mutation has an even stronger
impact, resulting in an apparently constitutively open channel’. To
determine whether these gating effects may be related to the ener-
getics of lipid-breaching or dewetting, we performed MD simulations
by incorporating the mutations in the context of the Ca*" —free BK
channel structure and analyzed pore radii and hydration levels of
L312A and L312D mutants.

Remarkably, we have observed that both L312A and L312D muta-
tions result in the transition of the Ca*' —free conformation into one
similar to the wild-type WT Ca* -bound, displaying similar values of
the pore radius in the DPV (Fig. 5¢c) and hydration levels (Fig. 5a). In
addition, we observe that during the course of the trajectories, lipids
do not breach the DPV sufficiently to induce dewetting. Specifically,
the L312A pore radius in the DPV (light-blue profile) closely resembles

b) Metadynamics FES Comparison
s WT Ca2+-free
O 4 s WT Ca2+-int
S —101
£
©
Y =201
_30 4
0 10 20 30 40
lipid count

Fig. 3 | State-dependent lipid affinity of the pore. Metadynamics trajectories collected for WT Ca** —free (green) and WT Ca?* —int (yellow)states. a Lipid carbon atoms
and water molecules counts within the DPV. b Free-energy profiles as a function of lipid density.
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Fig. 4 | Hydration free energy profiles for different pore replicas. Each replica
has a distinct configuration and a different number of lipids inside the lumen. The
free energy profiles are obtained by thermodynamic integration of multiple
Restrained Molecular Dynamics (RMD) simulations using as a collective variable the
number of water molecules inside a control box surrounding the hydrophobic
region of the pore lumen, indicated in magenta in c, top right. a The profiles are
ordered by decreasing number of lipid carbons inside the control box, i.e., replica rl
has the largest number of lipids and ré6 the lowest. Calculations are performed using
SPC/Eb water model in combination with Amber force field. A comparison with
TIP3P water model is shown in Supp. Fig. S9, showing a similar switching trend.
Gray shaded areas represent standard deviations. b Number of water molecules
within 3.6 A of the innermost potassium in the SF (here indicated as KO+) for each
global minimum of the profiles of (a). This number (here referred to as nw) reports

Cw

on the amount of water molecules in direct contact with the SF in the equilibrium
state. Error bars represent standard deviations. ¢ Molecular configurations sampled
from the global minimum of replicas r1, r3, r5, r6. The pictures clearly show that
water molecules are in contact with the SF in rl1 and r3 but not in r5 and ré6. Top
views are also shown in Supp. Fig. S12. d Free energy profiles computed in absence
of lipids, for the WT Ca®* ~int and WT Ca** —free states. Plots show the comparison
between two force-fields (CHARMM36-TIP3P vs Amber-SPC/Eb) and two SF ions
configurations (ions were kept constrained in two different configurations, S1-S3
and S2-S4). Overall, to assess the robustness of our predictions, a total of 8 addi-
tional free-energy profiles were calculated on the truncated pore model (see
Methods for details). Grey shaded areas represent standard deviations. Consistent
free-energy profiles calculated on the full-length protein model are reported in
Supp. Fig. S10.

that of the WT Ca* -bound state, while converging toward the WT
Ca** —free (green) values of 5- 6 A at the cytosolic mouth. The L312D
pore radius (blue) is greater than that of WT Ca* -bound. The
increased DPV radius in both mutants, compared to the WT Ca*" —free
conformation, results in an increase in water molecule count, with an
average values of 18 +3 and 21+ 3 for L312A and L312D respectively,
while the lipid count remains <6.

The L312A and L312D mutations also impact the Sé6 helix rear-
rangement (Fig. 5b) by increasing the Sé6 tilt angles, thereby redu-
cing the fenestration size. Specifically, the distribution of helix
angles for both mutants shifts toward the WT Ca® -bound
state values, although this effect is less pronounced than that of
the WT Ca* -int state (Fig. 2e). With the L312D mutant, the dis-
tribution is bimodal, an indication that not all four helices tilt to the
same extent.

Even though the L312A mutation preserves the DPV’s hydro-
phobic character the pore remains hydrated (Fig. 5a) and permeable to
ions throughout the simulations, providing further support for the
idea that breaching of lipids through the fenestrations are a critical
step to dewetting.

Potential involvement of lipids in allosteric coupling

In addition to producing a significant leftward shift of the voltage-
activation curve, several side chain substitutions at position 312 greatly
reduce apparent Ca* sensitivity (i.e., the V1/2 of the G-V curve with O
Ca”" is nearly the same as that obtained at 85 uM Ca*' 7). Therefore, we
wondered if annular lipid molecules involved in pore dewetting might
also be involved in allosteric coupling between the CTD and
PGD*>"'>%38 To test this, we examined potential interactions between
the CTD and PGD that might be mediated by lipids (Fig. 2d) (Fig. S5).
For the fenestration-penetrating lipid, we observed consistent polar
head group interactions of with Arg329 and Lys392 side chains
(Figs. 6a, b and S5). While Arg329 and Lys392 interact with the lipid
head groups in both the WT Ca* —free and WT Ca?* -bound states, it is
only in the WT Ca?* —free state that acyl tails from the interacting lipids
are close enough to the fenestrations to penetrate the pore lumen.
Specifically, during the course of our 1 ps-long trajectories, we
observed that the lipids whose phosphate groups were at a distance of
less than 6 A from R329 had terminal methyl groups inside the pore in
the WT Ca®* —free but not in the WT Ca*" -bound state (Fig. 6¢, d). This
result is consistent with the idea that the sequence **RKK** is
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Fig. 5 | Hydration properties of deep-pore mutants. L312A and L312D Ca* —free
trajectories: a lipid carbon atoms and water molecules counts within the DPV. b S6-
helix tilt angle probability density functions. In the inset, a comparison is shown

between the S6 helix conformation of the WT Ca* —free (green), WT Ca* -bound
(red) states, and L312A (blue). ¢ Average radius profile of the WT Ca?* —free (green),
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WT Ca* -bound (green), and L312A,D mutants. z=0 is set at the selectivity filter
center of mass and the pink shaded area indicates the location of the DPV. Shaded
areas represent standard deviations. d Molecular surface of L312A showing the
water filled central cavity as well as one annular lipid.

important to channel opening®. Remarkably, during our simulations,
only the the lipid tails containing the unsaturated bond (the oleic acid
ones) were able to penetrate the fenestrations. This preference for the
oleolyl moiety, which possibly results from the “kinked” configuration
of the unsaturated alkyl chain, raises the possibility that BK gating may
be finely regulated by the structural properties of the surrounding lipid
environment, consistent with what previously experimentally
observed*’. Overall, in addition to the rotation and translation of the
S6 helices that lead to the closing of fenestrations (Fig. S3),
Ca? binding causes a ~9 A movement of Lys392 from the oB helix
(Fig. S6) that may prevent the associated lipid from breaching the
fenestration (Fig. 6a, b).

Discussion

In this work we investigated the structural basis of BK channel gating
using equilibrium and enhanced sampling molecular dynamics simu-
lations. Our findings align with the view that BK channel gating is
controlled by the hydration level of the central cavity, as this region is
differentially hydrated in the WT Ca** —free and WT Ca*" -bound states.
Notably, it is within this zone that dewetting occurs, due to the
penetration of lipid tail alkyl chains, which can stably occupy the
fenestrations in simulations.

The notable occurrence of lipid breaching in the WT Ca*" —free BK
channel conformation highlights the critical role of annular lipids in
facilitating the dewetting transition, which in turn precludes ion per-
meability. Our findings suggest that the stability of the dewetted state
depends on the level of intrusion of the lipid tails into the cavity. We
determined that below a certain threshold of carbon atoms inside the
DPV (n.=7), both the dewetted and hydrated states are equally
probable, but a higher number of lipids tips the balance in favor of the
dewetted state; conversely, a lower number favors the hydrated state.
Interactions between lipids and specific amino acids within the S6 helix
C-terminus and the C-terminus domain (CTD) appear vital for favoring
the penetration of lipids and for keeping the lipid heads close to the
central cavity. This supports the notion of a dynamic, functional con-
nection between lipid-CTD interactions and channel activity.

The structure and stability of the fenestrations appears to be a key
factor determining pore dewetting, and thus gating energetics. It was
previously observed that mutations at residue L312 (in the fenestra-
tions region) can elicit hyperpolarizing shifts of the BK channel
voltage-activation curve, consistent with a stabilization of the con-
ductive state. In the WT Ca*" —free conformation, mutations L312A and
L312D, which are experimentally observed to stabilize the conductive

state, result in narrowing of fenestrations, and thus blocking of lipid-
breaching of the pore. Additional experiments will be required to
further understand the impact of other pore residues on fenestration
dynamics and their impact on channel gating.

Our analysis has revealed an unexpected potential role of lipids on
pore hydration and its impact on BK channel gating, as well as a
potential mechanism to couple Ca* binding to the CTD and gating of
the PGD. This active and direct role of lipids in gating paves the way for
future studies and suggests potential approaches to modulate BK
activity.

Methods

MD setup and equilibrium simulations of the BK channel

The BK channel is studied in the WT Ca*" -bound and WT Ca** -free
(pdb id: 6V38 and 6V3G, respectively®), as well as WT Ca* —free and
ETDA-free state (pdb id: 8GHG*). The molecular systems are assem-
bled using the CHARMM-GUI membrane builder web server*™*. Spe-
cifically the channels are embedded in a lipid bilayer of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC) with a number of ions
adjusted to obtain electrical neutrality at a salt concentration of 0.15 M.
Molecular dynamics simulations are performed by keeping the tem-
perature and pressure constant via the Nosé-Hoover temperature
coupling method (with a time constant of 1ps), and semi-isotropic
Parrinello-Rahman method (with a time constant of 5ps),
respectively*®>., The long-range contribution of electrostatic interac-
tions resulting from periodic boundaries conditions is calculated using
the Particle-Mesh-Ewald algorithm®. Two potassium ions and two
water molecules are located in the selectivity filter, in the S1-S3 and S2-
S4 binding sites, respectively. This arrangement is kept constant by
applying harmonic restraints to the ions and waters positions by using
PLUMED 2.8%. Note that these are the only restraints enforced in MD
simulations. The system’s interactions are described by the
CHARMM36 force-field***** with TIP3P water*. Equilibrium simula-
tions are carried out using GROMACS 2021.4 and PLUMED-2.8%3°¢¢!,
After an initial minimization and equilibration of -2 ns, following the
standard CHARMM-GUI protocol, the system is evolved using a 2 fs
timestep and collecting trajectories for a total of 1000 ns. In total, we
collected three independent trajectories for the WT Ca* —free con-
formation, and two for the WT Ca®* -bound and WT Ca® —int con-
formations. Each of these 7 molecular systems are independently
generated by CHARMM-GUI. The results obtained for the replicas are
shown in the Supplementary Information. We use HOLE software®* to
calculate the pore radius. For each conformation, we calculated the
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Fig. 6 | Coupled motions of aB helices and annular lipids. a, b Molecular con-
figurations of the a WT Ca* —free (green) and b WT Ca* -bound (red) conforma-
tions. Lys392 and Arg329 are shown as sticks, while the lipids that are
simultaneously within 6 A of S6, Lys392, and Arg329 are shown in VDW repre-
sentation. Light blue lines indicate the displacements of Lys392 and Arg329

residues between the two states. ¢, d Projection on the xy plane of the position of
the annular lipid atoms along with S5 (black) and Sé (grey) for the ¢ WT Ca* —free
and d WT Ca* -bound conformations. The positions of the atoms from the
hydrophobic tail of the lipid are shown in green (oleic acid, unsaturated) and
orange (palmitic acid, saturated).

average pore radius and determined the error through block analysis.
We designed a specific region of interest within the deep pore, here-
after referred to as deep pore volume (DPV), as follows: a cylindrical
volume with a radius of 0.7 nm and axis aligned to the SF axis of
symmetry. The cylinder’s height is 0.5 nm with its topmost circular face
located 1.2 nm below the SF center of mass and the other in proximity
of the kink of S6 (Fig. 1). The number and type of molecules contained
within this region is estimated using VMD® scripts, while the Sé6 helices
orientation is studied using MDAnalysis HELANAL-routine®**, Mutants
of L312 are generated using the CHARMM-GUI web server®®, simulated
with the same protocol used for the wild-type structures. Metady-
namics simulations, carried out using PLUMED*****®!, are collected with
2 fs timestep, for a total of 700 ns each. As collective variable, we use
the lipid tail carbon atoms density, p, in a spherical volume of radius
0.7 nm, centered in the COM of the four symmetry-related residues
Phe315. Free energy profiles are computed by reweighting the con-
figurations sampled via the biased metadynamics simulation. Error
estimates are determined with block analysis.

Enhanced RMD simulations and hydration free energy profiles
From the equilibrium MD, we extract a series of configurations to
better sample the wet/dry transition of the pore, in the presence or
absence of annular lipids. For each extracted configuration, we use
restrained molecular dynamics simulations (RMD)*" to extract the
hydration free energy profile of the pore, using NAMD®® and the Col-
vars module®. For each configuration, the protein backbone and the
phosphorus of POPC molecule heads are constrained. Simulations are
performed using different water models: SPC/Eb’® and TIP3P%. The
two models produce different values of the surface tension”, a

fundamental parameter in bubble nucleation and thus hydrophobic
gating'®. To assess the robustness of our result, some of the simula-
tions are replicated using both models, see Figs. S8 and S9. SPC/Eb
water is used in combination with the Amber force-field (ff15ipq force-
field” for the protein and the Lipid17 force-field” for the phospholi-
pids), while TIP3P is used in combination with CHARMM36 force-
field**. RMD is conducted by restraining the number of water mole-
cules inside a confined region of the space, by adding an harmonic
potential to the Hamiltonian of the system

k ~ N2
Hy(r,p)=Ho(r,p)+ 5 (N = N(P)) M

where r and p are the positions and momenta of all the atoms,
respectively, Hop is the unrestrained Hamiltonian, k is a harmonic
constant which is set to 1 kcal/mol, N is the desired number of water
molecules in the control box, and N is the related counter for the
actual number of water molecules in the system at each step. A Fermi
parameter equal to 3 A is used to smooth the borders of the box and
make the collective variable continuous. The protocol is imple-
mented in NAMD by using the Volumetric map-based variables of the
Colvars Module®, as introduced in ref. 74. The center and size of the
counting box is set equal to the center and the minmax size of the
rings composed by the residues Thr287 and Glu321, computed by
VMD®, In these calculations, we consider a region larger than the
hydrophobic cavity, to avoid artifacts induced by the boundaries.
The water molecules affected by the counting box are represented in
VDW spheres in Fig. 4. Each filling state corresponding to a single
point of the reported profiles in Figs. S8 and 4 is simulated for 4 ns.
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Averages are performed after discarding the first transient phase of
2 ns; representative traces reporting the number of water molecules
inside the control box along the simulation are reported in Fig. S7.
Each trajectory is saved every 20 ps, while the number of water
molecules inside the box is saved every 1 ps. The free energy gradient
(the mean force) for each point is computed as —k(N — N)¢’; standard
error is computed via block average, with a block length of 100 ps.
Finally, the free energy profiles are obtained by thermodynamic
integration of multiple RMD simulations (40 points). Integration is
performed using the Euler method; the standard errors are
propagated correspondingly.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All data supporting the findings of this study are available within the
article and its Supplementary Information. Data has been deposited in
Zenodo [https://doi.org/10.5281/zenodo.15732171].

References

1. Doyle, D. A. et al. The structure of the potassium channel: molecular
basis of k+ conduction and selectivity. Science 280, 69-77 (1998).

2. Zhou, Y., Morais-Cabral, J. H., Kaufman, A. & MacKinnon, R.
Chemistry of ion coordination and hydration revealed by a k+
channel-fab complex at 2.0 resolution. Nature 414, 43-48 (2001).

3. Yang, H., Zhang, G. & Cui, J. BK channels: multiple sensors, one
activation gate. Front. Physiol. 6, 29 (2015).

4. Miranda, P. et al. State-dependent fret reports calcium-and voltage-
dependent gating-ring motions in BK channels. Proc. Natl. Acad.
Sci. 110, 5217-5222 (2013).

5. Zhou, Y., Xia, T.-M. & Lingle, C. J. Cadmium-cysteine coordination in
the BK inner pore region and its structural and functional implica-
tions. Proc. Natl. Acad. Sci. 112, 5237-5242 (2015).

6. Chen, X. & Aldrich, R. W. Charge substitution for a deep-pore resi-
due reveals structural dynamics during BK channel gating. J. Gen.
Physiol. 138, 137-154 (20M1).

7. Chen, X., Yan, J. & Aldrich, R. W. Bk channel opening involves side-
chain reorientation of multiple deep-pore residues. Proc. Natl. Acad.
Sci. 1M1, E79-E88 (2014).

8. Wu, Y. et al. Intersubunit coupling in the pore of BK channels*.

J. Biol. Chem. 284, 23353-23363 (2009).

9. Tao, X., Hite, R. K. & MacKinnon, R. Cryo-em structure of the open
high-conductance ca,+-activated k+ channel. Nature 541, 46-51
(2017).

10. Wilkens, C. M. & Aldrich, R. W. State-independent block of BK
channels by an intracellular quaternary ammonium. J. Gen. Physiol.
128, 347-364 (2006).

1. lJia, Z., Yazdani, M., Zhang, G., Cui, J. & Chen, J. Hydrophobic gating
in BK channels. Nat. Commun. 9, 3408 (2018).

12. Hite, R. K., Tao, X. & MacKinnon, R. Structural basis for gating the
high-conductance ca,+-activated k+ channel. Nature 541, 52-57
(2017).

13. Aryal, P., Sansom, M. S. & Tucker, S. J. Hydrophobic gating in ion
channels. J. Mol. Biol. 427, 121-130 (2015).

14. Corry, B. An energy-efficient gating mechanism in the acetylcholine
receptor channel suggested by molecular and brownian dynamics.
Biophys. J. 90, 799-810 (2006).

15. Beckstein, O., Tai, K. & Sansom, M. S. P. Not ions alone: Barriers to
ion permeation in nanopores and channels. J. Am. Chem. Soc. 126,
14694-14695 (2004).

16. Giacomello, A. & Roth, R. Bubble formation in nanopores: a matter of
hydrophobicity, geometry, and size. Adv. Phys.: X 5, 1817780 (2020).

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Guardiani, C., Sun, D. & Giacomello, A. Unveiling the gating
mechanism of CRAC channel: a computational study. Front. Mol.
Biosci. 8, 773388 (2021).

Jin, R. et al. lon currents through kir potassium channels are gated
by anionic lipids. Nat. Commun. 13, 490 (2022).

Paulo, G. et al. Hydrophobically gated memristive nanopores for
neuromorphic applications. Nat. Commun. 14, 8390 (2023).

Rao, S., Klesse, G., Stansfeld, P. J., Tucker, S. J. & Sansom, M. S. A
heuristic derived from analysis of the ion channel structural pro-
teome permits the rapid identification of hydrophobic gates. Proc.
Natl. Acad. Sci. 116, 13989-13995 (2019).

Trick, J. L., Wallace, E. J., Bayley, H. & Sansom, M. S. Designing a
hydrophobic barrier within biomimetic nanopores. ACS Nano 8,
11268-11279 (2014).

Huang, J. & Chen, J. Hydrophobic gating in bundle-crossing ion
channels: a case study of trpv4. Commun. Biol. 6, 1094 (2023).
Lynch, C. I, Rao, S. & Sansom, M. S. P. Water in nanopores and
biological channels: a molecular simulation perspective. Chem.
Rev. 120, 10298-10335 (2020).

Payandeh, J., Scheuer, T., Zheng, N. & Catterall, W. A. The crystal
structure of a voltage-gated sodium channel. Nature 475, 353-358
(201).

Fan, C. et al. Calcium-gated potassium channel blockade via
membrane-facing fenestrations. Nat. Chem. Biol. 20, 52-61 (2024).
Tao, T. & MacKinnon, R. Molecular structures of the human slo1 k+
channel in complex with 4. eLife 8, €51409 (2019).

Tao, X., Zhao, C. & MacKinnon, R. Membrane protein isolation and
structure determination in cell-derived membrane vesicles. Proc.
Natl. Acad. Sci. 120, €2302325120 (2023).

Nordquist, E. B., Jia, Z. & Chen, J. Inner pore hydration free energy
controls the activation of big potassium channels. Biophys. J. 122,
158-1167 (2023).

Fan, C. et al. Ball-and-chain inactivation in a calcium-gated potas-
sium channel. Nature 580, 288-293 (2020).

Kallure, G. S., Pal, K., Zhou, Y., Lingle, C. J. & Chowdhury, S. High-
resolution structures illuminate key principles underlying voltage
and lrrc26 regulation of slo1 channels. bioRxiv https://www.biorxiv.
org/content/ early/2023/12/20/2023.12.20.572542 (2023).
Giacomello, A., Meloni, S., Chinappi, M. & Casciola, C. M.
Cassie-baxter and wenzel states on a nanostructured surface:
phase diagram, metastabilities, and transition mechanism by
atomistic free energy calculations. Langmuir 28,

10764-10772 (2012).

Paulo, G., Gubbiotti, A., Di Muccio, G. & Giacomello, A. Voltage
controlled iontronic switches: a computational method to predict
electrowetting in hydrophobically gated nanopores. Int. J. Smart
Nano Mater. 1, 21 (2024).

Zhu, F. & Hummer, G. Drying transition in the hydrophobic gate of
the glic channel blocks ion conduction. Biophys. J. 103, 219-227
(2012).

Gu, R.-X. & de Groot, B. L. Central cavity dehydration as a gating
mechanism of potassium channels. Nat. Commun. 14, 2178 (2023).
Horrigan, F. T. & Aldrich, R. W. Coupling between voltage sensor
activation, ca2+ binding and channel opening in large conductance
(bk) potassium channels. J. Gen. Physiol. 120, 267-305 (2002).
Erratum in: J Gen Physiol. 2002 Oct;120(4):599. PMID: 12198087;
PMCID: PMC2229516.

Tang, Q.-Y., Zhang, Z., Meng, X.-Y., Cui, M. & Logothetis, D. E.
Structural determinants of phosphatidylinositol 4,5-bisphosphate
(pip2) regulation of bk channel activity through the rckl1 ca2+
coordination site. J. Biol. Chem. 289, 18860-18872 (2014).
Lorenzo-Ceballos, Y., Carrasquel-Ursulaez, W., Castillo, K., Alvarez,
O. & Latorre, R. Calcium-driven regulation of voltage-sensing
domains in bk channels. eLife 8, e44934 (2019).

Nature Communications | (2025)16:7354


https://doi.org/10.5281/zenodo.15732171
https://www.biorxiv.org/content/%20early/2023/12/20/2023.12.20.572542
https://www.biorxiv.org/content/%20early/2023/12/20/2023.12.20.572542
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61638-9

38. Rockman, M. E., Vouga, A. G. & Rothberg, B. S. Molecular
mechanism of BK channel activation by the smooth muscle relaxant
NS11021. J. Gen. Physiol. 152, €201912506 (2020).

39. Tian, Y., Heinemann, S. H. & Hoshi, T. Large-conductance ca2+- and
voltage-gated k+ channels form and break interactions with mem-
brane lipids during each gating cycle. Proc. Natl. Acad. Sci. 116,
8591-8596 (2019).

40. Yuan, C.,O’Connell,R.J., Jacob, R. F., Mason, R. P. & Treistman, S. N.
Regulation of the gating of BKCa channel by lipid bilayer thickness.
J. Biol. Chem. 282, 7276-7286 (2007).

41. Jo, S., Kim, T. & Im, W. Automated builder and database of protein/
membrane complexes for molecular dynamics simulations. PLoS
ONE 2, e880 (2007).

42. Jo, S., Lim, J. B., Klauda, J. B. & Im, W. Charmm-gui membrane
builder for mixed bilayers and its application to yeast membranes.
Biophys. J. 97, 50-58 (2009).

43. Brooks, B. R. et al. Charmm: the biomolecular simulation program.
J. Comput. Chem. 30, 1545-1614 (2009).

44. Lee, J. et al. Charmm-gui input generator for namd, gromacs,
amber, openmm, and charmm/openmm simulations using the
charmm36 additive force field. J. Chem. Theory Comput. 12,
405-413 (2016).

45. Wu, E. L. et al. Charmm-gui membrane builder toward realistic
biological membrane simulations. J. Comput. Chem. 35,
1997-2004 (2014).

46. Lee, J. et al. Charmm-gui membrane builder for complex biological
membrane simulations with glycolipids and lipoglycans. J. Chem.
Theory Comput. 15, 775-786 (2019).

47. Park, S., Choi, Y. K., Kim, S., Lee, J. & Im, W. Charmm-gui membrane
builder for lipid nanoparticles with ionizable cationic lipids and
pegylated lipids. J. Chem. Inf. Model. 61, 5192-5202 (2021).

48. Parrinello, M. & Rahman, A. Polymorphic transitions in single crys-
tals: a new molecular dynamics method. J. Appl. Phys. 52,
7182-7190 (1981).

49. Nosé, S. & Klein, M. Constant pressure molecular dynamics for
molecular systems. Mol. Phys. 50, 1055-1076 (1983).

50. Nosé, S. A molecular dynamics method for simulations in the
canonical ensemble. Mol. Phys. 52, 255-268 (1984).

51. Hoover, W. G. Canonical dynamics: Equilibrium phase-space dis-
tributions. Phys. Rev. A 31, 1695-1697 (1985).

52. Essmann, U. et al. A smooth particle mesh Ewald method. JCP 103,
8577-8593 (1995).

53. PLUMED consortium Promoting transparency and reproducibility
in enhanced molecular simulations. Nat. Methods 16,

670-673 (2019).

54. Huang, J. & MacKerell, A. D. Jr Charmm36 all-atom additive protein
force field: Validation based on comparison to nmr data. J. Comput.
Chem. 34, 2135-2145 (2013).

55. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. &
Klein, M. L. Comparison of simple potential functions for simulating
liquid water. J. Chem. Phys. 79, 926-935 (1983).

56. Abraham, M. J. et al. Gromacs: high performance molecular simu-
lations through multi-level parallelism from laptops to super-
computers. SoftwareX 1, 19-25 (2015).

57. Pall, S., Abraham, M. J., Kutzner, C., Hess, B. & Lindahl, E. Tackling
exascale software challenges in molecular dynamics simulations
with GROMACS. In Solving Software Challenges for Exascale, Vol.
8759 of Lecture Notes in Computer Science (eds. Markidis, S. &
Laure, E.) 3-27 (Springer, 2015).

58. Hess, B., Kutzner, C., van der Spoel, D. & Lindahl, E. Gromacs 4:
algorithms for highly efficient, load-balanced, and scalable mole-
cular simulation. J. Chem. Theory Comput. 4, 435-447 (2008).

59. Barducci, A., Bussi, G. & Parrinello, M. Well-tempered metady-
namics: a smoothly converging and tunable free-energy method.
Phys. Rev. Lett. 100, 020603 (2008).

60. Tribello, G. A., Bonomi, M., Branduardi, D., Camilloni, C. & Bussi, G.
Plumed 2: new feathers for an old bird. Comput. Phys. Commun.
185, 604-613 (2014).

61. Laio, A. & Parrinello, M. Escaping free-energy minima. Proc. Natl.
Acad. Sci. USA 99, 12562-12566 (2002).

62. Smart, O. S., Neduvelil, J. G., Wang, T., Wallace, B. & Sansom, M.
S. Hole: a program for the analysis of the pore dimensions of
ion channel structural models. J. Mol. Graph. 14, 354-360
(1996).

63. Humphrey, W., Dalke, A. & Schulten, K. VMD - visual molecular
dynamics. J. Mol. Graph. 14, 33-38 (1996).

64. Michaud-Agrawal, N., Denning, E. J., Woolf, T. B. & Beckstein, O.
Mdanalysis: a toolkit for the analysis of molecular dynamics simu-
lations. J. Comput. Chem. 32, 2319-2327 (2011).

65. Gowers, R. J. et al. Mdanalysis: a python package for the rapid
analysis of molecular dynamics simulations. 32, 2319-2327 (2016).

66. Jo,S. Kim, T, lyer, V. G. & Im, W. Charmm-gui: a web-based graphical
user interface for charmm. J. Comput. Chem. 29, 1859-1865 (2008).

67. Maragliano, L. & Vanden-Eijnden, E. A temperature accelerated
method for sampling free energy and determining reaction path-
ways in rare events simulations. Chem. Phys. Lett. 426, 168-175
(2006).

68. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J.
Comput. Chem. 26, 1781-1802 (2005).

69. Fiorin, G., Klein, M. L. & H enin, J. Using collective variables to
drive molecular dynamics simulations. Mol. Phys. 111, 3345-3362
(2013).

70. Takemura, K. & Kitao, A. Water model tuning for improved repro-
duction of rotational diffusion and nmr spectral density. J. Phys.
Chem. B 116, 6279-6287 (2012).

71. Vega, C. &de Miguel, E. Surface tension of the most popular models
of water by using the test-area simulation method. J. Chem. Phys.
126, 154707 (2007).

72. Debiec, K. T. et al. Further along the road less traveled: Amber
ff15ipg, an original protein force field built on a self-consistent
physical model. J. Chem. Theory Comput. 12, 3926-3947 (2016).

73. Dickson, C. J. et al. Lipid14: the amber lipid force field. J. Chem.
Theory Comput. 10, 865-879 (2014).

74. Fiorin, G. & Marinelli, F. & Faraldo-G omez, J. D. Direct derivation of
free energies of membrane deformation and other solvent density
variations from enhanced sampling molecular dynamics. J. Com-
put. Chem. 41, 449-459 (2020).

Acknowledgements

This research includes calculations carried out on HPC resources
supported in part by the National Science Foundation through major
research instrumentation grant number 1625061 and by the US Army
Research Laboratory under contract number W911NF-16-2-0189 and
by EuroHPC PRACE through the awarded project ElectroHG on the
LUMI@CSC infrastructure. V.C. acknowledges support by the
National Institute for General Medical Science through grant
3R0O1GM093290. B.S.R. acknowledges support by the National Insti-
tute for General Medical Science through grants RO1IGM126581

and RO1GM150218. This project has received funding from the
European Research Council (ERC) under the European Union's
Horizon 2020 research and innovation programme (grant agreement
No 803213).

Author contributions

B.S.R., A.G. and V.C. were responsible for the overall project design,
direction and supervision. L.C. and G.D.M. conducted the simulations.
All authors contributed to the discussion of results and paper writing.

Competing interests
The authors declare no competing interests.

Nature Communications | (2025)16:7354


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61638-9

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-61638-9.

Correspondence and requests for materials should be addressed to
Giovanni Di Muccio or Vincenzo Carnevale.

Peer review information Nature Communications thanks Ben Corry and
the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:7354

10


https://doi.org/10.1038/s41467-025-61638-9
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Lipid-mediated hydrophobic gating in the BK potassium channel
	Results
	Pore hydration and lipid penetration
	Metastability of hydrated and dewetted state
	Deep-pore mutations that stabilize the open state prevent dewetting
	Potential involvement of lipids in allosteric coupling

	Discussion
	Methods
	MD setup and equilibrium simulations of the BK channel
	Enhanced RMD simulations and hydration free energy profiles
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




