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Abstract

Quaternary ammonium blockers were previously shown to bind in the pore to block both open and
closed conformations of large-conductance calcium-activated potassium (BK and MthK) channels.
Since blocker entry was assumed through the intracellular entryway (bundle-crossing), closed-pore
access suggested that the gate was not at the bundle-crossing. Since structures of closed MthK, a
Methanobacterium thermoautotrophicum homolog of BK channels, revealed a tightly-constricted
intracellular gate, we investigated the membrane-facing fenestrations as alternative pathways

for blocker access directly from the membrane. Atomistic free-energy simulations showed that
intracellular blockers indeed access the pore through the fenestrations and a mutant channel with
narrower fenestrations displayed no closed-state TPeA block at concentrations that blocked WT.
Apo BK channels display similar fenestrations, suggesting that blockers may use them as access
paths into closed channels. Thus, membrane fenestrations represent a non-canonical pathway for
selective targeting of specific channel conformations, opening novel ways to selectively drug BK
channels.

Introduction

Potassium (K*) channels play a central role in controlling selective ion conduction across
cell membranes, forming the basis of electrical-osmotic balance and signaling in the nervous
system?. Large-conductance calcium-activated K+ (BK) channels are activated by both
increases in intracellular calcium (Ca2*) and membrane depolarization and regulate critical
processes such as muscle contractility and neuronal excitabilityl—3. Changes in BK channel
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activity are associated with conditions such as hypertension, asthma, and neurological
diseases®. However, despite major interest and research efforts, there is currently a paucity
of FDA-approved selective BK channel pharmacological modulators®. Most compounds that
target ion channels bind to or near their ion conduction pathway, which, due to its high
conservation across channels, invariably leads to low selectivity. Consequently, discovery
and investigation of novel, channel-specific sites that can be targeted by small molecules in a
state-dependent fashion is critical for drug design.

Forays for novel sites for targeted therapeutics require structural information of multiple
functional states. Structural evidence from single-particle cryo-electron microscopy (cryo-
EM) is now available for BK®~7 channels from different species, in apo and Ca2*-bound
conformations. However, while the Ca2*-bound BK structures are most likely open, because
of their wide-open intracellular pore entryway, it is less clear whether the Ca2*-free
structures represent closed conformations; the width of their intracellular gate is still large
enough to allow a hydrated K* into the pore (Fig. 1b), which either indicates that the gate is
elsewhere8.9 10.11 or suggests existence of potential closed states for which structures have
not yet been determined. On the other hand, structures of Ca2*-free and Ca2*-bound MthK,
a prokaryotic homologue of BK channels that is only activated by Ca?*, unambiguously
represent open and closed states, respectively. The pore-lining TM2 helices of closed,
Ca?*-free MthK form a tight constriction at the intracellular bundle crossing, impenetrable
to ions12. Ca2* binding to the gating ring leads to a large outward swing of the TM2 helices
(Fig. 1a), opening the intracellular gate widely, like in BK channels (Fig. 1b), to allow ions
access to the porel2,

Because BK and MthK channels are homologous, discovery of novel binding sites and state-
dependent entry pathways for molecules in MthK can be directly applicable to eukaryotic
BK channels. Their pores are highly conserved, with large cavities, wide intracellular pore
entrances, and large unitary currents, unlike other K* channels®7:13-15 They have conserved
cytoplasmic domains that bind Ca2* and undergo similar conformational rearrangements
leading to channel opening2:16-19, |mportantly, their ion conduction pathways are blocked
in both open and closed states by quaternary ammonium (QA) compounds, unlike other
related K* channels, which are only blocked in open states10:11.20-22 Finally, as we
highlight in this work, both BK and MthK channels, display state-dependent membrane-
facing entryways from membrane into the pore (fenestrations), not observed in other K*
channels®12. Although, unlike MthK, BK channels have voltage sensor domains, their
disposition does not impede pore access through fenestrations.

QA compounds (blockers) have been used in ion channel research to learn about properties
of channel pores as well as activation and inactivation gates'1:22-30, In this work, we
identified and characterized a novel, state-dependent pathway for QA molecules to enter the
MthK pore and we discuss its conservation in eukaryotic BK channels. We searched for such
pathway in MthK because, in contrast to our previous findings that QA molecules block
closed MthK channels?!, our structure of closed MthK indicated a tightly shut intracellular
gate, through which blockers cannot squeeze2.
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Here, we used single-particle cryo-EM, functional assays and fully-atomistic molecular
dynamics (MD) simulations to show that the closed MthK channel pore can be accessed by
QA blockers not via the canonical ion conduction pathway, but by partitioning into the lipid
bilayer and entering the pore via membrane-exposed fenestrations!2. These fenestrations are
also observed in Ca2*-free but not Ca*-bound BK channel structures®=’ suggesting that
they may constitute a viable path for blockers and related molecules to bind and enter the
pore, and thus a novel target for specific BK channel inhibitor design. This alternative,
non-canonical access of the closed pore by QA blockers via a path distinct from the ion
conduction path, require reevaluation of previous proposals that MthK (and possibly BK)
channels gate at the selectivity filter.

TPeA and bbTBA bind below the selectivity filter in closed MthK

Previous functional fast-mixing stopped-flow fluorescence assays allowed direct measure
of QA block of closed MthK channels, indicating that some QA molecules can access the
closed pore?L. Since entering the pore via the ion conduction pathway is not possible with a
tightly shut intracellular gatel?, we searched for alternate access pathways.

To investigate if blockers bind closed MthK, we solved structures of purified Ca2*-

free closed MthK channels in lipid nanodiscs with 2 different QA blockers, TPeA
(Tetrapentylammonium) and bbTBA (N-(4-[benzoyl]benzyl)-N,N,N-tributylammonium), via
single-particle cryo-EM. The MthK-TPeA cryo-EM map (Extended Data Fig. 1, 2,
Supplementary Table 1) revealed the cross-shaped TPeA density consistent with a planar
four-fold symmetric molecule (Fig. 2) before imposing symmetry. The final map was
constructed with 4-fold symmetry (3.5 A, Extended Data Fig. 2, 3). The resolution of the
MthK structure in complex with the non-symmetric bbTBA was 3.5 A without symmetry
(Extended Data Fig. 2, 3) with the blocker density below the selectivity filter (SF), in a
similar location as TPeA (Fig. 2). Because the aromatic rings did not fit perfectly, we used
MD flexible fitting (MDFF) with the structure relaxed in a membrane, which lead to an
identical blocker binding pose (Supplementary Fig. 1). The locations of TPeA and bbTBA
in closed MthK are consistent with QA blockers binding locations in KcsA3132 and open
MthK20 channels (Extended Data Fig. 4).

TPeA and bbTBA binding changes closed MthK pore conformation

The structures of MthK-TPeA and MthK-bbTBA are similar to the published MthK closed
statel2, with several differences. First, unlike MthK1® and other K* channels33 that have

4 K* densities at defined SF binding sites (referred to as S1 to S4, from the extracellular
side, Fig. 2e), the MthK-TPeA SF contains only one density, in S4, and the MthK-bbTBA
contains densities only at the S3 and S4 sites (Fig. 2f—g). Second, the acyl chains of TPeA
and the longer benzyl-benzyl moiety of bbTBA interact with residues 184 and F87, leading
to a downward rearrangement of the F87 side chain compared with blocker-free closed
MthK (Fig. 2h—i). The other three bbTBA acyl chains (4 carbons per arm) are shorter than
those of TPeA (5 carbons per arm), and too far away to interact with the F87. This leads to
a mix of F87 conformations in the final reconstruction of MthK bbTBA, where two of the
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F87 side chains adopt an up and the other 2 a down conformation (Fig. 2j, Extended Data
Fig. 1e). Both features have also been observed in structures of KcsA in complex with QA
compounds3* and were associated with SF inactivation3°:36,

Our previously-reported closed MthK structurel? was of relatively low resolution (3.6 A).
We report here a new closed MthK structure (referred as blocker-free MthK) with higher
resolution (3.1 A) and improved SF density map (Extended Data Fig. 1, 2, Supplementary
Table 1). The atomic model is identical to the previous structurel? (RMSD= 0.3 A for Cq
and 0.8 A for all atoms). The SF contains four densities in the S1-S4 sites and all F87 side
chains are in the up conformation (Fig. 2e,h). All structural comparisons were performed
relative to this higher-resolution blocker-free MthK structure.

Lipids bind to fenestrations of closed MthK

We reported previously the appearance of fenestrations at interfaces between adjacent
subunits of the MthK tetramer, lined by TM2 helices, and located approximately halfway
through the membrane, connecting the pore with the lipid bilayer in the closed channel (Fig.
3a)12. A similar fenestration exists also in Ca2*-free BK channel structures (Extended Data
Fig. 4 a, g)’. When the channels open, the large motions of the pore-lining TM2 helices

that expand the intracellular gate, also obstruct these fenestrations (Fig. 3a—b, Extended
Data Fig. 4 a-b)127. The MthK fenestrations are lined by hydrophobic residues, and a lipid
density with one acyl chain penetrating through the fenestration half-way into the pore is
observed, as predicted by MD simulations!? (Fig. 3). Similar lipids observed in MthK-TPeA
and MthK-bbTBA structures (Extended Data Fig. 1a—d) likely stabilize TPeA binding in the
cavity via hydrophobic interactions between acyl chains, which can contribute to blocker
binding equilibrium in the closed state (Fig. 3b). Since the lipid contribution to the blocker
binding site is state-dependent, it may provide a basis for the higher binding affinity of
TPeA for the closed compared to open MthK?1,

These fenestrations offer an alternative pathway for QA blockers to enter the pore of closed
MthK channels directly from the membrane. TPeA and bbTBA qualitatively satisfy water/
lipid permeability to enter membranes from the aqueous environment and bind within the
water-filled cavity as they are amphipathic (positive charge and long hydrophobic acyl and
aromatic chains make them both water and lipid soluble3) - as we demonstrate below with
significant partitioning to the lipid-bilayer interface. They also match the size criteria to
squeeze through the fenestrations (largest dimensions of TPeA and bbTBA are ~7 and ~10
A, respectively). We next used MD to investigate whether these compounds can access the
MthK closed pore via fenestrations.

Restricted blocker entry via the closed intracellular gate

We performed all-atom MD simulations of full-length closed MthK (Fig. 4a), to explore the
entry pathway of intracellular TPeA. Unbiased flooding simulations of the channel with 50
mM TPeA revealed rapid partitioning of the blockers to the membrane interface, as well as
to the intracellular gate entrance, but were unable to enter the pore during 4 ps of simulation
(Extended Data Fig. 5a—b). We therefore turned to enhanced sampling simulations to study
TPeA entry energetics.
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We used Umbrella Sampling (US) simulations to calculate the free energy profile for TPeA
to first enter the closed state pore via the constricted intracellular gate, as a reference value
corresponding to prohibited entry (Fig. 4c, red curve). TPeA first interacts with the lower
TM2 helices (Fig. 4c, “lower TM2” inset), leading to a deep well in the free energy profile
(-8.2 £ 0.7 kcal/mal), after which it encounters a high barrier (19 £ 1 kcal/mol) to cross the
narrow intracellular gate, where it dehydrates (Fig. 4c, Extended Data Fig. 6a). Inside the
pore, there is a minimum in the hydrated cavity just below the SF (3.7 + 0.5 kcal/mol, Fig.
4c, “Cavity” inset) where TPeA buries its alkyl chains in the hydrophobic residues of the
pore. As observed in the structure, TPeA interacts extensively with lipids when inside the
cavity (Extended Data Fig.6f—g). The estimated equilibrium constant K for binding inside
the pore, based on the free energy profile for TPeA (Fig. 4c; see Methods), is 119 + 5 uM,
being at least an order of magnitude higher than the experimental value of 2.1 + 0.2 uM (),
This reduced calculated affinity may be due to a K* ion observed to slip out of the SF and
into the cavity as the filter collapses in the MD simulation when TPeA binds to the pore,
which would also be expected to increase the barrier for TPeA to bind in that region (further
details in Supplementary Fig. 3).

The high free energy barrier for TpeA to pass through the closed gate suggests low rates of
passage. The unimolecular Kramer’s rates for binding and dissociation of TPeA based on
the 1-dimensional (1D) free energy profile are 0.0066 + 0.0026 s~ and 0.0040 + 0.0016 s~ 1,
respectively (Fig. 4c). The estimated bimolecular association rate constant for overcoming
the barrier at the bundle crossing and binding to the pore from water (see Methods), &, is
33 + 20 M~1s71, which is four orders of magnitude slower than the experimental estimate of
0.14 + 0.02 pM~1571 (21) (agnostic to the pathway), suggesting TPeA is unlikely to enter the
pore via this pathway.

Favored blocker entry via the membrane-facing fenestrations

We next used US to describe membrane partitioning and subsequent crossing of TPeA
through one of the four side fenestrations (Fig. 4a). The free energy profile for 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE):palmitoyl-2-oleoyl-sn-
glycero-3-phosphatidylglycerol (POPG) (3:1) bilayer partitioning (Extended Data Fig. 5d)
shows a strong preference for TPeA to move from water into the membrane, preferring to
reside with its center of mass ~16 A from the bilayer center (Extended Data Fig. 5d, left
inset). It then experiences a steep barrier to approach the bilayer center, owing to membrane
deformations around the localized charge of the ammonium group (Extended Data Fig.

5d, right inset). The calculated membrane partition coefficient, 7= 780 + 200, strongly
favoring the membrane interface over water (~1 TPeA in water for every 780 in the bilayer
at equilibrium), explains our observations from unbiased MD simulations (Extended Data
Fig. 5a-b).

To determine TPeA entry into the pore through fenestrations from the bilayer interface,
we carried out 2D US as a function of both the lateral xand vertical zcoordinates
spanning the pore, fenestration and membrane interface. The 2D free energy map reveals
the lowest free energy path for TPeA to enter the pore via the fenestration (Fig. 4b, dashed
line; Supplementary Movie), which passes through the bottom of the fenestration aided
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by interactions with E92 (Fig. 4a, c, “fenestration” inset, near z= -4 A, Extended Data
Fig. 6d), leading to a barrier of ~6 kcal/mol. This value is ~13 kcal/mol lower than that
encountered when the blocker attempts to access the pore via the intracellular gate.

Inside the pore, TPeA binds preferentially just below the SF (z=5.5 A), a similar position

as in the cryo-EM map (z=7.4 A; compare Fig. 4c “pore” inset to Fig. 20, f, i), with lipid
tails again contributing to its solvation (Extended Data Fig. 6d—g). The free energy at the
upper pore binding site is similar to that at the membrane interface (similar blues in Fig. 4b),
considerably more negative than in bulk water (Extended Data Fig. 5¢). To compare with the
energy profile via the intracellular gate (Fig. 4c, red line), we also derived a 1D free-energy
profile for TPeA entry via the fenestrations from the 2D US (Fig. 4c, blue line). TPeA
encounters a free energy minimum (=2.0 + 0.1 kcal/mol) upon interaction with E92 and
hydrophobic residues on TM2 (Fig. 4c, “fenestration” inset), after which it crosses a barrier
of just 4.9 + 0.1 kcal/mol as it dehydrates to enter the pore (Fig. 4c, “pore” inset, Extended
Data Fig. 6a), with a free energy comparable to that at the membrane interface. Importantly,
relative to bulk water, the free energy of TPeA binding inside the pore is consistently ~—4
kcal/mol, whether it is accessed via the gate or via the membrane and fenestration (Fig. 4c,
Extended Data Fig. 5d).

As a result of the much-reduced barrier to pass the fenestration, higher Kramer’s rates for
binding and dissociation of 1.6 + 0.1 ps~ and 46 + 1 ps~1, respectively, are calculated, based
on the 1D free-energy projection (Fig. 4c). The bimolecular association rate constant, kg,
for crossing the barrier at the fenestration and entering the pore from the membrane interface
is 19 + 1 uM~1s72, 2 orders of magnitude faster than the experimental value?! of 0.14 +

0.02 uM~1s571 (see Methods for details and discussion on the approximate nature of a rate
based on a Kramer’s model using a 1D free energy projection). The fenestration pathway
thus appears to be easily capable of supporting the TPeA binding measured experimentally
for the closed channel. These calculations indicate that TPeA enters the closed pore from the
intracellular side with a strong preference for the membrane-bound fenestration pathway.

Screen for MthK mutants with obstructed fenestrations

To experimentally test this pathway, we introduced mutations in the fenestration designed
to obstruct blocker access to the closed pore. From the six residues lining the fenestration,
two (184, F87, Fig. 2b, i) we did not alter since they contribute to the blocker binding

site. Furthermore, in silico (COOT38) mutations of only three (A90, A88 and V91, Fig.
3c) predicted changes in the fenestration size. We changed all three to bulkier side-chain
residues, to make the fenestration smaller and more difficult (or impossible) to access

the closed pore. The mutants were first screened functionally for altered closed-state
TPeA block. We measured TPeA block in both closed and open states using stopped-flow
fluorescence assays?1:39, To determine the TPeA concentration ([TPeA]) where half of the
closed channels are blocked (ICsgcjosed), Channel-reconstituted liposomes were incubated
in 0 Ca2* with different [TPeA], and then the channels were rapidly opened with CaZ*

to measure the percentage already blocked. For TPeA ICsq in the open state (ICsopen)
the channels were pre-incubated with CaZ*. To determine the kinetics of equilibration of
TPeA with closed and open channels, similar experiments were performed by incubating
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the channels for different durations, either with or without Ca2*, respectively, with TPeA
concentrations determined from 1Csq experiments.

A88 mutants displayed very low flux (A88F MthK flux rates in Extended Data Fig. 7a),
making it impossible to accurately measure block. A88F MthK was predicted to have
completely occluded fenestrations /n silico but its cryo-EM structure (Extended Data Fig.
7e—i, and Extended Data Fig. 8) revealed that the fenestration was remodeled by the
rearrangements of F87 and F88, which actually made the fenestration marginally larger
and positioned closer to the extracellular side (Extended Data Fig. 7e—g). Although the F88
side chains line the fenestration, those of F87 reoriented to face the pore axis, leading to

a narrower permeation pathway (Extended Data Fig. 7h—i) and potentially explaining the
lower flux?041-43 Although the A88F mutant was not useful for testing the fenestration
pathway due to its low signal to noise ratio and the different-from-predicted fenestration
size, it offered a cautionary tale about the dangers of interpreting mutation effects without an
experimental structure.

Although the V91F MthK also displayed lower flux than WT, we could measure closed

and open TPeA block. However, the [TPeA] required to block V91F (ICsg) and the block
kinetics in both open and closed states were identical to WT (Extended Data Fig. 7b—d),
which suggested that VI1F, similar to A88F above, behaved differently than expected, and
fenestration access was unaltered. MD simulations of modeled V91F MthK in lipid bilayers
indicated that the bulky side chains of F91 indeed point toward the pore axis, rather than
the fenestration (Extended Data Fig. 9). This can affect ion permeation, as for A88F above.
We also observed that V91F displays an increase in lipid tails penetrating into the pore
(from 1.3 £ 0.1 in WT, to 3.9 = 0.1, Extended Data Fig. 9d), apparently stabilized by the
aromatic side chains. A time series of fenestration sizes (determined using HOLE), indicated
comparable dimensions for V91F and WT, in agreement with the result from functional
assays (Extended Data Fig. 9c).

Impeded TPeA access through A90L MthK narrower fenestrations

Only A90L MthK had a block phenotype different from WT (Fig. 5). Closed block assays
for a range of [TPeA] (Fig. 5a) revealed that the same concentrations that blocked WT no
longer blocked A90L MthK (ICsqcigsed ~17 UM for A90L, 8-fold larger than WT MthK, Fig.
5b left, compare solid lines for A9OL with dashed lines for WT). On the other hand, open
A90L is blocked by similar [TPeA] as WT MthK (ICsgopen ~10 uM for A9OL, only 2-fold
larger than WT MthK, Fig. 5b right). Importantly, it takes less TPeA to block open than
closed A90L channels, opposite from WT (Fig. 5b), with consequences for interpretation

of “closed block” data: any [TPeA] that blocks closed would also block open channels,
only better. This means that during a closed block experiment, the [TPeA] pre-incubating
with closed A90L MthK will also block the channels as they are opened to measure

the percentage blocked, and thus the measured blocked fraction will also include open
channels?L. In support of this, TPeA appears to equilibrate with closed A90L channels as
fast as with open channels (Fig. 5c), indicating that at the concentrations used, TPeA blocks
A90L immediately upon opening and the data are rather a measure of open block. This is in
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contrast to WT, where the [TPeA] required to block the open is higher than that for closed
channels, and true closed-state block could be measured?.,

Two main scenarios can explain the challenges in measuring closed state block in A90L
MthK. In the first, the fenestrations of A9OL become too narrow for TPeA entry into the
closed pore on the time scale of the assay. In this case, even if there is no closed-state TPeA
access, as [TPeA] is increased to measure a closed-state block dose response (Fig. 5b left),
open channel block will eventually be measured when the [TPeA] reaches the relevant range
(Fig. 5b, right). In the second scenario, the intracellular gate of closed A90L MthK, instead
of being sterically shut as in WT, is wide open with the TM2 helices splayed apart akin to
the open conformation. In this case, intracellularly-applied TPeA would have equal access to
its binding site in both closed and open A90L MthK, leading to the observed similar open
and closed state block (Fig. 5 b—c).

To distinguish between these, we solved the single-particle cryo-EM structure of lipid
nanodisc-reconstituted closed A90L MthK in the absence of Ca2*. The 3.49 A resolution
structure (Extended Data Fig. 3 and Extended Data Fig. 10) was similar to WT MthK,
including a sterically shut intracellular gate (Extended Data Fig. 7h—i), eliminating the
second scenario. The only differences between A90L and WT are at the fenestrations

(Fig. 5d—f, Extended Data Fig. 7g). L90 points towards the TM2 of neighboring subunit,
considerably narrowing the fenestrations in A90L compared to WT, as also indicated by MD
simulations (Extended Data Fig. 9¢). The smallest fenestration dimension in A90L is ~3 A
(Fig. 5f), which is too narrow to allow facile entry of TPeA ( average size ~ 7x9 A)21,

Consistent with obstructed blocker entry through smaller portals, lipids were no longer
observed bound to the closed A90L fenestrations, and MD simulations also revealed
reduced lipid presence compared to WT (0.98 + 0.05 lipids for A90L compared to 1.3

+ 0.1 for WT; Extended Data Fig. 9d). The bound lipids observed in WT structure were
captured presumably because they were stabilized by their tails penetrating through the
fenestrations. The smaller fenestrations in A90L MthK are less favorable for lipid tail entry
with the lipid binding to the fenestrations weakened, as suggested by MD. Together, the
functional and structural data, and the MD strongly argue that the L90 substitution narrowed
the fenestrations in A90L MthK so that TPeA is mostly prevented from entering closed
channels. This, together with the structural evidence that there is no other pathway by
which the closed channel pore can be accessed by blockers, is consistent with a dominant
fenestration pathway for TPeA into the closed pore.

Discussion

Here we showed that QA blockers access closed MthK channels via a non-canonical, state-
dependent, membrane-facing fenestration path, rather than via the ion conduction pathway
through the intracellular entryway, as in open channels. We provided structures of closed
MthK in complex with two different blockers, suggesting that the blockers can access and
bind in the closed pore. MD simulations calculated a considerably lower free energy barrier
for the blocker to access the closed pore through the fenestration than via the ion conduction
pathway, consistent with the experimental rates of blocker access?!. Finally, we validated
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this pathway experimentally by showing that mutant channels with narrower/obstructed
fenestrations displayed impeded blocker access in the closed state.

These findings shed light on previous data where blockers binding to closed MthK was
taken to mean that the intracellular pore entryway remained wide enough in the closed
state, implying that the channel gate was at the selectivity filter?. This was based on the
assumption that the only way into the pore was via the canonical ion conduction pathway.
Structures of closed MthK12 were instrumental in debunking this assumption as they not
only showed that the intracellular entryway is too narrow for ions and blockers to access the
pore (Fig.1a), but also indicated an alternative access path for blockers, i.e. the membrane-
facing fenestrations. Our structures, MD simulations, and functional assays of fenestration
mutants showed that TPeA and bbTBA are indeed bound in the cavity of the closed MthK
and they access this site via the fenestrations, a non-canonical pathway.

Suggestions that BK channels gate at the selectivity filter1911.21 were based on evidence
that intracellularly-applied QA blockers can access both open and closed states, as had been
found for MthK2, This is in contrast with data for voltage-gated potassium channels?4:45
where strict state-dependent intracellular blocker and other probes’ accessibility indicated
that at least one of the gates restricting permeation was at the intracellular entryway
(Fig.1a). Furthermore, blockers access both open MthK and BK channels with similarly
high, near diffusion-limited rates'121, while they access other open K* channels with lower
rates?246, highlighting similarities between MthK and BK and differences from their K*
channel relatives. Our finding that QA blockers access closed MthK via membrane-facing
fenestrations rather than via the ion-conduction pathway opens up the possibility that this
happens in the closely-related BK channels.

Although the existing BK channel structures can accommodate QA blocker entry via the

ion conduction pathway in both Ca2*-free and Ca2*-bound conditions (Fig. 1b), it is unclear
whether the Ca2*-free structure is a closed state®, and whether other closed states, with
narrower or tightly-shut intracellular gates, are still to be identified® (alternatively, the wide
intracellular gate in Ca2*-free BK could indicate hydrophobic, or vapor-lock gating where

a steric obstruction of the permeation pathway is not required for a closed state*’). Despite
the wide gate, the pore-lining helices in the Ca2*-free are straighter than in the CaZ*-bound
BK structure, creating fenestrations similar to those in closed MthK, with conserved residues
lining it (Fig. 1b, Extended Data Fig. 4). QA blockers may access the BK pore via these
fenestrations as well as via the ion conduction pathway, even if the intracellular gate is

wide (molecules with large membrane partition coefficients may prefer a membrane path).
This would re-ignite discussions about the gate locations in BK channels. In this context,

it is interesting that both BK and MthK, reported to be accessed by QA blockers in the
closed state and hence proposed to gate at the SF, possess fenestrations in closed states,
while channels where blockers may not access the closed state (KcsA, inward-rectifiers) and
believed to gate at the intracellular gate, do not display fenestrations (Fig. 3 and Extended
Data Fig. 4).

Lipids were observed bound to the MthK fenestrations and inspection of the density
(EMD-21036) of the CaZ*-free BK channel structures®” also indicated unassigned lipid
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densities at the BK fenestrations (Extended Data Fig. 4a, ). The state-dependent binding
of lipids suggests lipid-dependent gating in these channels, which was previously reported
for BK, although the mechanism is still unclear#8 495051 MthK has not been reported

to display lipid-dependent gating, but mutations of a residue lining the fenestration, A88,
which would lead to changes in the size of the fenestration and affect lipid binding, were
reported to have changes in activity, consistent with a role for lipids in stabilizing closed
MthK via binding at fenestrations*.

Structures of blocker-bound KcsA channels (and open MthK20) share features with the
structures of blocker-bound closed MthK (Extended Data Fig. 4)31:32:34.52 For |ong-tailed
blockers, a conserved phenylalanine right below the SF (F103 for KcsA and F87 for MthK)
assumes a different rotamer when blockers are bound (Fig. 2). The down F rotamer in the
presence of blocker was associated with a “collapsed”, C-type inactivated selectivity filter3>,
and KcsA bound with long-tailed blockers displays a collapsed SF with only two ions in the
pore34, similar to our TPeA- and bbTBA-bound MthK structures (Fig. 2). Filter emptying

is also an indication of a non-conductive filter, and simulations have shown that the MthK
SF will collapse with only one ion in S4°3. The ion loss from the MthK SF following
blocker binding is also consistent with observations of accelerated C-type inactivation in QA
blocker-bound Shaker K* channels, caused by loss of ions from the pore2®. The resolution
of the selectivity filter in our structures is however not sufficient to differentiate between a
collapsed and a conductive filter, although MD simulations showed it collapsed upon TPeA
binding.

Fenestrations are increasingly found in structures of many membrane proteins suggesting
an emerging general mechanism to regulate transport and entry of hydrophobic molecules
inside permeation pathways, bypassing the canonical pore/transporter pathways. Lateral
fenestrations were proposed as access points for local anesthetics and antiarrhythmics

into the resting state pores of Na* channels®#-°6. Calcium channels also display
fenestrations, potential entry pathways for dihydropyridines, benzothiazepines and
phenylalkylamines®”®8, and fenestrations in TREK-2 channel are used by fluoxetine to
enter the pore®®. In addition, transporters for hydrophobic compounds such as Vitamin

A, also have lateral windows that may shuttle these compounds through the membrane®.
Currently, the physiological role of fenestrations in K* channels is unknown®L. However, the
high conservation between the fenestrations in MthK and those in BK, together with their
unique state-dependence suggests an evolutionary pressure for preserving these features in
calcium-activated potassium channels and an opportunity to identify novel therapeutics.

We reexamined a previous assumption that intracellular blockers access channel pores
exclusively via the canonical ion conduction pathway, following our observation that a
closed MthK channel structure with a sterically shut intracellular gate, prohibitive to

QA blocker entry, is nevertheless blocked by these molecules. We can now reconcile
previous functional experiments with structural data by showing how QA blockers can
enter and block the closed MthK pore via a non-canonical membrane-facing fenestration
path, despite a closed intracellular gate. This investigation illustrates the power of cryo-EM
structures, together with atomistic MD simulations, in eliminating scenarios from the list
of possible mechanisms inferred from functional studies, especially when structures are
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assigned to functional states. In addition, a novel access pathway into the pore of calcium-
gated potassium channels opens possibilities to design much needed state-dependent drugs
targeting these therapeutically-relevant ion channels.

Methods

Sample Preparation

The MthK WT and A90L mutant channel expression, purification and reconstitution into
nanodiscs has been done as described previously!2. Briefly, XL1-Blue cells transformed
with pQE82-MthK was grown at 37°C in Luria-Bertani media until OD600=1, then
incubated with 400 uM IPTG for 3 h at 37°C. The cells were sonicated and membranes
were extracted using 50 mM decyl maltoside for 2 hours at room temperature. The proteins
were purified by the histidine tag binding to a cobalt column, then the histidine tag was
cleaved by thrombin. MthK was further purified on a Superdex-200 (GE Healthcare) gel
filtration and concentrated by 50,000 MWCO Amicon concentrators (Millipore). MthK was
reconstituted into nanodisc with 3:1 POPE:POPG for the blocker-free, A9OL mutant, and
TPeA dataset, and 3:1 DOPC:POPG for the bbTBA dataset.

Grid preparation and EM data collection

The blocker-free MthK sample had cadmium chloride (Sigma-Aldrich) added to a
concentration of 1mM, which was immediately used to freeze cryo-EM grids. Cadmium
(Cd2*) was meant to be an activator in this sample as it was previously reported to activate
MthK®2. Although we used ~20 folder higher concentration than the reported EC50 for Cd2*
activation, most of the particles are in the closed state with Cd2* density observed in the
RCK domains in the high affinity calcium-binding site (C1) but not in the low affinity sites
(C2,C3)12. This structure is identical to the closed state we previously observed and reported
in the presence of CaZ* 12, We did not follow up on the reason for the lack of activation,
although one possibility is that some of the Cd2* precipitated and the final concentration
was lower and thus not sufficient for supporting the open state. Here we are only interested
in the serendipitously-obtained higher resolution MthK closed state structure with better
resolved lipids and selectivity filter than the previously reported structurel2, without further
investigation of the mechanism for Cd2* activation.

For MthK with TPeA, EDTA was first added to a concentration of 0.5 mM, then
tetrapentylammonium (TPeA) hydroxide solution (Sigma-Aldrich) was added to a
concentration of ~1mM. The mixture was incubated for 2 hours at room temperature

before freezing the cryo-EM grids. For MthK with bbTBA, EDTA was first added to a
concentration of 0.5 mM, then A-(4-[benzoyl]benzyl)- N, N, N-tributylammonium (bbTBA,
Spectra Group Limited Inc.) was added to a concentration of 5 mM. The mixture was
incubated for 24 hours at room temperature before freezing. The freezing procedure is

the same as described previously2. Briefly, all samples (~10mg/ml) were supplemented
with 3mM Fos-choline-8, Fluorinated (Fos8-F, Anatrace) right before freezing, the grid was
plunge frozen in liquid ethane using a Vitrobot Mark IV (FEI, Thermo Fischer Scientific)
with blot force 1, blot time 2s. The MthK A90L (~10mg/ml) sample was incubated with
5mM EDTA for 5mins at room temperature and then supplemented with Fos8-F right before
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freezing, the grid was plunge frozen in liquid ethane using the Vitrobot Mark IV (FEI,
Thermo Fischer Scientific) with blot force 1, blot time 2s.

The blocker-free and TPeA-bound MthK datasets were collected on a Titan Krios (FEI,
Thermo Fischer Scientific) equipped with a Cs corrector and imaging filter operated at
300KV. Images were collected on a K2 direct electron detector (Gatan) in counting mode
using Leginon®3. For the blocker-free MthK dataset, the pixel size is 1.096 A/pixel and
total dose is 51.53 e/A2. For the TPeA-bound MthK dataset, the pixel size is 1.1 A/pixel
and total dose is 52.23 e/A2. The bbTBA-bound MthK dataset was collected on an Arctica
Talos (FEI, Thermo Fischer Scientific) operated at 200KV. Images were collected with a
K3 direct electron detector (Gatan) in super resolution mode using Leginon®3. The pixel
size is 1.096 A/pixel and total dose is 52.52 e/A2. The blocker-free MthK A90L closed
dataset was collected on Titan - Krios G3i (FEI, Thermo Fischer Scientific) equipped with
a Cs corrector and imaging filter operated at 300 KV. Images were collected on a K3 direct
electron detector (Gatan) in super resolution mode using Leginon®3. The pixel size is 0.5413
AJpixel and total dose is 65.19 e /A2.

Cryo-EM data processing and Model building

All datasets were processed in Relion3.064. The frames were aligned and dose weighted
with Relion Motioncor2%°. The contrast transfer functions (CTF) were estimated with
CFTFINDA456, Particles were auto picked, extracted, and used for 2 rounds of 2D
classification in Relion3.0. The good classes were selected and used for 3D classification.
The closed state particles were selected and used for refinement without imposing
symmetry. Focused classification was used to find the particles with best transmembrane
domain (TMD), by using a mask surrounding the TMD region and running 3D classification
without alignment. The best class was selected and further refined with or without fourfold
symmetry. The overall structures of these datasets are nearly identical to the MthK closed
structure we reported beforel2, The MthK closed structure (PDB 6U6D) was docked into the
cryo-EM maps first with UCSF Chimera®’. Then, the cryo-EM maps were carefully checked
for extra density, and Cd2*, TPeA, bbTBA, and lipids were manually built in Coot58. The
structures were further refined by PHENIX real space refinement5® for several rounds.

The MthK-A90L and the TPeA-bound MthK-A88F datasets were processed similarly in
Relion3.0%4,

Stopped-flow TI* flux assay

Stopped-flow experiments were performed using a sequential-mixing stopped-flow
spectrofluorimeter (Applied Photophysics, Leatherhead, UK). A90L MthK protein was first
reconstituted into large unilamellar vesicles (LUVs) containing the fluorophore ANTS (8-
Aminonaphthalene-1,3,6-trisulfonic acid, Life Technologies), as described?:39, LUVs were
made of POPE:POPG (3:1) and contained 450 pg channel for 15 mg lipid mixture.

For measuring closed state block, LUVs containing A90L MthK (in 140 mM KNOg, 10 mM
HEPES, pH 7.0) in the absence of Ca2* were mixed with 2X [TPeA] (2, 12, 20, 60, and 200
UM TPeA) in premix buffer (140 mM KNO3, 10 mM HEPES, pH 11.7) for 10 s. Then, the
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mixture was immediately mixed with 34.4 mM Ca2* and 1X [TPeA] (1, 6, 10, 30 and 100
UM TPeA) in quench buffer (50 mM TINO3, 94 mM KNO3, 10 mM HEPES, pH 8.5).

For the open state block measurements, LUVs containing A90L MthK were first incubated
with 34.4 mM Ca2* and 2X [TPeA] in premix buffer for 100 ms, followed by immediately
mixing with 17.2 mM Ca?* and 1X [TPeA] in quench buffer.

For measurement of activity at 0 mM TPeA, LUVs containing A90L MthK were mixed with
premix buffer for 100 ms before immediately mixing with 34.4 mM Ca?* in quench buffer.

For both closed and open block experiments, three biological repeats with three separate
protein and LUV preparation were performed. In each biological repeat, six measurements
were performed per one concentration of TPeA.

MD Simulations of TPeA binding

Basic MD simulations details—MD simulations were performed starting with the
closed conformation of the WT, A90L and V91F MthK channel embedded in lipid

bilayers containing 1032 lipids (POPE:POPG in ratio 3:1; to match that used in the

cryo EM nanodiscs), hydrated by 90,470 explicit TIP3P water molecules and 150 mM

KCl solution (containing 623 K* and 245 CI~ ions, to ensure a charge neutral system),
totaling 435,510 atoms. In the case of systems simulating TPeA, K* ions were replaced
with TPeA. The systems were built with CHARMM?? and equilibrated and simulated

with NAMD2.13, NAMD2.14"1 and purpose-built supercomputer Anton 272 (only for WT
systems). During the equilibration, harmonic restraints (10 kcal/mol/A2) were applied to all
heavy atoms and slowly released over 2 ns, followed by 1 ns of initial equilibration without
any restraints. The CHARMM36 lipid’2 and CHARMM22 protein force fields’ with
CMAP corrections’® were used, assuming standard protonation states for titratable residues.
Corrections to non-bonded interactions were applied to the interactions between K* ions
and backbone carbonyls (depth 0.102 kcal/mol and position 3.64 A of minimum) to better
match experimental free energies of ion solvation in liquid amides, N-methylacetamide’®.
Parameters for TPeA and bbTBA were generated with the CHARMM General Force Field
web server ParamChem (interface version 1.0.0 and force filed version 3.0.1)’7. The NPT
ensemble was imposed by using a Langevin piston’87% in NAMD (Martyna-Tobias-Klein
barostat on Anton 289) to maintain a pressure of 1 atm, and a Nosé-Hoover thermostat®1.82
to maintain a temperature of 303 K. Bonds to hydrogen atoms were maintained with the
RATTLE algorithm®3 and electrostatic interactions calculated with Particle Mesh Ewald8*
with a grid spacing of 1.5 A and 6! order B-spline mesh interpolation in NAMD (Gaussian
split Ewald method® on Anton 2 with size and spreading optimized by Anton) with a
neighbor list distance of 15 A and a real space cutoff of 12 A with energy switch distance of
10 A.

Unbiased TPeA Flooding simulations—~Flooding simulations were performed by
replacing K* with 90 TPeA ions (deleting overlapping water molecules) using the
CHARMM0 program, resulting in an initial TPeA concentration of 50 mM. Rapid
partitioning of TPeA ions to the membrane resulted in a low concentration in bulk solution
at equilibrium. The system was simulated for 4 ps on purpose-built supercomputer Anton

Nat Chem Biol. Author manuscript; available in PMC 2024 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan et al.

Page 14

272, The free energy surface for TPeA was calculated as W (r, z) = — k,TIn[p(r, z)] + C,
where p is the unbiased probability distribution as a function of the radius, 7, and z position,
with constant Cchosen to set the zero of the free energy in bulk electrolyte.

Umbrella sampling simulations for gate entry of TPeA—US simulations® were
performed for TPeA entering MthK though the closed gate. One K* ion was replaced by

a TPeA ion. Initial windows were created by dragging TPeA using steered MD with a
harmonic force constant of 2.57 kcal/mol/AZ2 for 1ns/A though the gate. The paths were
separated into 48 windows at z=—25 to 22 A, with 1 A spacing. In each window, the ion was
held near the window central position by harmonic constraint with a 2.57 kcal/mol/A? force
constant, ensuring overlapping distributions for neighboring windows. To increase sampling
efficiency, the radial position of the ion was constrained with a flat-bottom potential to keep
it in a cylinder of 10 A with a force constant 10 kcal/mol/A2. Free energy profiles were then
calculated using the Weighted Histogram Analysis Method (WHAM)87. Mean and error
(reported as +1/2 « A%(z)) were calculated by dividing the data into 2 blocks. Simulations
were run for 55 ns and 120 ns, totaling ~2.6 ps and ~5.8 ps of simulation. The fist 42 and 98
ns were discarded following convergence to within 1 kcal/mol (Supplementary Fig. 2a—b).

Umbrella sampling simulations for fenestration entry—US simulations were
performed for TPeA movement from the membrane interface though the fenestration to

the closed MthK pore. For initial 1D US, configurations for each window were created using
steered MD with a harmonic force constant of 10 kcal/mol/A2 moved in the x direction a
rate of 2 ns/A. The paths were separated into 32 windows at x=0 to 31 A (relative to the
center of mass of the fenestrations; residues 84, 86, 87, 90, 91 and 94 with x being parallel
to the vector that passes though opposite fenestrations (Supplementary Fig. 2a; inset), with
1 A spacing. In each window, the ion was held near the window’s central position by
harmonic constraint with 2.57 kcal/mol/AZ force constant. The transverse position of the
ion was constrained with a flat bottom cylindrical potential to keep it in a cylinder of 10

A with a force constant 10 kcal/mol/A2, however this potential was not felt by the ion and
did not influence results. Free energy profiles were calculated using WHAM, with mean
and standard error calculated by dividing the data into 5 ns blocks. Simulations were run
for 80 ns, totaling 2.5 s, with the first 62 ns discarded following convergence to within

1 kcal/mol (Supplementary Fig. 2c). This 1D US yielded the free energy profile shown in
Extended Data Fig. 5¢. The profile revealed an attractive well for TPeA binding just outside
the fenestration near x=13 A, as well as inside the pore (x<3 A), but it can be seen that the
approach failed to properly sample the barrier at the fenestration, with a discontinuity near
x=10 A where the TPeA ion passed though the fenestration (Extended Data Fig. 5c).

The 1D US describing lateral entry of TPeA therefore struggled to sample fenestration
passage because TPeA remained strongly bound to the protein (at x~13 A in Extended Data
Fig. 5¢) instead of moving up into the fenestration. As a result, 2D US was needed to
ensure equilibrium sampling TPeA movement though the MthK fenestration. The map was
separated into 291 windows with 1 A spacing from x=0 to 20 A and z=-7 to +5 A, plus
additional windows inside the pore from x=0 to 5 A with zup to +8 A), covering a region
that spans the pore, fenestration and membrane interface. Initial windows were chosen from
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1-dimenional US for TPeA entering though the fenestration by picking the frame closest

to the center of the window. In each window, the ion was held near the central position by
harmonic constraint with a 2.57 kcal/mol/A2 force constant in each dimension. Each window
was simulated for 20 ns, totaling in ~5.8 ps of simulation. Free energy profiles were then
calculated using 2D WHAMB8E,

We have derived a free energy profile for TPeA fenestration entry in the xdirection, WX),
from the 2D free energy map, #7'(x, z), via

W(x)= — kyTln / V(% 2)lksT 47 4 C,

with constant C determined by setting WA x) to zero far from the protein, kg is Boltzmann’s
constant, 7is temperature and integration is over the full range of zsampled during

2D US. To extend the resultant free energy profile further away from the protein in

the membrane interface, the 2D US simulations were supplemented with the 1D US and
flooding simulations (which sampled well the movements away from the protein) to create
an overall 1D projection along the x-axis in Fig. 4c (blue line). This was done by including
the timeseries from 1D sampling as additional windows in the 2D WHAM with zero force
constant in the zdirection, as well as including each individual molecule in the flooding
simulations as separate additional windows with zero force constant in either direction.
Convergence of the 2D US was judged by analyzing changes in the 1D projection, W/X),

to within 1 kcal/mol, which occurred after 8 ns (Supplementary Fig. 2d). The first 8 ns

were therefore discarded before computing the final free energy map in Fig. 4b. Mean

and error (reported as +1/2 « A%'(x)) were calculated by dividing the data into 2 equal
blocks. Although this projection assumes an equilibrium distribution of vertical movements,
it serves to approximate the free energy changes associated with passing from the membrane
to the pore of the channel, incorporating a range of possible pathways, similar to the optimal
pathway (Fig. 4b, dashed curve).

Estimation of rate constants—The rate constants for entering or leaving the pore via
the two pathways were estimated using the Kramer’s transition rate89.90

9 Déarrier 2 2 172 — i
k* = Z(ﬂ.'bTBT)[ -w (gbarrier)W (gwell)] e AWacuvauon/kBT’

where W (¢) is the 1D free energy profile as function of ¢ = z or x, for gate or fenestration
entry, respectively, Dparrier) 1S the diffusion constant at the top of the barrier (see below),
W'(&) is the second derivative/curvature at the barrier or well, and A Wjctivation the activation
barrier. Using a Kramer’s rate model based on a 1D free energy projection may not fully
incorporate friction in secondary coordinates and may yield elevated estimates of the true
rates. Curvatures of extrema were determined by fitting a second degree polynomial to
minima and maxima of the free energy profiles in Fig. 4b and Fig. 4c (blue line), spanning
minima just outside the channel and within the pore (=15 A<zyep entrance< 4 A, 4 A<Zpayrio<
13 A and 20.5 A<z pore< 23.5 A for entry though the gate and 12 A<Xye entrance< 16

A, 6 A<Xparrier< 11.5 A and 2 A<xyyeys pore< 5 A for entry though the fenestration). This
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resulted in k*,,, = 0.0066 + 0.0026 s~1 and k*,,, = 0.0040 + 0.0016 s~1 for entering the pore
via the gate and k*,,, = 1.6 + 0.1 us~1 and k*,,, = 46 + 1 ps™1 for entering the pore via the
fenestration.

The Kramer’s rate constants for movement along the reaction coordinate, ¢, defined as

k* above, are unimolecular rate constants with units of inverse time. We can relate to

the bimolecular association rate constants inferred experimentally by combining Kramer’s
backward rate constant estimates with the relevant equilibrium constants for binding. In the
case of the gate entry pathway from water into the pore, we assume that the experimentally
measurable bimolecular rate constant, 4, corresponds to binding inside the pore from bulk
aqueous solution, allowing estimation of the association rate constant via

k,, = Kg(water — pore) X k *,,,4 .

Using Ku(water — pore) = 8.4%3.9mM™1 (see calculation below) and &*,., = 0.0040 + 0.0016
s71, this gives k,, = 33 + 20 M~1s~1, Note that if one were to instead describe the rate of
crossing from the interfacial free energy minimum into the pore, multiplying k*,,, by the
equilibrium constant K (inter face — pore), the value of k,, would be reduced three orders of
magnitude, further demonstrating that this pathway is forbidden.

For entry though the fenestration pathway we assume that, due to the rapid partitioning of
TPeA into the membrane interface, the bimolecular rate constant can be estimated based on
the equilibrium constant for movement from the membrane to the pore, such that

kon = kg(memb — pore) X k *p,,4 .

Using K ,(memb — pore) = 0.42+0.01M~1(see calculation below) and k*,,, = 46 + 1 pus~1, this
gives k,, =19 + 1 uM~1s71,

The free energy profile for membrane partitioning in Extended Data Fig. 5d shows a strong
preference for TPeA to move from water to membrane, validating the assumption of rapid
equilibrium with membrane positions before fenestration crossing. Furthermore, we assume
that the x-coordinate adequately captures the slow movements of the ion through the side
fenestration. This is justified because, although slow movements in zwere observed in US
simulations on the simulation timeframe, the barrier is dominated by lateral movements in
xin Fig. 4c (blue line). This estimate is expected to be approximate, however, because it is
a Kramer’s estimate based on a 1D free energy projection. We also note that the protein’s
4-fold symmetry, with 4 parallel fenestration pathways, suggests rates would need to be
scaled up to 4-fold. Reported estimates of rate constants remain unscaled, however, as this
depends on the level of independence of the four fenestrations.

Equilibrium constant for pore binding via the intracellular gate—The equilibrium
binding constant (inverse dissociation constant) to a site in the protein from bulk water can
be expressed in terms of the full 3D free energy surface W x,y;2), as function of ion position
(x.),2), using the relationship
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/d3r H e X, ¥, z)e—W(X, v, 2)/ kgT
W (x',y',2") kgT

Kg(water — site) =

where Z,.(x, y, z) is a 3D Heaviside step function that takes on a value of 1 when inside the
site and 0 when outside. Equilibrium binding constants for binding to the pore site via the
intracellular gate were calculated from 1D free energy profiles for pore entry, W(z). One can
show that the relationship is given by91:92

Zmax
Ky water—pore ) = ZR? f W)/ keT g7,

Zmin

where zis the reaction coordinate in the direction parallel to the membrane normal and R is
the radius of the cylinder that was used during US simulations (R=10 A) to limit the lateral
sampling of ion position (but does not affect K itself, due to the definition of W/z))%192,
When combining with the Kramer’s rate constant to form a bimolecular on-rate (see above)
to compare to experiment, we assume that only molecules bound inside the pore’s cavity
will be in a position to block the channel upon activation. We thus consider only the zrange
corresponding to binding inside the pore beyond the barrier (z,.,, = — 13Aandz,.. = 7A),
leading to Kg(water—pore) = 8.4 + 3.9 mM™1, with an inverse value of K(water—pore) =
119 £ 5 uM.

Equilibrium constant for pore binding via fenestrations—We now derive a similar
expression for the equilibrium constant for binding from the membrane to the pore via

a fenestration. We define the initial (dissociated) state as an x,~translationally invariant
membrane with an equilibrium distribution in zfrom L/2 to L/2 spanning the bilayer (L=25
A), and the final (bound) state as a localized site within the region of the protein. In order
to define the equilibrium constant, we first need to express the free energy profile for
movement laterally in the x direction, MAX), as a projection from the full 3D free energy
surface, 7 (x, y, z),

o~ W)KsT _ / / H(y. 2y G DTy

where a Heaviside step function, H(y;,z), limits the range of sampling in the orthogonal yand
zdirections. Setting W (x") = 0 at distant membrane position x = x’, and using the knowledge
that 7 (x, y, z) is independent of yywhen far from the protein, 7 (x',y,z) = #(x',y’, z), the
constant C becomes

© oo , -1
Cz(/ / Hy.z)e” VOV DT gy

such that the 1D free energy profile becomes
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Consider now a hypothetical binding process from a point in uniform bulk water at
r' = (x',y,z’) to the pore site, via the membrane, then the path-independent membrane-site
equilibrium constant is

1

Ky( memb—pore ) = Ky( water—pore ) x P(water—memb )"

Given the equilibrium constant for binding to a site from bulk water, K( water—site ), above,
we define #,.(x, y, z) = h(x) x H(y, z), using a second Heaviside step function, /(x), that
defines the range of the pore binding site in x; taking on a value of 1 for 0<x<xnax and 0
otherwise, leading to

[ on{s)l. ) = T
W (x',y', 2") kT

Kp

water — pore] =

which, with definition of the membrane partition coefficient, P( water—memb ), in the next
section, gives the following expression for membrane to pore binding

/d3r h(x)H(y, Z) =W (x,y,2)/ ksT L
W (x'.y', 2" ) kT X~ dze— (W (XY, 2) =W (xX',y', 2)) kgT

—L/2

K p( memb—pore ) =

Here we have set the reference point in bulk water far from both the protein and membrane
at x’,y’, z’. i.e. We have defined the membrane partitioning process as along a line far from
the protein at x’, y’across the bilayer from z=-L/2 to L/2. Simplifying

Lo dxdydzh(x) H(y, z) e 000 2) = 0y ) kaT
%/UZ dz =W (x,y,2) =W (x',y,2')ksT

—-L/2

K( memb—pore ) =

S S [adxdydz h(x)H(y, 2) e~ (W (%3, 2) = Wy 20) kT
T dydz By )= Y 2) = Wy ) T

Here we have used the fact that //imposes a limit on zto sample one leaflet of the bilayer.
We note that our US simulations used to form the profile in Fig. 4c (blue line) sampled a
range of zthat covers a half of the membrane where free energies were low (not the central
high free energy). At the same time, ~imposes a limit in the sampling of the uniform
W(x',y',z)in y’toarange Y.

We can now insert the following, obtained from the definition of the 1D free energy profile
above
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/ f dydz H(y, z)e_W(x’ )T _ e_W(X)/kBT/ / dydz H(y, z)e_W(x,’y,’z)/kBT

or

/w/wdydzH(y, Z)e—(?/(x, y,z) =W (x',y',z"))/ kgT

= o= WX)/ksT / " / " dydz H(y, z)e~ P &Y 2) = WKy ) hesT

to obtain

f::oh(x)e—W(x)/kBT x (/_ozof_fodydzH(y, Z)e—(‘W(x’,y’,z) - W(x’,y/,z’))/kBT)

Ky —-(W(x.y,z) =W,y z’))/kBT)

memb — pore

2 (o
o mdvaz . 2)e
[e9)

_ Ly /' h(x)e= W KT g

-0

which we see is independent of the additional restraint on secondary coordinates, AH(y,2).
The end result depends on the definition of the membrane thickness L, as well as the extent
of y'sampled, which we have found is fairly uniformly sampled across a range Y~16 A. For
use in estimating the bimolecular on-rate, we use an equilibrium constant for binding inside
the pore only, K,( memb— pore ), defined by 0<x<11 A. The calculated binding constant
based on this membrane-pore equilibrium (binding from the membrane interface to inside
the pore in Fig. 4c, blue line; 0<x<11 A) is Kg(memb—pore)=0.42 + 0.01 ML,

Calculation of the membrane partition coefficient—The membrane partition
coefficient was determined by performing 1D US simulations of TPeA moving across a
lipid bilayer. The same MD simulation details as above were used but a with smaller system
without the MthK channel (104 lipid molecules, 4126 TIP3P water molecules, 34 K*, 9
Ca* and 1 TPeA). Initial windows were created using steered MD with a harmonic force
constant of 10 kcal/mol/A2? moved at a rate of 2 ns/A through the fenestration. The paths
were separated into 71 windows at z=—35 to 35 A, with 1 A spacing. In each window, the
ion was held near the window central position by harmonic constraint with 2.57 kcal/mol/A2
force constant. The transverse position of the ion was constrained with a flat bottom
potential to keep it in a cylinder of 10 A with a force constant 10 kcal/mol/A2, having

no impact on the translationally invariant sampling in the xand y directions. Simulations
were run for 30 ns, with the first 9 ns and 17 ns discarded following convergence to within
1 kcal/mol, for =35 < z< -5 A and 5 < z< 35 A respectively (see Supplementary Fig.
2e—T). Free energy profiles were calculated using WHAM, with mean and error (reported

as +1/2 « AW (z)) calculated from the free energy profiles of the two leaflets. The innermost
10 A was discarded because it has high free energy and does not contribute to partitioning,
and because the membrane deformations caused by the localized central TPeA charge lead
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to asymmetry and were thus excluded. However, for the range plotted (5 < |z] < 35 A) in
Extended Data Fig. 5d the PMF was converged and symmetric to within 1 kcal/mol.

The membrane partition coefficient was then calculated as

L2

1 L2 1 -5 L2
P(water — memb) = f/ e_W(Z)/kBTdZ ~ I(‘/ e_W(Z)/kBTdZ + / e_W(Z)/kBTdZ
- —-L/2 5

where we have approximated /°.e~W (2)/ksT gz in the region of high free energy at the

center of the bilayer, and where L is the distance across the membrane encompassing the
binding site parallel to the zaxis, =50 A.

Diffusion coefficient for rate calculations—The above rate calculations require an
estimate of the diffusion near the barriers in the free energy profiles, which we obtain

as a spatially varying diffusion coefficient D(£). The diffusion coefficient, where &¢ is the
displacement in each umbrella window, was estimated for each window by93

s )52 (55
D(E) = lim — C”( 5)@5 >,.<5§>, _
o))

Where C,(s; &) is the velocity autocorrelation function at & and 6,,(s; .»:) its Laplace
transformation

Cy(s;:8) = / me_StCU(t;é)dt
0

To estimate s — 0 and determine D(¢), a straight line was fitted to 15 < s<50and 1 < s< 10,
for umbrella sampling though the gate (data written with frequency 0.002 ps) and though the
fenestration (data written with a lower frequency 0.1 ps), respectively, and extrapolated to 0.

Solvation analysis—In all the US simulations the ion’s coordination number was
determined calculating the number of water oxygen atoms and protein oxygen atoms within
4.8 A of TPeA N, which represent the first hydration shells based on the position of the first
minima in the radial distribution functions, Extended Data Fig. 6a—d. Furthermore, the lipid
coordination numbers for TPeA were determined by counting the number of lipid carbon
atoms within 5.85 A of TPeA carbon atoms (based on the position of the first minima in the
radial distribution function), Extended Data Fig. 6e-h.

Molecular Dynamics Flexible Fitting for bbTBA in the MthK pore—Molecular
dynamics flexible fitting (MDFF)?4 was used to refine the cryoEM structures in the
presence of a potential energy function based on the cryo-EM density map @(r), given
by Uen(R) = Y w,Veu(r;), Where o is the weight for each atom j at r;, and
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é(l - j;(r) :i:')ifﬂr) > du

Vieu(r) =
lé ifd)(r) < ¢'lhr

with threshold, ®,,,, to remove noise and scaling factor &. & was initially set to 0.3 kcal/mol
and simulated for 10 ns after which & was progressively increased from to 9.3 kcal/mol

over 90 ns totalling in 100 ns long simulation. The cross-correlation coefficient between the
cryo-EM map and the simulation frame was calculated for the backbone of the protein and
bbTBA and F87. The cross-correlation coefficient for the backbone is increasing as the force
constant increases but the cross-correlation coefficient for bbTBA and F87 plateaus after 50
ns when the bbTBA has rotated its central benzyl ring (Supplementary Fig. 1).

Simulations A90L and V91F—Simulations with mutated fenestration residues were run
for 100 ns with the first 50 ns removed as equilibration. The number of lipids in the pore
cavity was evaluated from the number of different lipid chains with any C atoms inside a 7
A radius sphere (encompassing the pore region where atoms were seen to enter), cantered

6 A below the COM of the pore domain. Error bars represent the standard deviation from
dividing the trajectory into 10 blocks. The size of the fenestration was determined using
HOLE and registering the smallest fenestration radius along the x-y plane for each trajectory
frame. Error bars represent the standard deviation from dividing the trajectory into 10
blocks.
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§ Extended Data Figure 1. Structures of closed MthK with and without blockers.

g Cryo-EM map and atomic model of blocker-free (a), TpeA-bound (b), and bbTBA-bound

8 (c) closed MthK viewed parallel to the membrane. Each subunit is in a different color. The

%' lipid bound to the fenestration were colored red. d. Lipid density in the structures of MthK
with TpeA (left) and bbTBA (right). The lipid is in yellow (for carbon atoms) and red
(for oxygen atoms) sticks. The lipid density is an overlayed mesh. The pore region of two
adjacent MthK subunits shown as red and blue ribbons cartoon. e. Side chains of F87 adopt
different conformations in each of the four MthK subunits (red, blue, green, yellow). Density
shown as mesh, bbTBA as gold stick and K* as purple sphere.
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Extended Data Figure 2. Cryo-EM characterization of closed MthK with and without blockers.
Representative micrographs of nanodisc-reconstituted (a) blocker-free, (f) TPeA-bound, (k)

bbTBA-bound and (p) blocker-free A90L MthK. Calibration bar is 100 nm. b, g, I, q.
Selected 2D class averages. ¢, h, m, r. Cryo-EM final maps colored by local resolution.
d, i, n, s. FSC curves for the gold-standard method in black, and for the atomic model
with the cryo-EM map in red. €, j, 0, t. Angular distribution of the particles used for the
reconstruction.
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Extended Data Figure 3. Cryo-EM data processing wor kflows

Page 24

a. MthK TPeA dataset b. MthK-bbTBA dataset. The TPeA (a) and bbTBA (b) densities are

shown separately as mesh, with the atomic models as sticks.
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Extended Data Figure 4. Fenestrations and blocker binding sitesin other K* channels.
a. Fenestrations in human BK channel in EDTA (PDB 6V3G), lipid yellow ball and stick.

Part of the fenestration was blocked from view by the VSD. b. No fenestration observed

in human Ca%*-bound BK channel (PDB 6V38), where fenestration was filled by the bent
TMG6 helix. c. Left: Small fenestration in closed KcsA (PDB 1K4C). Right: No fenestration
in locked-open KcsA (PDB 5VKG6). d. No fenestrations in closed (PDB 3SPC) or open
(PDB 3SPI) Kir2.2, respectively. e. Left: Size of fenestration (dashed line) in BK with
EDTA(PDB 6V3G). Protein rendered in surface representation. The VSDs and part of the
S5 helix of the red subunit are removed for clarity. The surrounding residues are labeled
sticks. Fenestration is formed by S6 helices from 2 adjacent subunits. Middle: lipid (mesh)
binding in BK fenestration. Dashed rectangle indicated the region shown in the right panel,
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where surrounding residues are labeled sticks. f. Sequence alignment of the pore regions

of MthK, Human BK and KcsA channels. Residues interacting with blockers (boxed red)
are conserved. Identity and homology are indicated as dark and light purple, respectively. g.
Modeling of TPeA binding in MthK open state. 184 and F87 side chains are shown as sticks.
Note that the side chain of F87 has rotated and no longer contributes to TPeA interaction. h.
Modeling of TPeA binding in BK channel. The side chains of L312 and F315 are shown as
labeled sticks. i. Overlay of MthK-TpeA and KcsA-TBA (PDB 2JKS5) structures. The pore
region of two opposing subunits are shown as red and blue ribbons cartoon. TPeA and TBA
are shown as sticks.
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Extended Data Figure 5. MD simulation of TPeA binding and membrane partitioning.
a. Attempted unbiased “flooding” snapshot of MD simulation for TPeA* entering the closed

MthK channel (after 4 ps). b. The free energy for TPeA for the first 2 us (left) and the

last 2 ps (right) of the simulation. c. TPeA entering MthK though the fenestration (note the
different free energy scales in each panel). The free energy profile for the TPeA molecule

is flat in the membrane, as TPeA comes closer to the channel there is a gradual slope and

a minimum of -7 kcal/mol at x=13 A. The TPeA molecule then encounters a barrier with
the discontinuity at x~10 A, due to lack of sampling, where the TPeA molecule is trying to
enter in between the two TM2 helices, motivating the need for enhanced sampling methods
in Fig.4. There is a minimum at x<7 A where TPeA is inside the MthK pore. d. Free energy
profile for membrane partitioning using 1D US reveals a free energy minimum of —4.9 + 0.7
kcal/mol relative to bulk water, extending deep inside the bilayer, reaching to ~12 A from
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the center with only ~1 kcal/mol penalty. Error bars are based on asymmetry of the free
energy in left and right leaflets. Insets show TPeA positioning in the membrane at the free
energy well (left) and membrane deformation due to interactions between the TPeA ion and

water and lipid head groups when TPeA moves closer to the membrane center (right).
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Extended Data Figure 6. Coordination numbersfor TPeA+ ionsand lipid-TPeA interactions

during entry tothe pore.

a. Coordination number for TPeA entering though the gate. As the TPeA molecule enters

through the gate the nitrogen dehydrates progressively (blue line). It can also be seen

to interact with backbone carbonyl oxygens and carboxylate oxygens (red line). b. Mean

number of interactions between the TPeA N and water molecules. When TPeA crosses

though the fenestration it is forced to dehydrate, before rehydrating in the pore. c. Mean
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number of interactions between the TPeA N and protein oxygen atoms. The crossing of the
fenestration is helped by interactions between the TPeA N and the protein. d-e describe lipid
interactions with TPeA from 1D US simulations for TPeA entering though the gate: d. Mean
number of lipid C -TPeA C interactions for each window; and e. number of lipid C -TPeA
C interactions over time for TPeA at 1 A <z < 8 A. Insets below show typical lipid-TPeA
interactions at z=3 A. f-g describe lipid interactions with TPeA in 2D US simulations for
TPeA entering though the fenestration: f. Mean number of lipid C -TPeA C interactions; and
g. number of lipid C -TPeA C interactions over time for windows with TPeA at x= 0 A and
1A <z<8A. Insets below show lipid-TPeA interactions at x= 0 A and z=6 A.
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Extended Data Figure 7. TPeA block and structures of MthK fenestration mutants.
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a. TI* flux rates of wild-type, A90L, A88F and V91F MthK after activation by 17.2

mM Ca2* for 100 ms. Data are mean + S.D. of 2-3 biological repeats. b. TPeA block
dose-response curves of closed (left) and open (right) V91F MthK after 10 s and 100

ms incubation, respectively (ICsqciosed = 2.05 0.5 UM, 1Csqgpen = 4.55 + 0.1 uM). For
comparison, the graphs for MthK WT in dotted lines after the same incubation time are
overlayed, from Posson et al. (2015)21. Symbols are mean + S.D of n=3 biological repeats.
c. Fluorescence quench traces after incubating MthK VO1F (in 0 Ca2*) with 3 uM TPeA for
0.1 (black) and 10 (cyan) s and no blocker control (green) (lines include 6 repeats each, see
Methods). d. TPeA equilibration plots for closed (left) and open (right) V91F MthK with 3
UM TPeA from data as in c. Solid lines are fits with a first-order exponential decay function,
With t¢joseq= 1.86 + 0.40 s, and topen= 83 + 0.66 ms. The dashed lines are the equilibration
plots for 3 uM TPeA with WT MthK, from Posson et al. (2015))21. Symbols are mean +
S.D of n=3 biological repeats. e. Cryo-EM structure of A88F MthK closed state displays
lateral fenestrations between two TM2 helices from adjacent subunits, rendered as in Fig. 3a
to be compared with WT (left) and to highlight fenestration size and the residues that line it
(right). The introduced F88 faces towards the TM2 of neighboring subunit and F87 changes
orientation so that the fenestration is now closer towards the extracellular side and similar

in size to WT. f. Fenestration calculated using the program HOLE indicates a ~3.2 A radius
for A88F. Plots of the fenestration cavity radius for WT, A90L, and A88F, as indicated. g.
Density (grey mesh) detail of the fenestration area for WT, A90L, and A88F with 2 adjacent
subunits (shown in cartoons of different colors). Side chains are indicated and those of L90
and F88 are in yellow sticks for emphasis. h. HOLE plots for the pores of A9OL (left) and
AB88F (right). Only two opposing subunits shown. i. Pore radii as a function of the distance
along the pore calculated from h. Selectivity filter (SF), L95, and 199 indicated.
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Extended Data Figure 8. Cryo-EM data processing wor kflow and char acterization of MthK-

AB88F TPeA-bound closed state.
a. Processing workflow for A88F-TPeA dataset, TPeA densities in the maps with C4

symmetry (mesh), TPeA molecule (stick). b. Representative micrographs of nanodisc-
reconstituted TPeA-bound A88F-MthK. Calibration bar, 100 nm. c. Selected 2D class

averages. d. FSC curves for the gold-standard method in black, and for the atomic model
with the cryo-EM map in red. e Cryo-EM final map colored by local resolution. f. Angular
distribution of the particles used for the reconstruction. g. Cryo-EM map, and h. Atomic

model of TPeA-bound A88F-MthK showing the lipid bound in fenestration in red.
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Extended Data Figure 9. MD simulations of MthK WT, A90L and V91F.
a. Representative structures from MD simulations of WT MthK (left), A9OL-MthK (middle)

and V91F-MthK (right) with side (top row) and top (bottom row) view. The sidechains of
residues 90 and 91 are shown as colored spheres in cyan for unmutated residues, purple
for L90 and red for F91. b. An example snapshot of WT MthK with 4 lipid tails (beige
spheres) sticking into the fenestration. c. Distribution plots of the fenestration radii for the
different channels analyzed with HOLE, as described in Methods. d. Time series of the
number of lipid tails in the pore during the simulations for WT MthK (left), A90L-MthK
and V91F-MthK (right).

Nat Chem Biol. Author manuscript; available in PMC 2024 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Fanetal. Page 32

Xlg(])llf Motion Correction 4114 Relion Autopick 2.5M 2D Classification  1.25M
—_— —_— —
Manual Check images particles particles
dataset

Relion 3D Classification 1 classes=10

Combine good classes l Refinement without symmetry

Focused classification
without alignment

10.0% 14.4% 7.7% 8.8% 9.8% 10.6% 8.1% 7.6% 7.7% 14.8%
1 ]

CTF Refinement
Bayesian Polishing

4 fold symmetry,
Sidesplitter

CTF Refinement
Bayesian Polishing

Sym=C1, 3.49A

Extended Data Figure 10.
Cryo-EM data processing workflow for the A90L-MthK closed state dataset.
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Data availability

The maps have been deposited in the Electron Microscopy Data Bank (EMDB) under
accession codes (Blocker-free closed MthK: 9405, TPeA-bound closed MthK: 9406,
bbTBA-bound closed MthK: 9407, Blocker-free closed A90L MthK: 27459, TPeA-bound
closed A88F MthK: 29605). Atomic coordinates for the three structures have been deposited
in the Protein Data Bank (PDB) with accession codes 5BKI, 5BKJ, 5BKK, 8DJB, and

8FZ7 respectively. Raw stopped-flow fluorescence quenching traces are available from the
corresponding authors upon request.
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Figure 1. Alternative entry pathways for intracellular quaternary ammonium (QA) blockersin
the closed MthK and BK pores.

Schematic cartoons (top panels) indicating that although QA blockers (black molecule) may
access the open channel pores via the traditional conduction pathway, the closed channel
pores may be entered via either (a) a lateral membrane fenestration if the ionic gate is at the
bundle crossing as for MthK channels, or (b) via the conduction pathway if the gate is at
the selectivity filter as is proposed for BK channels. Bottom panels: a. Cartoon rendering of
MthK channel structures in closed (PDB 6U6D) and open (PDB 3LDC) states. b. Cartoon
rendering of human BK pore structure in EDTA (PDB 6V3G) and with Ca2* bound (PDB
6V38). Only the pore region of two opposing subunits (blue and red) is shown. Red arrows
indicate the access pathways of the intracellular QA blocker to the pore.
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Figure 2. TPeA and bbTBA bind below the selectivity filter and change the K™ occupancy in
closed MthK structures.

a. Overall structure of TPeA-bound MthK. Each subunit is in a different color, lipids in

red,. b. Binding sites of TpeA and bbTBA in the closed MthK pore under selectivity filter.
Structures of MthK-TpeA and MthK-bbTBA are identical and superimposed, with only the
pore region of two opposing subunits shown as cyan cartoon. Blockers are shown as red

and blue sticks, respectively. Inset expands the dashed rectangle. Residues coordinating the
blockers are labeled. Cryo-EM map densities for TpeA (c) and bbTBA (d). Density is grey
mesh, and the model cyan sticks. Cartoon renditions of the blockers are also shown with
ammonium in blue and oxygen in red(c-d). Selectivity filter with four K* densities (grey
mesh) in blocker-free closed MthK (€), compared to one K* in S4 of the TPeA-bound closed
MthK (f), and two K* in S3 and S4 in the bbTBA-bound closed MthK (g) structures. K* are
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shown as purple spheres. Side chain of F87 adopts the (h) up conformation in blocker-free,
(i) down conformation in TPeA-bound and (j) down conformation in bbTBA-bound closed
MthK. Only one F87 side chain is shown in j, with the other 3 shown in Extended Data Fig.
le.
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K

Figure 3. Fenestration and lipid binding in MthK closed structure.
a) MthK closed structure displays lateral fenestrations between two TM2 helices from

adjacent subunits. Fenestration was not observed in open MthK as TM2 helix bends up

and fills it. The four subunits are in purple, red, green and tan. Lipid is yellow stick. b.

Left: Cartoon of TPeA-bound closed MthK (grey ribbons), with TPeA in orange and lipids
in yellow sticks. Right: 2 adjacent subunits (red and blue cartoon ribbons) of TPeA-bound
closed MthK highlighting the through-fenestration lipid coordination of TPeA bound under
the selectivity filter. c. Fenestration in closed MthK. The four subunits are in transparent
surface representation, overlayed with subunits in red, blue, green and yellow ribbon
cartoons. Fenestration was contoured by a dashed line, and residues lining it (184, A88,
V91 of one TM2, and F87, A90, V91, L94 of the adjacent TM2) are labeled sticks. d. Lipid
density (grey mesh) in the MthK fenestration. Lipid sticks are yellow for carbon atoms and
red for oxygen atoms. Dashed rectangle is the region of (d) expanded in e. e. Expanded view
shows the lipid binding and surrounding residues with the head group interacting with R93
in TM2 (labeled sticks).
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Figure 4. Free energetics of TPeA entry to the closed MthK pore.
a. Closed MthK (ribbon cartoons colored as in Fig. 2a) embedded in a hydrated POPE:

POPG (3:1) lipid bilayer (thin sticks) with the two possible paths, via which TPeA (orange
space filled model) can enter the MthK pore, indicated by arrows. b. 2D free energy map

for crossing through the fenestration from the membrane interface into the pore, with the
dashed curve indicating the lowest free energy path. c. Free energy profile for TPeA entering
though the MthK gate (red) and 1D free energy projection for TPeA entering through the
fenestration (blue) derived from 2D US. Free energies for these different profiles have been
matched in the pore binding site. Gate binding US used 48 independent simulations, whereas
fenestration binding 2D US used 291 independent simulations, with final error bars based

on =2 blocks (J_r% the difference) following equilibration (see Methods). Insets show TPeA

(orange sticks) positioning at the indicated locations throughout the paths. Locations of
the intracellular gate, F87 and SF (SF) are indicated on the z axis, and of the membrane
interface, fenestration and pore, on the x axis.
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Figure 5. TPeA entry isimpeded through the narrower fenestrations of A90OL MthK closed.
a. Fluorescence quench traces after incubating MthK A90L-containing liposomes in the

absence of Ca?* with 15 uM TPeA for 0.1 (black) and 10 (cyan) s and no blocker control
(green) (lines include n=6 technical repeats each). b. Dose response plots for closed-state
(left) and open-state (right) TPeA block of A90L MthK after 10 s and 100ms incubation,
respectively. Solid lines are Hill equation fits with Kp ¢10s¢d = 16.8 + 2.4 uM, ny = 1

and KpPe" = 9.7 + 1.7 uM, ny = 1, n=3 repeats each. The fits for MthK WT (dashed

lines) after same blocker incubation times are overlayed (Kp €°%¢d = 2.1 + pM, ny = 0.84,
and Kp%Pe" = 5.2 + UM, ny = 0.98) (from Posson et al. (2015))21. c. Relative TI* flux

rates as a function of incubation time with 15 uM TPeA from data as in a to measure
equilibration time for TPeA with closed (left) and open (right) A90L MthK. Solid lines are
fits with a first-order exponential decay function. t¢jgseg= 5.6 + 0.51 ms, and topen= 0.36 +
0.04 ms (the block equilibrates within the instrument dead time of 10 ms). n=2 biological
replicates. Each biological replicate is the mean of n=6 technical repeats. The dashed lines
are equilibration plots for 3 pM TPeA with WT MthK, from Posson et al. (2015))21. All
data are presented as meanSD. d. Structure of A90L MthK closed state displays lateral
fenestrations between two TM2 helices from adjacent subunits, rendered to compare with
WT in Fig. 3a (left) and to highlight fenestration size and the residues that line it (right). The
introduced leucine sidechain at position 90 faces towards the TM2 of neighboring subunit to
decrease fenestration size. e. Fenestration calculated using program HOLE indicates a ~1.5
A radius for A9OL (green dots indicate only one water molecule can squeeze through the
narrowest part of the fenestration). f. Plots of the fenestration cavity radius, shown in e. The
dips in the red graph indicate the narrowest fenestration points of A90L MthK, compared
with WT (black).

Nat Chem Biol. Author manuscript; available in PMC 2024 February 07.

0

5

10

Distance along
pathway(A)



	Abstract
	Introduction
	Results
	TPeA and bbTBA bind below the selectivity filter in closed MthK
	TPeA and bbTBA binding changes closed MthK pore conformation
	Lipids bind to fenestrations of closed MthK
	Restricted blocker entry via the closed intracellular gate
	Favored blocker entry via the membrane-facing fenestrations
	Screen for MthK mutants with obstructed fenestrations
	Impeded TPeA access through A90L MthK narrower fenestrations

	Discussion
	Methods
	Sample Preparation
	Grid preparation and EM data collection
	Cryo-EM data processing and Model building
	Stopped-flow Tl+ flux assay
	MD Simulations of TPeA binding
	Basic MD simulations details
	Unbiased TPeA Flooding simulations
	Umbrella sampling simulations for gate entry of TPeA
	Umbrella sampling simulations for fenestration entry
	Estimation of rate constants
	Equilibrium constant for pore binding via the intracellular gate
	Equilibrium constant for pore binding via fenestrations
	Calculation of the membrane partition coefficient
	Diffusion coefficient for rate calculations
	Solvation analysis
	Molecular Dynamics Flexible Fitting for bbTBA in the MthK pore
	Simulations A90L and V91F


	Extended Data
	Extended Data Figure 1.
	Extended Data Figure 2.
	Extended Data Figure 3.
	Extended Data Figure 4.
	Extended Data Figure 5.
	Extended Data Figure 6.
	Extended Data Figure 7.
	Extended Data Figure 8.
	Extended Data Figure 9.
	Extended Data Figure 10.
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

