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Abstract: Voltage-gated and ligand-modulated ion channels play critical roles in excitable cells.
To understand the interplay among voltage sensing, ligand binding, and channel opening, the
structures of ion channels in various functional states and in lipid membrane environments need
to be determined. Here, the random spherically constrained (RSC) single-particle cryo-EM method
was employed to study human large conductance voltage- and calcium-activated potassium (hBK or
hSlo1) channels reconstituted into liposomes. The hBK structure was determined at 3.5 A resolution
in the absence of Ca?*. Instead of the common fourfold symmetry observed in ligand-modulated
ion channels, a twofold symmetry was observed in hBK in liposomes. Compared with the structure
of isolated hSlo1 Ca®* sensing gating rings, two opposing subunits in hBK unfurled, resulting in
a wider opening towards the transmembrane region of hBK. In the pore gate domain, two opposing
subunits also moved downwards relative to the two other subunits.

Keywords: large-conductance voltage- and calcium-activated potassium (BK) channel; liposome;
random spherically constrained (RSC); single-particle cryo-EM

1. Introduction

The large conductance voltage- and calcium-activated potassium (BK) channel belongs
to the six-transmembrane-segment (6TM) ion channel family. It can be found in many
cells, and functions as a feedback regulator of membrane potential and thereby Ca®*
influx [1-3]. Like other members of the 6TM ion-channel family, it has voltage-sensor
domains (VSDs) that sense the transmembrane potential [4]. The BK channel is also
a member of the Slo family whose a-subunits contain regulator-of-conductance-for- K*
(RCK) domains in the large intracellular C-terminal region. The crystal structures of the
RCK domain of the E. coli K* channel [5] and the gating ring of the Methanobacterium
thermoautotrophicum K* channel MthK [6-8] greatly aid in the understanding of the Ca®*-
dependent regulation of Slol channels. These prokaryotic channel structures inspired
a series of mutational studies demonstrating that the RCK1 and RCK2 domains in mouse
Slol (mSlo1) account for the Ca?*-dependent activation of mSlo1 [9-13], and provided
templates for the generation of homology models of the mSlo1 channel gating ring: the four
RCK1 and four RCK2 domains from the four subunits in a functional Slo1 channel form
a “gating ring”. There are two high-affinity Ca?*-binding sites in each subunit of the gating
ring, with one in the RCK2 involving mD898, mD900, mQ892, and mD895, known as “CaZ*
bowl” [14,15], and the other in the RCK1 involving mD367, mE535, mR514 and several
other residues [5-7,13,16]. In addition, there is a low-affinity Mg?* binding site between the
gating ring and the VSD involving mE374, mE399, and several other residues [10,12]. These
findings were confirmed by the X-ray crystallographic structures of the isolated gating ring
of the human Slo1 channel (hSlo1-GR) in the absence of Ca?* [16] and that of the zebrafish
Slo1 channel (zSlo1-GR) in the presence of Ca®* [17]. Recently, the cryo-EM structures of
the Aplysia californica Slo1 channel (aSlo1) were obtained with and without Ca?*, which
further confirmed these findings [18,19]. All the gating rings in the structures consisting of
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RCK domains [5-7,15-19] had a fourfold symmetry along the central pore (C4). Although
the two structures of aSlo1 were determined in both liganded and metal-free states [18,19],
the structures of other states are useful. Functional studies show that the channel has at
least four and probably many more conformational states, as the channel can be activated
by Ca?*, voltage, or combinations of the two [3,4].

As shown by both structural and functional studies, the lipid membrane environment
plays an essential role in the structural integrity and activity of membrane proteins [20-25].
Therefore, it is critical to restore the lipid membrane environment of membrane proteins.
One method is to use lipid nanodiscs where the membrane protein resides in a small patch
of a lipid bilayer encircled by an amphipathic scaffolding protein [26] or polymers [27].
The nanodisc method was employed to study the structures of ion channels [28-39], trans-
porters [40-42], and other membrane proteins [43,44]. An alternative method is to re-
constitute membrane proteins into liposomes. The liposome method was developed and
employed to study the structures of large conductance voltage- and calcium-activated
potassium (BK) channels [45,46], a voltage-gated potassium channel Kv1.2 [47] as well
as the AcrB multidrug efflux pump of E. coli [48]. Although both methods restore the
lipid environment of membrane proteins, there is a major difference: the liposome method
mimics the cell and can potentially provide an asymmetric environment (i.e., inside and
outside conditions can be varied independently), whereas there is only one environment
surrounding the membrane proteins in the nanodisc method. This can be critically impor-
tant for understanding membrane proteins that are controlled or modulated by asymmetric
environment (e.g., applying transmembrane potential for voltage-gated ion channels or
voltage-sensitive proteins, applying pressures to mechanosensitive channels).

Here, we employed the liposome method to study the structure of human BK (hBK)
channels in the absence of Ca®*. By optimizing cryo-EM sample preparation, employing
the direct electron detector and correcting the drift between frames with MotionCor2 [49],
and utilizing random spherically constrained (RSC) single-particle cryo-EM, the resolution
was improved from 17 to 3.5 A [46], allowing for side-chain assignment for the gating ring
and the pore gate domain. Compared with the commonly observed fourfold symmetry in
all known gating ring structures, a broken symmetry was observed in the metal-free hBK
channels reconstituted into liposomes. Within the tetramer, two opposing subunits in the
Ca?* sensing gating ring rotate around the center of mass of each subunit, which results in
the movement of the assembly interfaces, flexible interfaces, and Ca?* binding sites.

2. Materials and Methods
2.1. Protein Expression and Purification

hBK (KCNMAT1) proteins with FLAG-tagged on N terminus were stably expressed
from HEK293 cells. Cell pellets from ~200 dishes were resuspended in Resuspend Buffer
(50 mM TriHCl1 pH 7.4, 200 mM KCl, 5 mM EDTA, and protease inhibitor cocktail P8340
(Sigma-Aldrich, St. Louis, MO, USA) and homogenized with 100 strokes in a Dounce
grinder (DWK Life Sciences, Millville, NJ, USA). The mixture was centrifuged at 38,400 g
for an hour at 4 °C, and the pellets were then solubilized with Extraction Buffer (50 mM
TriHCI pH 7.4, 200 mM KCl, 5 mM EDTA, 16 mM n-Dodecyl-beta-Maltoside (DDM), and
protease inhibitor cocktail) for 2 h at 4 °C with gentle mixing. The mixture was centrifuged
at 38,400 g for half an hour 4 °C, and the supernatant was incubated with Anti-FLAG M2
Affinity Gel (Sigma-Aldrich) for 1 h at 4 °C with gentle mixing. Resins were washed with
Wash Buffer A (20 mM HEPES pH 7.4, 150 mM KCl, 5 mM EDTA, 8 mM DDM, and protease
inhibitor cocktail) and Wash Buffer B (20 mM HEPES pH 7.4, 150 mM KCl, 5 mM EDTA,
4 mM n-Decyl 3-Maltoside (DM), and protease inhibitor cocktail), and bound protein was
eluted with Elution Buffer (20 mM HEPES pH 7.4, 150 mM KCl, 2 mM EDTA, 4 mM DM,
0.5 mg/mL FLAG peptides, and protease inhibitor). Eluted protein was concentrated
to 1 mL using Amicon Ultra-4 Centrifugal Filter100 kD MWCO (Millipore, Burlington,
MA, USA), and further purified with Superose 6 Increase size-exclusion chromatography
(Cytiva, Marlborough, MA, USA) using Running Buffer (20 mM HEPES pH 7.4, 150 mM
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KCl, 2 mM EDTA, 4 mM DM). The peak fractions were concentrated for the reconstitution
step (Figure S1A) and evaluated using SDS-PAGE (Figure S1B).

2.2. Reconstitution of hBK Channels into Liposomes

The DM-solubilized hBK proteins were reconstituted into 1-palmitoyl-2-oleoyl-glycero-
3-phosphocholine (POPC) liposomes with a detergent removed by gel filtration [50].
The 125-kDa hBK monomer is detected by SDS-PAGE before and after reconstitution
(Figure S1B). Briefly, purified hBK was mixed with POPC stock (10 mM POPC (Avanti
Polar Lipids, Alabaster, AL, USA) and 30 mM DM) at a lipid-to-protein ratio (LRP) 1 K:1 for
2 h at 4 °C with gentle mixing. The mixture was then loaded to a Sephadex G50 (Cy-
tiva) column with Running Buffer (20 mM HEPES pH 7.4, 150 mM KCl, 2 mM EDTA) at
0.25 mL/min at room temperature. The proteoliposome fractions were collected, swelled,
and concentrated to 1 mg/mL (protein) for further vitrification. The reconstitution yielded
an average protein content at one to two hBK tetramers per 20-nm liposome. As the re-
constitution of hBK proteins into liposomes was expected to restore the lipid environment
of membrane proteins, the function of the reconstituted channels was confirmed using
a flux assay with fluorescent dye 9-amino-6-chloro-2-methoxyacridine (ACMA) (Sigma-
Aldrich), which was employed to assess the functions of reconstituted ion channels [51-54]
(Figure S1D,E).

2.3. CryoEM Grid Prepartion, Data Collection, and Data Processing

The single-particle reconstruction of unstained cryo-EM specimens typically requires
the acquisition of hundreds of thousands of particles. Because of the low yield of hBK
expressed in HEK293 cells, and thus the low concentration of proteoliposomes, acquiring
such a large number of protein particles in liposomes is challenging. Previously, a 2D
streptavidin crystal was used as an affinity surface to tether the biotinylated-lipid-doped
proteoliposomes [46]. However, empty liposomes bind preferentially to the crystal, further
reducing the number of visible protein particles. We developed a method for liposome
grid preparation [55] to increase particle density. Briefly, we employed a long-incubation
method (a 5-10 min incubation on holey carbon grids (Quantifoil Micro Tools GmbH,
Grofslobichau, German) followed by another application of sample before freezing) with
a MarklV Vitrobot (Thermo Fisher Scientific, Waltham, MA, USA). On average, there
were 26 liposomes in each cryo-EM micrograph, which covered 0.16 um? of the specimen
(Figure 1A).

Cryo-EM data were recorded on a Titan Krios microscope (Thermo Fisher Scientific) op-
erated at 300 kV, equipped with a GIF-quantum energy filter (Gatan, Pleasanton, CA, USA)
at 20 eV slit width and a K2 Summit direct detector (Gatan). LEGINON [56] was used for
automated data collection. In total, 3628 videos were collected at a nominal magnifica-
tion of 130,000 x in super-resolution mode, resulting in a pixel size of 0.525 A. The total
exposure time was 8.6 s (0.2 s/frame), leading to a total accumulated dose of 60 electrons
per A2, Dose-fractionated super-resolution image stacks were motion-corrected with Mo-
tionCorr2 [49]. Each frame in the image stack was divided into 5 x 5 patches for anisotropic
image motion correction, and dose weighting was carried out to calculate the motion-
corrected image. CTFFIND4 [57] was applied to estimate the contrast transfer function
parameters for each motion-corrected image.

Approximately 4800 particles from 350 micrographs were interactively selected and
classified using RELION [58]. Ten representative classes were selected as the templates
for automated particle picking using RELION. Unfortunately, variability in liposome size
precludes the merging of their images; instead, we fitted and subtracted a POPC liposome
model [45] of the membrane contribution to each image (Figure 1B). Protein particles were
picked from the resulting liposome-subtracted micrographs and were classified using RE-
LION [58]. The automatically picked particles were screened using homemade MATLAB
(MathWorks, Natick, MA, USA) programs to exclude particles more than 80 A away from
any liposome, which resulted in 482,935 particles from 2786 micrographs. Some structural
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details are visible in the 2D classes (Figure 1C,D). The presence of a lipid membrane was
confirmed in the 2D classes of protein particles extracted from original cryo-EM micro-
graphs using the orientation information determined with liposome-subtracted protein
particle images (Figure 1C,D).

Figure 1. Subtraction of modeled liposome images from an hBK proteoliposome micrograph.
(A) A representative cryo-EM image of hBK proteoliposomes at —3.8 pm defocus; (B) liposomes
are subtracted from (A). hBK particles are marked with red boxes (15 nm); (C,D) 2D class averages of
BK particles (C) before and (D) after liposome subtraction. Box size was 27 nm, and the circular mask
was 17 nm in diameter.

After rounds of 2D and 3D classification in RELION, 122,456 particles were selected
for the final 3D reconstruction (Figure 2). The resolution was estimated using the Fourier
shell correlation (FSC) between independently refined half-maps with a criterion value of
0.143 [59]. The reconstruction of the BK structure carried out without symmetry (C1), and
with twofold (C2) and fourfold symmetry (C4) applied yielded maps at resolutions of 3.79,
3.48, and 3.45 A, respectively (Figure S3A).

As the 3D reconstruction without symmetry revealed C2 symmetry, we built an
atomic model with the 3.48 A map with C2 applied. PDB model 5TJI [19] was docked into
a cryo-EM density map using UCSF Chimera [60]. The atomic model was then built and
refined using Phenix [61].
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Figure 2. Flowchart for data processing.

3. Results
3.1. Overall Structure of hBK in Liposomes

A twofold symmetry was observed (Figure 3) in the reconstruction without any
symmetry applied, and agreed well with the reconstruction with C2 applied. In the
structure, the central opening of the gating ring defined as the distance between C« atoms
of V785 in opposing subunits differs by 2.7 A along the two diagonals (Figure 3B). The
shoulder helix ] moved by about 5 A from two opposing subunits, termed as hBK high,
to the two other opposing subunits, termed as hBK low (Figure 3C). This movement is
comparable to the movement of the gating ring between the metal-free and liganded aSlo1
structures [18,19]: the metal-free gating ring moved ~5 A away from the TM region. Due
to the rotational flexibility of the transmembrane (TM) domain as observed in metal-free
aSlo1 [19], the TM helices are proportionally displaced to the distance to the ion-conducting
pore (e.g., 6 A at helix S1 and 9 A at helix S0). As a result, only helices S5 and S6, and the
pore domain were determined together with the gating ring using the C2 symmetry.

Compared with the structure of the isolated hSlo1 gating ring (hSlo1-GR) [16], a significant
conformational change was observed (Figure 3E-H, Video S2). In general, the RCK1 domains
in hBK opened like the petals of a flower, but the extent of the opening was different in hBK
high and low subunits. The two RCK1 domains in hBK high subunits opened 15 degrees more
than that in hSlo1-GR at the top (close to the membrane), while the RCK1 domains opened
22 degrees more than that in hSlo1-GR (Figure 3E-G). As RCK1 domains opened, the RCK2
domains also underwent conformational changes. The RCK2 domains at the bottom (away
from the membrane) in hBK high subunits close dby 4 degrees more than the corresponding
domains of hSlo1-GR, while the RCK2 domains of hBK closed 14 degrees more than that of
hSlo1-GR (Figure 3E-G). The extent of the opening of RCK1 at the top differed from the extent
of the closing of RCK2 at the bottom, even in the same subunit. This difference was not due
to the relative movement between RCK1 and RCK2 domains in each subunit. As shown in
Figure 4A, the flexible interfaces formed by the RCK1 and RCK2 domains in the hBK high
and low subunits were the same after alignment. The difference of the opening at the top and
closing at the bottom in the hBK high and low subunits was due to the rotation and tilting
of each subunit, as shown in Video S2. As a result, the high—low and low-high assembly
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interfaces that formed between neighboring subunits remained the same. The interacting
residues (1441, M442, 1445, H468, 880, L883, 1879 and F948) aligned well with each other
(Figure 4C, Video S3). In short, the flexible and assembly interfaces in hBK remained the
same in the hBK high and low subunits. As hBK channels were reconstituted into liposomes
while isolated hSlol gating ring formed crystals, some changes were observed in both the
flexible and assembly interfaces (Figure 4B,D). At the flexible interfaces, the positions of the
helix-crossover domain (oF-turn-oG) that interlocked the two RCK domains changed from
hSlo1-GR to hBK, but the folding was maintained. At the assembly interfaces, the «D and
oFE helices in hBK low subunits shifted down (away from the membrane) with respect to
those in hSlo1-GR (Figure 4D). The changes were not significant; thus, the interaction between
neighboring subunits should not change.

High-low
assembly
interface

Low-high
assembly
interface

Flexible

C ﬁ hBK High D
&%  hBKLow i

hBK High
hBK Low

Figure 3. The structure of hBK in liposomes. (A) hBK cryo-EM density map. Lipid membrane is
shown in gray mesh. For clarity, only half of the lipid membrane is shown; (B) view of the gating
ring in hBK from the extracellular side. The diagonal distances between the C« atoms of Val 785 are
indicated; (C) superposition of hBK high (orange red) and low (blue) subunits. The shoulder helix ]
is indicated; (D) stereo view of the superimposed hBK high and low subunits; (E-G) side views of
hBK high € (red), hBK low (F) (dark blue), and hSlo1-GR (G) (light blue, PDB: 3NAF). To distinguish
RCK1 and RCK2 domains, the RCK1 domains in all three models were colored green. The RCK2
domains in hBK high subunits are aligned to those in hSlo1-GR; (H) cartoon to show the relative
rotation among hBK high and low, and hSlo1-GR.
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hBK High RCK1 hBK High RCK1
hBK High RCK2 hBK High RCK2
A hBK Low

hBK High

hBK High hBK Low

hBK Low

Figure 4. Stereo views of assembly and flexible interfaces in hBK. (A) Flexible interfaces in hBK.
hBK high (orange red) and hBK low (dark blue) subunits are superimposed. To show the flexible
interface, RCK2 in hBK high subunit is colored green; (B) Same as (A) except the replacement of hBK
low with hSlo1-GR (light blue, PDB: 3NAF) subunit; (C) Assembly interface in hBK as defined in
Figure 3B. hBK high (orange red) and low (blue) subunits are superimposed. The interacting residues
are annotated; (D) Same as (C) except the replacement of hBK low with hSlo1-GR (light blue, PDB:
3NAF) subunit. The «D and «E helices in RCK2 of hSlo1-GR were aligned to those of hBK.

3.2. An Intermediate State of the BK Channel

There exist two high-affinity Ca?*-binding sites in hBK: the Ca®* bowl and the RCK1
Ca2+—binding site. At the Ca?* bowl, residues D953, D955, and N449 (D905, D907, and N438
in aSlol), and the backbone carbonyl of D950 and Q947 (D902 and Q899, and in aSlo1) were
expected to provide the basis to coordinate a Ca?* ion, as seen in liganded aSlo1 (Figure 5B).
In the absence of Ca?*, the Ca?* bowl in hBK (same conformation in both hBK high and
low subunits) differed significantly from that in hSlo1-GR (Figure 5A): N449 and D953
moved towards the Ca?* binding pocket, while D955 swung away from the Ca?* binding
pocket. Similar movements of those three residues (N438, D905, and D907) were observed
in metal-free aSlo1 (Figure 5B). At the low-affinity CaZ* binding site, residues D367, E535,
5600, and S533 (D356, E525, and E591 in aSlo1) (S533 in hBK replaced G523 in aSlol), and
the backbone carbonyl of R503 (R503 and G523 in aSlol) were expected to provide the
coordination of a CaZ* ion, as seen in aSlo1. In metal-free hBK, D367 moved closer to the
Ca”* binding pocket (Figure 5C) than D367 in hSlo1-GR. As seen at the Ca®* bowl, a similar
movement of D367 (D356 in aSlo1) was observed in metal-free aSlol (Figure 5D). In short,
both Ca?* binding sites in hBK differed from those in hSlo1-GR, but agreed with those
in aSlo1.
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Figure 5. Stereo views of Ca2+-binding sites in hBK. (A) Ca?* bowl in metal-free hBK (orange-red and
blue) and metal-free hSlo1-GR (light blue, PDB: 3NAF); (B) same as (A), except metal-free hSlo1-GR
was replaced with metal-free aSlo1 (green, PDB: 5T]I); (C) RCK1 Ca?*-binding site in metal-free hBK
and metal-free hSlo1-GR (light blue, PDB: 3NAF); (D) same as (C), except metal-free hSlo1-GR was
replaced with metal-free aSlo1 (green, PDB: 5TJI). Ca?+ coordinating residues were labeled, and the

<

position of Ca?* ion in liganded aSlo1 is represented by a green sphere.

3.3. Rotational Flexibility in the TM Region

In the analysis of metal-free aSlol cryo-EM data, alternative 3D maps were obtained
that show an 8-degree variation in the rotation angle of the TM region relative to the
gating ring [19]. We obtained only one 3D class, but presumably due to a similar rotational
flexibility of the transmembrane (TM) domain, helices S0-54 could not be well-resolved in
the EM density map with a C2 symmetry. Imposing a C4 symmetry, however, produced
a stronger signal (Figures 2 and S2). Our hBK structure shows a total rotation of 12 degrees
relative to the major 3D class from aSlol (Figure 6A). Helix SO observed in metal-free
aSlol was not visible in hBK, as it was the farthest from the symmetry axis. As shown
in Figure 6A, VSD was more extended when compared with that in metal-free aSlol. As
metal-free aSlo1 was solvated in detergents, VSDs may adopt a more compact conformation.
In this study, hBK was reconstituted into liposomes, and the lipid bilayer environment was
restored. As the lipid membrane was fluidic, the protein had more flexibility; thus, the
VSDs adopted a more extended conformation.

Upon rotating the aSlo1 TM region by 12 degrees, the pore domain of aSlo1 overlapped
with that of hBK (Figure 6B). As this pore domain was closer to the central symmetry axis
of the channel and experienced less blurring (Figure S2), the intensity in the pore domain
was much stronger that that in the VSD regions. Thus, the pore domain was visible in the
reconstruction with a C2 symmetry (Figures 3 and 6C,D). The intracellular helix bundle
crossing of hBK formed a parallelogram instead of a square in aSlol (Figure 6C-E). This
was due to the movement of the RCK domains in the gating ring region (Figure 3C,D).
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Figure 6. Comparison of the TM region in hBK in liposomes in the absence of Ca?* and metal-
free aSlol (PDB: 5T]I). (A) TM region in hBK (orange red) rotated by 12 degrees clockwise with
respect to the main 3D class from the aSlo1 dataset (cyan); (B) aSlo1 rotated by 12 degrees to overlay
with hBK. All views are from the extracellular side; (C) superposition of the intracellular helix
bundle crossing region of hBK and aSlo1; (D,E) intracellular helix bundle crossing region of hBK and
aSlol, respectively.

4. Discussion

Each BK channel «-subunit contains two RCK domains in its large intracellular
C-terminal region. The X-ray crystallographic structure of metal-free hSlo1-GR revealed
a gating ring formed by 4 RCK1 and 4 RCK2 domains [16], similar to those observed in
the E. coli K* [5], the MthK [6-8] and aSlo1 [18,19] channels. When hBK channels were
reconstituted into liposomes in the absence of Ca?*, the fourfold symmetry was broken,
and a twofold symmetry was observed. In each hBK subunit, the flexible interface was the
same as that in hSlo1-GR (Figure 3B). To accommodate the broken symmetry, the assembly
interfaces between neighboring subunits, twisted as shown in Figure 3D and providing
the interactions between critical residues were not changed. Regarding Ca**-binding sites,
larger conformation changes were observed between hBK and hSlo1-GR. At the Ca?* bowl,
residues N449 and D953 moved towards the Ca?* binding pocket, and D955 swung away
from the Ca?* binding pocket. At the RCK1 Ca?* binding site, D367 moved towards the
Ca?* binding pocket. The origin of the difference may have been due to crystal constraints
as both Ca* binding sites in hBK were similar to those in aSlo1, determined using cryo-EM.
As the gating ring in aSlol also had a fourfold symmetry, a similar opening of RCK1 and
closing of RCK2 were observed from the metal-free aSlo1 to hBK. The hBK high subunits
had a similar distance to the membrane as that in aSlo1, while the hBK low subunits were
farther away from the membrane. The origin of the downward movement of the hBK
low subunits or the twofold symmetry instead of the fourfold symmetry might lie in the
restoration of the lipid membrane environment.

On the basis of metal-free and liganded aSlo1 structures, Hite et al. proposed a model
of Slo1 gating by Ca?* and voltage [19]. In the presence of Ca?* under positive trans-
membrane potential (e.g., 120-240 mV), the gating ring adopts a compact conformation,
similar to liganded aSlo1 in detergents [18]. VSDs are up, and the channel is open. In
the absence of Ca?*, the gating ring adopts a loose conformation and is away from the
membrane, as seen in ligand-free aSlol in detergents [19]. As the transmembrane potential
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drops to zero, two VSDs move downward (maybe not fully down as in the hyperpolarized
membrane), thus pushing the two opposing subunits away from the membrane (hBK low
subunits). This is consistent with the opening step that occurs cooperatively among the
subunits [62,63] and comprises at least two transitions [64]. To confirm this hypothesis, the
structure of hBK reconstituted in liposomes in the presence of Ca?* is at least needed.

The proteoliposomes used for structure determination ranged from 15 to 70 nm
in diameter, with the mean diameter at 20 nm (Figure S1C). The question, therefore,
arises, whether the membrane curvature in liposomes of different sizes would affect the
observed hBK structure, especially the C2 symmetry. To address this question, three hBK
structures were reconstructed from small (15-19 nm), intermediate (19-25 nm), and large
(2570 nm) proteoliposomes (Figure 2 and Figure S2). The gating ring agreed well in the
three reconstructions, and all showed the C2 symmetry. A parallel reconstruction with
the liposome information-unsubtracted particle images illustrates the curved membrane
(Figure S2). The reconstructions from hBK reconstituted in intermediate and large liposomes
show similar VSD helices, in addition to the pore region, as that in the reconstructions from
hBK reconstituted in all the liposomes. The pore region in the reconstruction from hBK
reconstituted from small liposomes agrees well with other reconstructions, but the VSD
was much noisier. Thus, the membrane curvature only affected the VSD region when the
liposomes were smaller than 19 nm in diameter.

5. Conclusions

Full-length human large conductance voltage- and calcium-activated potassium (hBK
or hSlol) channels were reconstituted into liposomes and the random spherically con-
strained (RSC) single-particle cryo-EM method was employed to determine its structure.
Instead of the common fourfold symmetry observed in ligand-modulated ion channels,
a twofold symmetry was observed in hBK in the liposomes. Within the tetrameric channel,
two opposing subunits in the Ca?* sensing gating ring rotated around the center of each
subunit, which resulted in the movement of the assembly interfaces, flexible interfaces,
and Ca®* binding sites. In the pore gate domain, two opposing subunits also moved
downwards relative to the two other subunits. The new hBK structure presents a transition
state where two VSDs moved downwards and pushed the two opposing subunits away
from the membrane. This finding not only demonstrates the importance of the presence of
a lipid membrane environment, but is also of great value to others working in this area.

Supplementary Materials: Supplementary materials can be downloaded at: https://www.mdpi.
com/article/10.3390/membranes12080758 /s1.

Author Contributions: Conceptualization, L.W.; methodology, L.T. and L.W,; software, L.T. and L.W,;
data curation, L.T.; supervision, L.W.; writing—original draft preparation, L.W.; writing—review and
editing, L.T. and L.W.,; visualization, L.T.; project administration, L.W.; funding acquisition, L.W. All
authors have read and agreed to the published version of the manuscript.

Funding: this research was funded by National Institutes of Health, grant number RO1GM(096458.

Data Availability Statement: The coordinate of the atomic model reported in this paper was de-
posited in the Protein Data Bank (PDB) under accession code 6NDO. The cryo-EM map was deposited
in the Electron Microscopy Data Bank (EMDB) under accession code EMD-0439. Any additional
information required to reanalyze the data reported in this work paper is available from the lead
contact upon request.

Acknowledgments: We thank William N. Zagotta and Galen Flynn (University of Washington)
for the use of the fluorometer; Joel D. Quispe for the technical assistance on the Titan Krios at the
University of Washington; Hong Z. Zhou, Yanxiang Cui, Wong Hoi Hui, and Ivo Atanasov (University
of California, Los Angeles) for the use of the Titan Krios at UCLA; Eric Gouaux, Claudia S. Lépez,
and Craig Yoshioka (Oregon Health and Science University) for the use of the Titan Krios at Oregon
Health and Science University; and Frederick J. Sigworth for the discussions.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/membranes12080758/s1
https://www.mdpi.com/article/10.3390/membranes12080758/s1

Membranes 2022, 12, 758 11 of 13

References

1. Cui,]; Yang, H.; Lee, U.S. Molecular mechanisms of BK channel activation. CMLS 2009, 66, 852-875. [CrossRef] [PubMed]

2. Gribkoff, VK, Starrett, ].E.; Dworetzky, S.I. Maxi-K potassium channels: Form, function, and modulation of a class of endogenous
regulators of intracellular calcium. Neuroscientist 2001, 7, 166-177. [CrossRef] [PubMed]

3. Horrigan, ET.; Aldrich, R.W. Coupling between voltage sensor activation, CaZt binding and channel opening in large conductance
(BK) potassium channels. J. Gen. Physiol. 2002, 120, 267-305. [CrossRef] [PubMed]

4.  Carrasquel-Ursulaez, W,; Segura, I.; Diaz-Franulic, I.; Echeverria, E; Lorenzo-Ceballos, Y.; Espinoza, N.; Rojas, M.; Garate, J.A;
Perozo, E.; Alvarez, O.; et al. Mechanism of voltage sensing in Ca?*- and voltage-activated K* (BK) channels. Proc. Nat. Acad. Sci.
USA 2022, 119, €2204620119. [CrossRef]

5. Jiang, Y.X.; Pico, A.; Cadene, M.; Chait, B.T.; MacKinnon, R. Structure of the RCK domain from the E. coli K* channel and
demonstration of its presence in the human BK channel. Neuron 2001, 29, 593-601. [CrossRef]

6. Jiang, Y.X,; Lee, A.; Chen, ].Y.; Cadene, M.; Chait, B.T.; MacKinnon, R. Crystal structure and mechanism of a calcium-gated
potassium channel. Nature 2002, 417, 515-522. [CrossRef]

7. Jiang, Y.X.; Lee, A ; Chen, ].Y.; Cadene, M.; Chait, B.T.; MacKinnon, R. The open pore conformation of potassium channels. Nature
2002, 417, 523-526. [CrossRef]

8. Ye, S; Li, Y;; Chen, L.; Jiang, Y.X. Crystal Structures of a Ligand-free MthK Gating Ring: Insights into the Ligand Gating
Mechanism of K* Channels. Cell 2006, 126, 1161-1173. [CrossRef]

9.  Schreiber, M.; Salkoff, L. A novel calcium-sensing domain in the BK channel. Biophys. J. 1997, 73, 1355-1363. [CrossRef]

10.  Shi, J.; Krishnamoorthy, G.; Yang, Y.; Hu, L.; Chaturvedi, N.; Harilal, D.; Qin, J.; Cui, J]. Mechanism of magnesium activation of
calcium-activated potassium channels. Nature 2002, 418, 876-880. [CrossRef]

11.  Sweet, T.B.; Cox, D.H. Measurements of the BK¢c, Channel’s High-Affinity CaZ* Binding Constants: Effects of Membrane Voltage.
J. Gen. Physol. 2008, 132, 491-505. [CrossRef]

12.  Xia, XM.; Zeng, X.; Lingle, C.J. Multiple regulatory sites in large-conductance calcium-activated potassium channels. Nature 2002,
418, 880-884. [CrossRef]

13.  Zhang, G.; Huang, S.Y,; Yang, J.; Shi, J.; Yang, X.; Moller, A.; Zou, X.; Cui, J. Ion sensing in the RCK1 domain of BK channels.
Proc. Natl. Acad. Sci. USA 2010, 107, 18700-18705. [CrossRef]

14. Bao, L.; Kaldany, C.; Holmstrand, E.C.; Cox, D.H. Mapping the BKc, Channel’s “Ca%* Bowl”: Side-chains Essential for Ca%*
Sensing. J. Gen. Physol. 2004, 123, 475-489. [CrossRef]

15.  Yuan, P; Leonetti, M.D.; Pico, A.R.; Hsiung, Y.; MacKinnon, R. Structure of the Human BK Channel Ca?*-Activation Apparatus at
3.0 A Resolution. Science 2010, 329, 182-186. [CrossRef]

16. Wu, Y; Yang, Y; Ye, S,; Jiang, Y.X. Structure of the gating ring from the human large-conductance CaZ*—gated K* channel. Nature
2010, 466, 393-397. [CrossRef]

17. Yuan, P; Leonetti, M.D.; Hsiung, Y.; MacKinnon, R. Open structure of the CaZt gating ring in the high-conductance CaZ*-activated
K* channel. Nature 2012, 481, 94-97. [CrossRef]

18. Tao, X.; Hite, R K.; MacKinnon, R. Cryo-EM structure of the open high-conductance CaZ*-activated K* channel. Nature 2017,
541, 46-51. [CrossRef]

19. Hite, RK,; Tao, X.; MacKinnon, R. Structural basis for gating the high-conductance CaZ*-activated K* channel. Nature 2017,
541, 52-57. [CrossRef]

20. Gonen, T,; Cheng, Y.; Sliz, P.; Hiroaki, Y.; Fujiyoshi, Y.; Harrison, S.C.; Walz, T. Lipid-protein interactions in double-layered
two-dimensional AQPO crystals. Nature 2005, 438, 633-638. [CrossRef]

21. Hilgemann, D.W. Getting ready for the decade of the lipids. Annu. Rev. Physiol. 2003, 65, 697-700. [CrossRef] [PubMed]

22. Hille, B.; Dickson, E.J.; Kruse, M.; Vivas, O.; Suh, B.C. Phosphoinositides regulate ion channels. Biochim. Biophys. Acta 2015,
1851, 844-856. [CrossRef] [PubMed]

23. Lee, A.G. Biological membranes: The importance of molecular detail. Trends Biochem. Sci. 2011, 36, 493-500. [CrossRef] [PubMed]

24. Long, S.B.; Tao, X.; Campbell, E.B.; MacKinnon, R. Atomic structure of a voltage-dependent K* channel in a lipid membrane-like
environment. Nature 2007, 450, 376-383. [CrossRef]

25.  Schmidt, D.; Jiang, Q.X.; MacKinnon, R. Phospholipids and the origin of cationic gating charges in voltage sensors. Nature 2006,
444,775-779. [CrossRef]

26. Bayburt, TH.; Grinkova, Y.V,; Sligar, S.G. Self-Assembly of Discoidal Phospholipid Bilayer Nanoparticles with Membrane Scaffold
Proteins. Nano Lett. 2002, 2, 853—-856. [CrossRef]

27. Knowles, T.]; Finka, R.; Smith, C.; Lin, Y.; Dafforn, T.; Overduin, M. Membrane Proteins Solubilized Intact in Lipid Containing
Nanoparticles Bounded by Styrene Maleic Acid Copolymer. J. Am. Chem. Soc. 2009, 131, 7484-7485. [CrossRef]

28. Gao, Y.; Cao, E.; Julius, D.; Cheng, Y. TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action. Nature 2016,
543, 347-351. [CrossRef]

29. Pumroy, R.A.; Samanta, A.; Liu, Y.; Hughes, TE.T.; Zhao, S.; Yudin, Y.; Rohacs, T.; Han, S.; Moiseenkova-Bell, V.Y. Molecular
mechanism of TRPV2 channel modulation by cannabidiol. eLife 2019, 8, e48792. [CrossRef]

30. Shimada, H.; Kusakizako, T.; Dung Nguyen, T.H.; Nishizawa, T.; Hino, T.; Tominaga, M.; Nureki, O. The structure of lipid

nanodisc-reconstituted TRPV3 reveals the gating mechanism. Nat. Struct. Mol. Biol. 2020, 27, 645-652. [CrossRef]


http://doi.org/10.1007/s00018-008-8609-x
http://www.ncbi.nlm.nih.gov/pubmed/19099186
http://doi.org/10.1177/107385840100700211
http://www.ncbi.nlm.nih.gov/pubmed/11496927
http://doi.org/10.1085/jgp.20028605
http://www.ncbi.nlm.nih.gov/pubmed/12198087
http://doi.org/10.1073/pnas.2204620119
http://doi.org/10.1016/S0896-6273(01)00236-7
http://doi.org/10.1038/417515a
http://doi.org/10.1038/417523a
http://doi.org/10.1016/j.cell.2006.08.029
http://doi.org/10.1016/S0006-3495(97)78168-2
http://doi.org/10.1038/nature00941
http://doi.org/10.1085/jgp.200810094
http://doi.org/10.1038/nature00956
http://doi.org/10.1073/pnas.1010124107
http://doi.org/10.1085/jgp.200409052
http://doi.org/10.1126/science.1190414
http://doi.org/10.1038/nature09252
http://doi.org/10.1038/nature10670
http://doi.org/10.1038/nature20608
http://doi.org/10.1038/nature20775
http://doi.org/10.1038/nature04321
http://doi.org/10.1146/annurev.physiol.65.092101.142453
http://www.ncbi.nlm.nih.gov/pubmed/12517999
http://doi.org/10.1016/j.bbalip.2014.09.010
http://www.ncbi.nlm.nih.gov/pubmed/25241941
http://doi.org/10.1016/j.tibs.2011.06.007
http://www.ncbi.nlm.nih.gov/pubmed/21855348
http://doi.org/10.1038/nature06265
http://doi.org/10.1038/nature05416
http://doi.org/10.1021/nl025623k
http://doi.org/10.1021/ja810046q
http://doi.org/10.1038/nature17964
http://doi.org/10.7554/eLife.48792
http://doi.org/10.1038/s41594-020-0439-z

Membranes 2022, 12, 758 12 of 13

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Autzen, H.E.; Myasnikov, A.G.; Campbell, M.G.; Asarnow, D.; Julius, D.; Cheng, Y. Structure of the human TRPM4 ion channel in
a lipid nanodisc. Science 2018, 359, 228-232. [CrossRef]

Dang, S.; van Goor, M.K.; Asarnow, D.; Wang, Y.; Julius, D.; Cheng, Y.; van der Wijst, J. Structural insight into TRPV5 channel
function and modulation. Proc. Natl. Acad. Sci. USA 2019, 116, 8869-8878. [CrossRef]

McGoldrick, L.L.; Singh, A K.; Saotome, K.; Yelshanskaya, M.V.; Twomey, E.C.; Grassucci, R.A.; Sobolevsky, A.L. Opening of the
human epithelial calcium channel TRPV6. Nature 2018, 553, 233-237. [CrossRef]

Chen, Q.; She, J.; Zeng, W.; Guo, J.; Xu, H.; Bai, X.C.; Jiang, Y.X. Structure of mammalian endolysosomal TRPML1 channel in
nanodiscs. Nature 2017, 550, 415-418. [CrossRef]

Dang, S.; Feng, S.; Tien, ].; Peters, C.J.; Bulkley, D.; Lolicato, M.; Zhao, J.; Zuberbtihler, K.; Ye, W.; Qi, L.; et al. Cryo-EM structures
of the TMEM16A calcium-activated chloride channel. Nature 2017, 552, 426—429. [CrossRef]

Roh, S.H.; Stam, N.J.; Hryc, C.F,; Couoh-Cardel, S.; Pintilie, G.; Chiu, W.; Wilkens, S. The 3.5-A CryoEM Structure of Nanodisc-
Reconstituted Yeast Vacuolar ATPase Vo Proton Channel. Mol. Cell 2018, 69, 993-1004.e1003. [CrossRef]

Shen, PS.; Yang, X.; DeCaen, P.G; Liu, X.; Bulkley, D.; Clapham, D.E.; Cao, E. The Structure of the Polycystic Kidney Disease
Channel PKD2 in Lipid Nanodiscs. Cell 2016, 167, 763-773. [CrossRef]

Li, C.C,; Kao, TY.; Cheng, C.C.; Chiang, Y.W. Structure and regulation of the BsYet] calcium channel in lipid nanodiscs. Proc. Natl.
Acad. Sci. USA 2020, 117, 30126-30134. [CrossRef]

Gao, S.; Yan, N. Structural Basis of the Modulation of the Voltage-Gated Calcium Ion Channel Cav1l.1 by Dihydropyridine
Compounds. Angew. Chem. Int. Ed. 2020, 60, 3131-3137. [CrossRef]

Taylor, N.M.I.; Manolaridis, I.; Jackson, S.M.; Kowal, J.; Stahlberg, H.; Locher, K.P. Structure of the human multidrug transporter
ABCGg;. Nature 2017, 546, 504-509. [CrossRef]

Jackson, S.M.; Manolaridis, I.; Kowal, J.; Zechner, M.; Taylor, N.M.L; Bause, M.; Bauer, S.; Bartholomaeus, R.; Bernhardt, G.;
Koenig, B.; et al. Structural basis of small-molecule inhibition of human multidrug transporter ABCG,. Nat. Struct. Mol. Biol.
2018, 25, 333-340. [CrossRef] [PubMed]

Reid, M.S.; Kern, D.M.; Brohawn, S.G. Cryo-EM structure of the potassium-chloride cotransporter KCC4 in lipid nanodiscs. eLife
2020, 9, €352505. [CrossRef] [PubMed]

Srivastava, A.P.; Luo, M.; Zhou, W.; Symersky, J.; Bai, D.; Chambers, M.G.; Faraldo-Gémez, ].D.; Liao, M.; Mueller, D.M.
High-resolution cryo-EM analysis of the yeast ATP synthase in a lipid membrane. Science 2018, 360, eaas9699. [CrossRef]
[PubMed]

Katayama, H.; Wang, J.; Tama, F.; Chollet, L.; Gogol, E.P,; Collier, R.J.; Fisher, M.T. Three-dimensional structure of the anthrax
toxin pore inserted into lipid nanodiscs and lipid vesicles. Proc. Natl. Acad. Sci. USA 2010, 107, 3453-3457. [CrossRef]

Wang, L.; Bose, P.S.; Sigworth, EJ. Using cryo-EM to measure the dipole potential of a lipid membrane. Proc. Natl. Acad. Sci. USA
2006, 103, 18528-18533. [CrossRef]

Wang, L.; Sigworth, EJ. Structure of the BK potassium channel in a lipid membrane from Electron CryoMicroscopy. Nature 2009,
461, 292-295. [CrossRef]

Jensen, K.H.; Brandt, S.S.; Shigematsu, H.; Sigworth, FJ. Statistical modeling and removal of lipid membrane projections for
cryo-EM structure determination of reconstituted membrane proteins. J. Struct. Biol. 2016, 194, 49-60. [CrossRef]

Yao, X.; Fan, X.; Yan, N. Cryo-EM analysis of a membrane protein embedded in the liposome. Proc. Natl. Acad. Sci. USA 2020,
117, 18497-18503. [CrossRef]

Zheng, S5.Q.; Palovcak, E.; Armache, ].P; Verba, K.A.; Cheng, Y.; Agard, D.A. MotionCor2: Anisotropic correction of beam-induced
motion for improved cryo-electron microscopy. Nat. Methods 2017, 4, 331-332. [CrossRef]

Wang, L.; Tonggu, L. Membrane protein reconstitution for functional and structural studies. Sci. China Life Sci. 2015, 58, 66-74.
[CrossRef]

Brohawn, S.G.; del Marmol, J.; MacKinnon, R. Crystal structure of the human K2P TRAAK, a lipid- and mechano-sensitive K* ion
channel. Science 2012, 335, 436—441. [CrossRef]

Li, M.; Tonggu, L.; Tang, L.; Wang, L. Effects of N-glycosylation on hyperpolarization-activated cyclic nucleotide-gated (HCN)
channels. Biochem. J. 2015, 466, 77-84. [CrossRef]

Miller, A.N.; Long, S.B. Crystal structure of the human two-pore domain potassium channel K,P;. Science 2012, 335, 432-436.
[CrossRef]

Su, Z.; Brown, E.C.; Wang, W.; MacKinnon, R. Novel cell-free high-throughput screening method for pharmacological tools
targeting K* channels. Proc. Natl. Acad. Sci. USA 2016, 113, 5748-5753. [CrossRef]

Tonggu, L.; Wang, L. Cryo-EM sample preparation method for extremely low concentration liposomes. Ultramicroscopy 2020,
208, 112849. [CrossRef]

Suloway, C.; Pulokas, J.; Fellmann, D.; Cheng, A.; Guerra, F; Quispe, |.; Stagg, S.; Potter, C.S.; Carragher, B. Automated Molecular
Microscopy: The New Leginon System. J. Struct. Biol. 2005, 151, 41-60. [CrossRef]

Rohou, A.; Grigorieff, N. CTFFIND4: Fast and accurate defocus estimation from electron micrographs. J. Struct. Biol. 2015,
192, 216-221. [CrossRef]

Scheres, S.H.W. RELION: Implementation of a Bayesian approach to cryo-EM structure determination. J. Struct. Biol. 2012,
180, 519-530. [CrossRef]


http://doi.org/10.1126/science.aar4510
http://doi.org/10.1073/pnas.1820323116
http://doi.org/10.1038/nature25182
http://doi.org/10.1038/nature24035
http://doi.org/10.1038/nature25024
http://doi.org/10.1016/j.molcel.2018.02.006
http://doi.org/10.1016/j.cell.2016.09.048
http://doi.org/10.1073/pnas.2014094117
http://doi.org/10.1002/anie.202011793
http://doi.org/10.1038/nature22345
http://doi.org/10.1038/s41594-018-0049-1
http://www.ncbi.nlm.nih.gov/pubmed/29610494
http://doi.org/10.7554/eLife.52505
http://www.ncbi.nlm.nih.gov/pubmed/32286222
http://doi.org/10.1126/science.aas9699
http://www.ncbi.nlm.nih.gov/pubmed/29650704
http://doi.org/10.1073/pnas.1000100107
http://doi.org/10.1073/pnas.0608714103
http://doi.org/10.1038/nature08291
http://doi.org/10.1016/j.jsb.2016.01.012
http://doi.org/10.1073/pnas.2009385117
http://doi.org/10.1038/nmeth.4193
http://doi.org/10.1007/s11427-014-4769-0
http://doi.org/10.1126/science.1213808
http://doi.org/10.1042/BJ20140692
http://doi.org/10.1126/science.1213274
http://doi.org/10.1073/pnas.1602815113
http://doi.org/10.1016/j.ultramic.2019.112849
http://doi.org/10.1016/j.jsb.2005.03.010
http://doi.org/10.1016/j.jsb.2015.08.008
http://doi.org/10.1016/j.jsb.2012.09.006

Membranes 2022, 12, 758 13 of 13

59.

60.

61.

62.

63.

64.

Henderson, R.; Sali, A.; Baker, M.L.; Carragher, B.; Devkota, B.; Downing, K.H.; Egelman, E.H.; Feng, Z.; Frank, ].; Grigorieff,
N.; et al. Outcome of the First Electron Microscopy Validation Task Force Meeting. Structure 2012, 20, 205-214. [CrossRef]
Pettersen, E.F.; Goddard, T.D.; Huang, C.C.; Couch, G.S.; Greenblatt, D.M.; Meng, E.C.; Ferrin, T.E. UCSF Chimera—A visualiza-
tion system for exploratory research and analysis. J. Comput. Chem. 2004, 25, 1605-1612. [CrossRef]

Adams, PD.; Afonine, P.V.; Bunkéczi, G.; Chen, V.B.; Echols, N.; Headd, ].J.; Hung, L.W,; Jain, S.; Kapral, G.J.; Grosse Kunstleve,
R.W.; et al. The Phenix software for automated determination of macromolecular structures. Methods 2011, 55, 94-106. [CrossRef]
[PubMed]

Mannuzzu, L.M.; Isacoff, E.Y. Independence and Cooperativity in Rearrangements of a Potassium Channel Voltage Sensor
Revealed by Single Subunit Fluorescence. J. Gen. Physol. 2000, 115, 257-268. [CrossRef] [PubMed]

Pathak, M.; Kurtz, L.; Tombola, E,; Isacoff, E. The Cooperative Voltage Sensor Motion that Gates a Potassium Channel. ]. Gen.
Physol. 2005, 125, 57-69. [CrossRef] [PubMed]

Kalstrup, T.; Blunck, R. Dynamics of internal pore opening in Ky channels probed by a fluorescent unnatural amino acid.
Proc. Natl. Acad. Sci. USA 2013, 110, 8272-8277. [CrossRef]


http://doi.org/10.1016/j.str.2011.12.014
http://doi.org/10.1002/jcc.20084
http://doi.org/10.1016/j.ymeth.2011.07.005
http://www.ncbi.nlm.nih.gov/pubmed/21821126
http://doi.org/10.1085/jgp.115.3.257
http://www.ncbi.nlm.nih.gov/pubmed/10694254
http://doi.org/10.1085/jgp.200409197
http://www.ncbi.nlm.nih.gov/pubmed/15623895
http://doi.org/10.1073/pnas.1220398110

	Introduction 
	Materials and Methods 
	Protein Expression and Purification 
	Reconstitution of hBK Channels into Liposomes 
	CryoEM Grid Prepartion, Data Collection, and Data Processing 

	Results 
	Overall Structure of hBK in Liposomes 
	An Intermediate State of the BK Channel 
	Rotational Flexibility in the TM Region 

	Discussion 
	Conclusions 
	References

