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Calcium homeostasis modulator 1 (CALHM1) is a voltage-
and Ca2+-gated ATP channel that plays an important role in
neuronal signaling. However, as the previously reported
CALHM structures are all in the ATP-conducting state, the
gating mechanism of ATP permeation is still elusive. Here, we
report cryo-EM reconstructions of two Danio rerio CALHM1
heptamers with ordered or flexible long C-terminal helices at
resolutions of 3.2 Å and 2.9 Å, respectively, and one D. rerio
CALHM1 octamer with flexible long C-terminal helices at a
resolution of 3.5 Å. Structural analysis shows that the hepta-
meric CALHM1s are in an ATP-nonconducting state with a
central pore diameter of approximately 6.6 Å. Compared with
those inside the octameric CALHM1, the N-helix inside the
heptameric CALHM1 is in the “down” position to avoid steric
clashing with the adjacent TM1 helix. Molecular dynamics
simulations show that as the N-helix moves from the “down”
position to the “up” position, the pore size of ATP molecule
permeation increases significantly. Our results provide impor-
tant information for elucidating the mechanism of ATP
molecule permeation in the CALHM1 channel.

Adenosine triphosphate (ATP) release channels play an
important role in various cellular signaling events (1).
Consequently, their malfunctions are associated with many
pathophysiological processes, including neurological disor-
ders, inflammation, and cancer progression (2). To date,
extensive research has identified five family proteins as hu-
man ATP release channels, although some of them need to
be further verified. These five family proteins are connexins,
pannexins, calcium homeostasis modulators (CALHMs),
volume-regulated anion channels, and maxi-anion channels
(2). Convergent evolution analysis showed that they all have
four transmembrane helices (TMs) in the monomer that
form an oligomer with a central pore (3). These oligomers
are usually called hemichannels which release ATP to
mediate the subsequent purinergic signal transduction of
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neighboring cells (4). Hemichannels formed by some iso-
forms of connexin and CALHM (such as connexin 26,
connexin 43, connexin 50, CALHM2, CALHM4, etc.) can
dock with each other and further form gap junction channels
that allow direct exchange of small metabolites between cells
(5–7).

CALHM1 is a large-pore nonselective ion channel gated by
voltage and extracellular Ca2+ concentration (8). In addition,
CALHM1 is a voltage-gated ATP release channel that medi-
ates purinergic neurotransmission of sweet, bitter, and umami
tastes from type II taste bud cells to the taste nerve (9, 10).
Compared with the slow activation kinetics of CALHM1
homo-oligomerized channels, CALHM1/CALHM3 can form
hetero-oligomerized ion channels with rapid voltage-gated
activation kinetics that are closer to physiological states
in vivo (2). Structural studies of CALHM family proteins have
recently made great progress (11). Different CALHM iso-
forms form diverse oligomeric assemblies, ranging from 8
monomers to 13 monomers (12–14). The CALHM1 struc-
tures of vertebrate species have been reported to be an
octamer and form a hemichannel (12–14), while the Caeno-
rhabditis elegans CLHM1 can assemble as a nonamer, deca-
mer, or undecamer and form two conformations of
hemichannels and gap junctions (12, 13). Recent research on
the CALHM1–CALHM2 chimera structure suggested that
interactions between the long C-terminal helices (LCHs) and
the TM4-LCH linker may determine the oligomeric state of
the CALHM channels (14). Ren et al. reported a Danio rerio
CALHM1 octamer with ordered long C-terminal helices
(octamer+LCH) and proposed that the extracellular loop 1
region within the dimer interface may contribute to oligo-
meric assembly (13).

In this research, we reported cryo-EM reconstructions of
two D. rerio CALHM1 heptamers with ordered long C-ter-
minal helices (heptamer+LCH) or flexible long C-terminal
helices (heptamer-noLCH) and one D. rerio CALHM1
octamer with flexible long C-terminal helices (octamer-
noLCH). The comparison between different CALHM1 oligo-
mers from the same species suggests that the CALHM1
channel may have multiple conformational states.
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The heptameric CALHM1 structure
Results

Structure determination of drCALHM1 channels

The structures of the drCALHM1 channels were deter-
mined by cryo-EM. drCALHM1 channels were purified in the
presence or absence of Ca2+ and concentrated for cryo-EM
sample preparation. All datasets were collected using a Titan
Krios electron microscope operated at 300-kV accelerating
voltage with a K2 Summit direct electron-counting detector.
Details on the data collection and data processes are shown in
Figs. S1–S4. The heptamer+LCH structure was reconstructed
from the dataset in the presence of Ca2+. The heptamer-
noLCH and octamer-noLCH structures were reconstructed
from datasets in the absence of Ca2+. The final 3D re-
constructions of heptamer+LCH, heptamer-noLCH, and
octamer-noLCH were determined at overall resolutions of
3.2 Å, 2.9 Å, and 3.5 Å, respectively (Figs. S1 and S2). The
cryo-EM maps are sufficient to resolve most amino acid side
chains (Figs. S3 and S4). Due to the quality of density, the
N-helix of heptamer+LCH, heptamer-noLCH, or octamer-
noLCH structures only builds an alanine model (Figs. S3
and S4).
Overall structure of the heptamer+LCH channel

The overall structure of heptameric drCALHM1 is shaped
like a barrel and can be divided into three parts: the extra-
cellular loop, transmembrane domain, and cytoplasmic
domain (Fig. 1). From the top view, its extracellular region
forms a ring with a diameter of approximately 98 Å, and seven
small helices in the middle of the ring can be clearly observed
(Fig. 1, A and D). The side view shows that the height of the
drCALHM1 heptamer is approximately 92 Å. There are
multiple lipid molecules that exist inside a protomer and
Figure 1. The overall architecture of heptamer+LCH. The surface (A) and
drCALHM1 viewed from the extracellular side of the membrane. The seven
(E) representations of the cryo-EM density map of heptamer+LCH viewed pa
cartoon (F) representations of the cryo-EM density map of heptamer+LCH vie
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within the interface of two protomers (Fig. 1, B and E). From
the cytosolic view, it can be observed that the cytoplasmic
domain mainly consists of one long helix. Seven LCHs inter-
cross each other (Fig. 1, C and F), resulting in a ring diameter
of approximately 100 Å. The overall drCALHM1 heptamer is
quite similar to that of a previously reported octamer (13)
except for the different oligomerization states.

ATP-nonconducting state of the heptamer+LCH

As shown in Figure 1, the heptamer has smaller pores than
the octamer, and we further calculated the exact pore size with
the N-helix having all alanines in the current model (Fig. 2, A
and B). The narrowest diameter of the heptamer+LCH chan-
nel is approximately 14 Å (Fig. 2C). If the putative side chain
was built for the N-helix, the pore diameter was reduced to
6.6 Å, which blocked ATP permeation through the pore but
allowed ion flux. To further validate this result, we took
advantage of molecular dynamics (MD) simulation method-
ology. Coarse-grained simulations of heptamer+LCH in the
presence of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) lipids were carried out. We added hydrated Na+, hy-
drated K+, and Cl− ions on either side of the POPC bilayer to
the Martini, version 2.0, forcefield (15). Ca2+ ions were added
on the extracellular side. During replicates of 10-μs coarse-
grained MD simulations, we observed that multiple Na+ cat-
ions, K+ cations, and Cl− anions crossed the membrane
through the heptamer+LCH channel. In contrast, Ca2+ ions
were still on the extracellular side of the POPC bilayer after
simulations and were unable to pass through the heptameric
channel (Fig. 2D). These simulation results indicated that the
heptamer+LCH channel favors the permeation of monovalent
ions (Na+, K+, and Cl−) but repulses Ca2+ ions. Moreover, its
pore size is too narrow for bulky ATP molecules.
cartoon (D) representations of the cryo-EM density map of heptameric
subunits are represented by different colors. The surface (B) and cartoon
rallel to the membrane. The lipid-like density is gray. The surface (C) and
wed from the cytosolic side of the membrane. LCH, long C-terminal helix.



Figure 2. The center pore is in an ATP-nonconductive state. A, the stereo image for the fit of the N-helix (a polyalanine model) in the map. B, yellow dots
represent the permeation path of the heptamer, where the N-helix is built as a polyalanine model. C, the pore radius along the central axis of drCALHM1 in
different oligomerization states is marked as follows: Orange represents heptamer, where the N helix has a putative side chain; blue represents heptamer,
where the N helix is a polyalanine model; gray represents octamer, where the N helix is a polyalanine model. D, the position of the ion in the heptamer
channel in the coarse-grained simulations. Two opposing subunits of the heptamer are shown in ribbon. Na+, K+, Cl−, and Ca2+ ions are shown in the sphere
model and colored purple, red, green, and orange, respectively. The color changes from transparent to opaque with the simulation time.

The heptameric CALHM1 structure
We also calculated the electrostatic surface potential dis-
tribution of the heptamer+LCH channel and found that the
positive potential at the center of the pores of the heptamer is
stronger than that of the octamer (Fig. S5), which may be due
to the change in the oligomerization state to make the hep-
tameric channel more compact. The strong positive potential
distribution inside pores may indicate the voltage-dependent
characteristics of ion flux through the CALHM1 channel, as
shown by electrophysiological studies (16).
Structural comparison of a heptamer and octamer

To address the underlying mechanism of the formation of
two different oligomers from the same CALHM1 protomer,
we first compared the heptamer and octamer by
superimposing one protomer of each assembly (Fig. 3A). The
entire heptamer forms a smaller circle than the octamer. The
protomer is composed of four TMs (TM1, TM2 plus TM2b,
TM3 plus TM3b, and TM4), one extracellular helix, and one
LCH. The protomers from the heptamer and octamer are
extremely similar except for the position of the N-helix.
Compared with the N-helix of the octamer, the N-helix of the
heptamer moves toward the cytosolic direction by approxi-
mately 6 Å (Fig. 3B) (defined as the “down” position in the
heptamer and the “up” position in the octamer hereafter). In
the heptamer, the N-helix is aligned parallel to and interacts
with TM1 (Fig. 3C). The side chain of Leu28 has hydrophobic
interactions with Ala10. Moreover, the N-helix from one
protomer has multiple interactions with TM1 from the
neighboring protomer. One hydrogen bond was formed
J. Biol. Chem. (2022) 298(5) 101838 3



Figure 3. Comparison of the structures of heptamer and octamer. A, cartoon representation of the drCALHM1 heptamer (rainbow) and octamer (gray),
viewed from the top of the membrane after superimposing the protomer of each oligomer. B, the superposition of the transmembrane domain of the
drCALHM1 heptamer (orange) and octamer (gray), viewed from the side of the membrane. The N-helix of the heptamer is marked in red for better contrast.
C, the interaction between the N-helix and TM1. The orange TM1 and the red N-helix are in the same protomer, and the blue TM1 is in another adjacent
protomer. The dashed lines represent hydrogen bonds. D, the comparison of the dimers of different oligomerization states by superimposing a protomer.
The protomer of the heptamer is superimposed in orange, the other is blue, and the N-helix is marked red for contrast. The octamer is gray. E, comparison
with trimers of the drCALHM1 heptamer and octamer (gray) by superimposition of a protomer, viewed from the top of the membrane. The three protomers
of the heptamer are represented by orange, blue, and magenta. The red arrows indicate the steric clashes between the N-helix of the octamer and adjacent
TM1 subunits.
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between the side chain of Gln32 and the main chain carboxyl
oxygen atom of Ala9. Additionally, the side chain of Ile25 has
hydrophobic interactions with Ala16. We anticipated more
interactions between the N-helix and TM1 if the side chain of
the N-helix could be built.

We then superimposed the dimers from the heptamer and
the octamer. These two dimers are similar except for two
N-helices (Fig. 3D). Similar to the protomer comparison result,
two N-helices in the dimer adapted from the heptamer obvi-
ously move down. After superimposing one protomer
together, the neighboring protomer from the heptamer oc-
cupies a closer position to the pore than that from the octamer
(Fig. 3E), resulting in the N-helix from the octamer having a
steric clash with TM1 from the heptamer (as shown by the red
arrow). Therefore, the N-helix is mandatory in the “down”
position in the heptamer.
Movement of the N-helix increases the pore diameter

In order to check whether drCALHM1 maintains a func-
tional channel in human cells, we transfected DNA encoding
4 J. Biol. Chem. (2022) 298(5) 101838
GFP-tagged full-length drCALHM1 into HEK293T cells and
conducted electrophysiological studies. A large voltage-
dependent outward current was observed using the whole-
cell configuration (Fig. S6), indicating that the expression of
drCALHM1 in HEK293T cells forms a channel similar to the
previously reported Homo sapiens CALHM1 channel (17),
although the oligomeric states of drCALHM1 are unknown.

To test the possibility that the movement of the N-helix can
be involved in the pore size of CALHM1, we carried out MD
simulations. With the help of unbiased supervised MD and
biased targeted MD simulations for heptamer+LCH, we
accelerated the movement of the N-helix in one protomer of
the heptamer from the “down” position to the “up” position on
a time scale accessible to MD simulations. During the super-
vised MD simulations, we monitored the root mean square
deviation (RMSD) of the N-helix of protomer 1 (P1) in the
current structure compared with that of P1 in the octamer to
represent the movement of the N-helix. To monitor the pore
size, we calculated the minimum distance of any atom between
two N-helices from P1 and P4 protomers (denoted as P1−P4
hereafter), from P2 and P5 protomers (P2−P5), from P3 and P6



The heptameric CALHM1 structure
protomers (P3−P6), and from P4 and P7 protomers (P4−P7)
(Fig. S7A). There was obvious deformation of the 7-fold
symmetry structure in the N-helix region caused by the
movement of the N-helix in P1 during the supervised MD
simulations. Then, we calculated the potential of mean force
for the RMSD of the N-helix versus. the P4−P7 distance
(Fig. 4A). The potential of mean force map shows the transi-
tion process of the heptamer and clearly depicts three different
conformational states (state 1, state 2, and state 3) of the
heptamer starting from the initial state (state 0) (Fig. 4B). In
initial state 0, the RMSD of the N-helix is approximately
6.66 Å, and the P4–P7 distance is approximately 9.57 Å. In
states 1, 2, and 3 transformed from state 0, the RMSD of the
N-helix is 5.63, 4.80, and 4.70 Å, and the P4−P7 distances are
approximately 9.79, 11.89, and 13.26 Å, respectively. The
conformational state of the N-helix moves closer to that of P1
in the octamer. Meanwhile, the pore size gradually increased
from 9.79 Å to 13.26 Å. Furthermore, the targeted MD also
observed that the pore size increased due to the movement of
the N-helix (Fig. S7B). Conventional MD simulations were
performed as controls, and the position of the N-helix and the
pore size of the heptamer remained similar to those in the
initial state throughout the simulation time (Fig. S7C). Addi-
tionally, we performed conventional MD simulations to show
the time-dependent RMSD values for the Cα atoms of the
heptamer+LCH or octamer+LCH structures relative to con-
formations obtained from the cryo-EM structures (Fig. S7, D
and E). The RMSDs exhibited small variations during the
Figure 4. The updown motion of the N-helix increases the pore diameter. A
radius in the heptameric channel. The initial structure and three low-energy c
state 1, state 2, and state 3. B, representative structures of P4 and P7 in stat
protomers of the heptamer are shown in cartoon. PMF, potential of mean for
atomic simulations, implying that the two structures were
conformationally stable.

Structures of heptamer-noLCH and octamer-noLCH
Since the heptamer+LCH structure was determined using

the dataset in the presence of Ca2+, we tried to understand
whether Ca2+ can induce different oligomerization states of
drCALHM1. Reprocessing the dataset in the absence of Ca2+,
in addition to the previously reported octamer+LCH structure
(13), we were able to identify two new conformation states of
the drCALHM1 channel, in which the LCH is disordered
(Fig. S2). We named them heptamer-noLCH (Fig. 5, A–F) and
octamer-noLCH (Fig. 5, G–L). These results suggest that Ca2+

is unlikely to be the cause of the different oligomerization
states of the drCALHM1 channel.

The overall structures of heptamer-noLCH versus hepta-
mer+LCH and octamer-noLCH versus octamer+LCH are
highly similar except for LCHs (Fig. S8, A and B). Moreover,
the pore diameters remained similar in these structures with or
without LCHs (Fig. S8, C and D), indicating that the LCH did
not regulate the pore size. We also compared the buried sur-
face area of the protomer in different conformational states.
With the LCH, the buried surface areas are 948.6 Å2 and
959.6 Å2 for the monomer in the heptamer+LCH structure
and octamer+LCH structure, respectively. However, without
the LCH, the buried surface areas are 627.6 Å2 and 603.3 Å2

for the protomer in the heptamer-noLCH structure and
octamer-noLCH structure, respectively. These results suggest
, two-dimensional PMF profile of the RMSD of the P1 N-helix versus the pore
onformational states during supervised MD simulations are labeled state 0,
e 0, state 1, state 2 and state 3 of the heptameric channel. Two opposing
ce.
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Figure 5. Overall structure of heptamer-noLCH and octamer-noLCH. Density maps (A–C) and cartoons (D–F) of heptamer-noLCH in different directions.
Blue and yellow are interlaced between adjacent subunits. Density maps (G–I) and cartoons (J–L) of different sides of octamer-noLCH. The adjacent subunits
are interlaced with purple and yellow. To clearly show the changes in subunit assembly during the transition of the oligomeric state, the key subunits are
marked with different degrees of green. The lipid-like densities are in orange.
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that the LCH may serve as a scaffold to stabilize oligomerized
CALHM1 channels.

Discussion
In this study, we reported a heptameric drCALHM1 channel

with an ATP nonconducting conformation. Compared with
the octameric drCALHM1 channel (13), the heptameric
drCALHM1 channel undergoes two major changes. One is a
much smaller channel ring, leading to a smaller pore and thus
possibly blocking ATP permeation. Since the narrowest pore
diameter is approximately 6.6 Å, it is likely that the ions can
pass through the pores of the heptamer. Indeed, MD results
showed that Na+, K+, and Cl− can pass through the pore.
However, Ca2+ was precluded from the pore, which may be
caused by the positively charged environment inside the pore.
6 J. Biol. Chem. (2022) 298(5) 101838
Nevertheless, such narrow pores will unlikely allow ATP
molecule permeation. The other difference is that the N-helix
moves toward the cytosolic direction by approximately 6 Å to
avoid the steric clash with neighboring TM1 helices, suggest-
ing that the change in the oligomer state may correlate with
the movement of the N-helix. Supervised MD simulations and
targeted MD simulations indeed showed that the movement of
the N-helix to the “up” position led to the deformation of the
7-fold symmetric structure and significantly increased pore
size.

We also determined two conformational states of hepta-
meric and octameric drCALHM1 channels with flexible
LCHs. Although the current structures of heptamer-noLCH
and octamer-noLCH were reconstructed from the Ca2+-free
dataset, these two conformational states can be observed
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from the dataset in the presence of Ca2+. Moreover, it has
been noted that the final models of heptamer-noLCH and
octamer-noLCH do not include LCHs due to the intrinsic
flexibility in these specific conformational states instead of
protein degradation. The purified protein sample did not
show obvious degraded bands from the SDS-PAGE gel.
Therefore, it is reasonable to hypothesize that for the same
type of oligomer, the drCALHM1 channel may exhibit
equilibrium between two conformational states (ordered
versus flexible LCHs).

Together with previously published results, we proposed a
molecular mechanism of ATP permeation through the
CALHM1 channel (Fig. S9). In the resting state, the CALHM1
channel may form a heptamer and equilibrium between or-
dered LCHs and flexible LCHs. Upon sensing stimulus, the N-
helix inside the pore moves up toward the extracellular di-
rection, driving conformational changes and oligomeric rear-
rangement to facilitate ATP molecule permeation.

Compared with the published ATP permeation mechanism
of another ATP release channel, pannexin 1 (18), our proposed
mechanism of ATP permeation has a common point: both use
the C-terminal tail to regulate ATP permeation. The major
difference is that the C-terminal tail has to be cleaved during
ATP permeation in pannexin 1, while the C-terminal part in
CALHM1 may switch to the disordered region for further
assembly into higher-order oligomers to permeate ATP
molecules.

To date, several CALHM subtype structures have been re-
ported to form various oligomers (12–14, 19, 20). Conse-
quently, the “protein gate” or “lipid gate” model has been
proposed to explain ATP permeation (14, 19, 20). Our results
are unfavorable for these two models. We did not observe any
TM1 movement when compared with the closed and open
states of drCALHM1 channels. Additionally, MD simulations
did not support the argument that lipids enter the pore.
During the 10-μs coarse-grained MD simulations, the lipids
assembled into clearly defined upper and lower leaflets around
both proteins but could not be accommodated within both
channel pores of proteins (Fig. S10). Although the molecular
mechanism of ATP permeation in CALHM channels requires
further investigation, the feature of dynamic assembly in
CALHM channels is certainly quite unique. The correlation
between dynamic assembly and biological function remains to
be ascertained in the future.
Experimental procedures

Expression of the drCALHM1 channel

Full-length D. rerio CALHM1 (UniProtKB number: E7F2J4,
synthesized by Genewiz Inc) was ligated into the EcoRI-NotI
restriction sites of the pEG-BacMam vector, with a
tobacco etch virus protease cleavage site and enhanced green
fluorescent protein at its N-terminus. The BacMam viruses
were generated and amplified following the standard Bac-to-
Mam Baculovirus expression system (Invitrogen) in Spo-
doptera frugiperda (Sf9) cells. The bacmid produced by
DH10Bac cells was transfected into Sf9 cells using X-
tremeGENE HP DNA Transfection Reagent (Roche) and then
cultured at 27 �C. HEK293S GnTi- cells were cultured in
Freestyle 293 expression medium (Thermo Fisher Scientific) at
37 �C with 5% CO2. When the cell density reached 2 × 106

cells per mL, the cells are transfected with the second-
generation virus (P2). After transfection, the cells were incu-
bated at 37 �C for 24 h, and then sodium butyrate was added to
a final concentration of 10 mM to facilitate protein expression.
The cells were cultured at 30 �C for another 60 h before
harvest.

Purification of the drCALHM1 channel

The cells were collected by centrifugation at 800g, resus-
pended in lysis buffer consisting of 20 mM Tris-HCl pH 7.5,
200 mM NaCl, 1 mM PMSF, and then lysed through soni-
cation for 15 min. The membrane pellets were collected by
ultracentrifugation at 180,000g for 1 h and then homogenized
in the buffer consisting of 20 mM Tris-HCl pH 7.5, 200 mM
NaCl, and 1 × protease inhibitor cocktail (Roche), and
solubilized in 1% (w/v) n-dodecyl-β-D-maltoside (DDM,
Anatrace), 0.2% (w/v) cholesteryl hemisuccinate (CHS, Sigma–
Aldrich) at 4 �C for 3 h. Insoluble membrane debris was
removed by centrifugation at 110,000g for 40 min. The su-
pernatant was applied to agarose beads conjugated with anti-
GFP nanobody and rotated at 4 �C for 2.5 h. The beads were
rinsed three times in 20 mM Tris-HCl pH 7.5, 500 mM NaCl,
0.025% (w/v) DDM, and 0.005% (w/v) CHS and then rinsed
three times in 10 mM ATP (Macklin), 10 mM MgCl2, 20 mM
Tris-HCl pH 7.5, 200 mM NaCl, 0.025% (w/v) DDM, and
0.005% (w/v) CHS. After that, the beads were washed with W
buffer, which contained 20 mM Tris-HCl pH 7.5, 200 mM
NaCl, and 0.0063% (w/v) glycol-diosgenin (Anatrace).
drCALHM1 protein was eluted with W buffer containing
tobacco etch virus protease overnight at 4 �C and concentrated
for further purification by size-exclusion chromatography on a
Superose 6 Increase 10/300 Gl column (GE Healthcare) in
20 mM Tris-HCl, pH 7.5, 200 mM NaCl, and 0.0063% glycol-
diosgenin with 2 mM Ca2+. The peak fractions were pooled,
concentrated to 6 mg/ml by a 100-kDa cutoff Centricon
(Merck Millipore), and flash-frozen for further cryo-EM grid
preparation.

Cryo-EM sample preparation and imaging

An aliquot of 2.5 μl of purified drCALHM1 sample was
applied onto a glow discharged holey carbon film grid (200
mesh, R2/1, Quantifoil). The grid was blotted and flash-frozen
in liquid ethane with FEI Vitrobot Mark IV. The grid was
loaded onto an FEI Titan Krios electron microscope operated
at 300-kV accelerating voltage. Image stacks were recorded on
a K2 Summit direct electron counting detector (Gatan) set in
counting mode using SerialEM (http://bio3d.colorado.edu/
SerialEM/). The defocus range is −1.5 to −2.5 μm, and the
pixel size is 1.014 Å/pixel. A total of 40 frames were acquired
in 8 s for each image stack, giving a total electron dose of 51.2
e−/Å2. Finally, 2292 image stacks were acquired in an imaging
session of 24 h.
J. Biol. Chem. (2022) 298(5) 101838 7
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Image processing

The recorded image stacks were processed by MotionCor2
(21) for a 5 × 5 patch drift correction with dose weighting. The
non–dose-weighted images were used for CTF estimation by
CTFFIND 4 (22). Poor-quality images (no protein particles or
ice-breaking streaks) are removed before the particles are
picked up. A total of 801,380 particles were semiautomatically
picked from dose-weighted images by Gautomatch (https://
www.mrc-lmb.cam.ac.uk/kzhang/) and extracted by
RELION-3 (23) in a box size of 260 pixels. A round of 2D
classification was performed in RELION-3 to remove con-
taminations, ice, and bad particles, yielding 482,632 good-
quality particles. The selected particles were then used to
generate the initial model with an ab initio method with C1
symmetry in CryoSPARC-2 (https://cryosparc.com/). The
initial model was low-pass filtered to 30 Å resolution and
applied to the first round of 3D classification in RELION-3.
The particles were divided into 3 subsets, and only 1 of the
3 subsets showed a 7-fold symmetry structure. Particles in this
subset were selected for 3D autorefine with C7 symmetry. Two
more rounds of 3D classification by local angular search with
C7 symmetry yielded 23,073 particles in a well-defined class
that showed the LCH domain in the map. Another round of
3D autorefining was performed with C7 symmetry and
generated reconstruction at 3.4 Å resolution. Per-particle
motion correction was carried out using Bayesian polishing
in RELION-3. The shiny, polished particles were then trans-
ferred to CryoSPARC-2 for 3D classification using heteroge-
nous refinement with C7 symmetry. A total of 12,671 particles
were selected and then refined to 3.2 Å resolution in
CryoSPARC-2 using nonuniform refinement. The stated res-
olutions were evaluated using the “gold_standard” FSC = 0.143
criterion. The local resolution was calculated by ResMap (24)
or using two cryo-EM maps independently refined from halves
of the data. For the structures of heptamer-noLCH and
octamer-noLCH, details of the data processing are listed in
Fig. S2. Data collection and reconstruction statistics are pre-
sented in Table S1.

Model building and refinement

Initially, the monomer structure of the drCALHM1 octamer
was a rigid body fitted into the map obtained at 3.2 Å reso-
lution. The fitted model was rebuilt manually using COOT
optimizing the fit and subjected to global refinement and
minimization in real space using the module “real_space_r-
efinement” in PHENIX (25). The quality of the model was
assessed with MolProbity (25). The final model exhibited good
geometry, as indicated by the Ramachandran plot. The pore
radius was calculated using HOLE (http://www.holeprogram.
org/). The refinement statistics of the three drCALHM1
structures are shown in Table S1.

Electrophysiology

HEK293T cells were transiently transfected with GFP-
tagged drCALHM1 for 16 to 24 h at 37 �C with 5% CO2.
Transfected cells were then digested by trypsin and plated onto
8 J. Biol. Chem. (2022) 298(5) 101838
35-mm dishes for cultivation for at least 3 h before electro-
physiology. The glass pipettes were pulled to a suitable shape
using a P-97 glass microelectrode puller (Sutter Instrument,
Novato) and polished with an MF-830 (Narishige, Tokyo,
Japan). For the whole-cell configuration of recording
drCALHM1-3C-GFP currents, all internal pipette solutions
were 140 mM CsF, 6 mM MgCl2, 1 mM CaCl2, 11 mM EGTA,
2 mM TEA+, and 10 mM Hepes (pH adjusted to 7.3 with
NaOH and methanesulfonic acid, �310 mOsm). The resis-
tance of the pipette was 3 to 5 MΩ after being filled with the
internal recording solution. For the whole-cell configuration of
recording currents, the external bath solution was 145 mM
NaCl, 5.4 mM KCl 10 mM TEA+, 10 mM glucose, 1.5 mM
CaCl2, 1 mM MgCl2, and 10 Hepes (pH adjusted to 7.4 with
NaOH and methanesulfonic acid, �330 mOsm). All experi-
ments were conducted at room temperature with the stimu-
lation voltage: 25-ms voltage step to −100 mV from a potential
of 0 mV, followed by a ramp voltage increasing from −100
to +60 mV in 5 s. Whole-cell currents were amplified with an
Axopatch 700B and digitized with a Digidata 1550A system
(Molecular Devices). All currents were sampled at 10 kHz and
low-pass filtered at 2 kHz through pCLAMP software (Mo-
lecular Devices). Origin 9.0 software (OriginLab Corp.) was
also used for data analysis.
MD simulations

The molecular structure of the heptamer was prepared for
the MD simulations. The missing residues (21–24, 93–94,
and 205–207) were built by homology modeling using
Modeller 9.24 (26). The residues are protonated at neutral
pH. The heptamer was inserted into 160 Å × 160 Å POPC
bilayers with their pore axis aligned parallel to the z-axis
through visualized operations in VMD (27). The system was
then solvated in TIP3P water boxes (28) and neutralized by
0.15 M NaCl. The final system of the heptamer consisted of
343,897 atoms. Simulations were performed with Amber
2018 (http://ambermd.org/AmberMD.php) by using
AMBER force field FF14SB (29) for proteins and LIPID14
(30) for POPC. A 12-Å cutoff was set for the nonbonded
interactions. The SHAKE algorithm (31) integration was
used to constrain the covalent bonds involving hydrogen
atoms, and the particle mesh Ewald algorithm (32) was
applied to treat long-range electrostatic interactions. The
time step was set to 2 fs.

The initial energy minimization, thermalization, and a series
of equilibrations were performed for the systems. First, each
system was minimized for 10,000 steps. Second, the thermali-
zation of each system heating from 0 K to 310 K was carried out
in 500 ps using the Langevin thermostat (33). The proteins and
lipid head groups were fixed with a constraint of
50 kcal mol−1 Å−2. Third, a series of equilibrations were per-
formed for each system. The POPC bilayer was equilibrated for
30 ns with the proteins constrained (50 kcal mol−1 Å−2). After
that, the missing residues were optimized for 30 ns, and the
other residues of proteins were constrained (50 kcal mol−1 Å−2).
Finally, all atoms in the heptamer system were released and
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The heptameric CALHM1 structure
equilibrated for 20 ns with no constraints. The frames were
saved every 500 steps for analysis.

Supervised MD simulation incorporates a tabu-like super-
vision algorithm on the reaction coordinate into a conven-
tional MD simulation (34, 35), accelerating the process of the
“updown” motion of the N-helix. Protomer 1 in the heptamer
system was replaced with the monomer of the octamer
(Target0) to obtain the reference structure. Then, we calcu-
lated the RMSD of the N-helix of protomer 1 in the current
structure compared with Target0. The in-house Python script
was employed to monitor the RMSD and process the MD
simulation with the Amber engine (http://ambermd.org/
AmberMD.php). The supervised MD was carried out in
three main steps: (i) the 600-ps conventional MD simulations
were performed and arrived at the checkpoint; (ii) 8 snapshots
in 75-ps intervals were extracted from the trajectory, and the
RMSD of each frame was calculated and collected; and (iii) if
the slope of 8 values of RMSD was negative, the next 600-ps
simulation was performed to reach the next checkpoint.
Otherwise, the supervised MD simulation restarts from the
checkpoint using the velocities randomly assigned. We per-
formed an 80-ns supervised MD simulation, and then the
supervised MD procedure was stopped. Only the productive
steps were saved for analysis.

Targeted MD simulations (36, 37) can also accelerate the
transition process by using a constraint. We carried out the
targeted MD in the isothermal-isobaric (NPT) ensemble.
Here, the coordinates of the N-helix in the “up” and “down”
positions of protomer 1 were used as the initial and target
positions, respectively. The targeted MD simulations were
performed for 1 ns with force constants of
0.02 kcal mol−1 Å−2. The frames were saved every 500 steps
for analysis. As controls, a 100-ns conventional MD simula-
tion was performed.

The coarse-grained MARTINI models (15, 38) for the
heptamer and the octamer were built, respectively, with the
ElNeDyn elastic network (39) applied to proteins. The CG
protein coordinates of the heptamer and the octamer were
separately positioned in the center of the simulation box of
size 16 × 16 × 18 nm3 and 17 × 17 × 18 nm3, respectively,
with their pore axis aligned parallel to the z-axis and
embedded in a POPC bilayer using the insane script (40).
Each system was solvated at 0.15 M NaCl concentration on
either side and 0.02 M CaCl2 concentration on the extra-
cellular side. Coarse-grained simulations were carried out
using Gromacs, version 2020.2. The Martini, version 2.2,
force field was used for protein (15, 38), and the Martini,
version 2.0, force field was used for POPC and ions (41). The
simulations were run in the NPT ensemble. The time step
was set to 20 fs. By using the velocity-rescaling thermostat
(42) with coupling constants of τT = 1.0 ps, the temperature
was maintained at 310 K. The pressure was controlled at
1 bar by a semi-isotropic Parrinello-Rahman barostat (43)
with a coupling constant of τP = 12.0 ps. The type of
constraint applied to bonds was the LINCS algorithm (44). A
Verlet cutoff scheme was used, and the particle mesh Ewald
method (32) was applied to calculate long-range electrostatic
interactions. Periodic boundary conditions were used in the
x- and y-axes. Ten microliters of equilibrium simulation
trajectory data was collected for each system. The all-atom
and coarse-grained MD simulations in this work were
repeated 3 times.
Data availability

Atomic coordinates have been deposited in the Protein Data
Bank under accession numbers 7DSE, 7DSD, and 7DSC for
heptamer+LCH, heptamer-noLCH, and octamer-noLCH,
respectively. The cryo-EM density maps have been deposited
in the Electron Microscopy Data Bank under accession
numbers EMD-30832, EMD-30831, and EMD-30830 for
heptamer+LCH, heptamer-noLCH, and octamer-noLCH,
respectively.
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