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OSCA/TMEMG63 channels, which have transporter-like architectures, are bona
fide mechanosensitive (MS) ion channels that sense high-threshold mechanical
forces in eukaryotic cells. The activation mechanism of these transporter-like
channels is not fully understood. Here we report cryo-EM structures of a
dimeric OSCA/TMEM63 pore mutant OSCAL.1-F516A with a sequentially
extracellular dilated pore in a detergent environment. These structures suggest
that the extracellular pore sequential dilation resembles a flower blooming and
couples to a sequential contraction of each monomer subunit towards the
dimer interface and subsequent extrusion of the dimer interface lipids. Inter-
estingly, while OSCAL.1-F516A remains non-conducting in the native lipid
environment, it can be directly activated by lyso-phosphatidylcholine (Lyso-
PC) with reduced single-channel conductance. Structural analysis of OSCALI-
F516A in lyso-PC-free and lyso-PC-containing lipid nanodiscs indicates that
lyso-PC induces intracellular pore dilation by attracting the Méb to upward
movement away from the intracellular side thus extending the intracellular
pore. Further functional studies indicate that full activation of MS OSCA/
TMEM63 dimeric channels by high-threshold mechanical force also involves
the opening of both intercellular and extracellular pores. Our results provide
the fundamental activation paradigm of the unique transporter-like MS OSCA/
TMEMB®63 channels, which is likely applicable to functional branches of the
TMEM63/TMEM16/TMC superfamilies.

Cells sense physical forces through dedicated receptors and respond
accordingly under both physiological and pathological conditions
from bacteria to humans. How cells convert forces into cellular signals
remains largely unresolved at the molecular level. Encouragingly,
specific membrane channels have been discovered in both prokaryotic
and eukaryotic organisms, and shown to play an important role in
various mechanosensory processes such as touch, hearing, and
osmosensing'. Bona-fide mechanosensing or MS channels are the key
to better understanding the processes of converting physical forces to
cellular signals. Since the first prokaryotic MS channel, a mechan-
osensitive ion channel of large conductance (MscL), was identified?,

only a few bona-fide eukaryotic MS channels have been discovered,
such as MS K2P?, PIEZO*, and OSCA/TMEM®63°*¢ channels. The MS K2P
channels are potassium channels, while the PIEZO and OSCA/TMEM63
channels have the potential to excite the cell as they are calcium-
permeable. PIEZO channels are mainly responsible for low-threshold
force®, while OSCA channels are responsible for high-threshold force’.
Resolving the structural basis of these channels has led to a paradigm
shift in our understanding of cellular responses to physical forces.
The OSCAl gene, originally found in Arabidopsis, mediates
osmotic stress-induced calcium increases and is essential for osmotic
sensing’. It was identified as a bona fide mechanosensitive ion channel
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using pressure clamp technology’. The mechanosensitive property of
OSCA/TMEM63 family is evolutionarily involved in many processes,
including insect detection of food texture®, auditory processes in
mice’, and neural activities'. The first reported structure of OSCA/
TMEM63 channel from plants displays eleven transmembrane (M)
helices for each protomer and assembles into a dimer’. The channel
forms a long and hourglass-like pore, very different from other ion
channels with a central pore’. However, the dimeric architecture
exhibits structural resemblance with the TMEM16 superfamily, which
consists of calcium-activated anion channels and lipid scramblases" .
Meanwhile, the OSCA/TMEM63 channels also exhibit structural simi-
larity to another transmembrane channel-like subunit (TMC), which
serves as the primary subunit in the auditory TMC complex™. Like
the CLC family, which contains both ion channels and transporters,
we designate the OSCA/TMEM63 channels, which have a transporter-
like architecture, as transporter-like channels®. Interestingly, while the
mammalian OSCA/TMEM63 channels possess higher pressure sensi-
tivity, they are different from the plant dimeric OSCA/TMEM63 due to
their monomeric formation'®",

Intriguingly, while most MS channels share the concept of sensing
and transducing forces from the surrounding bilayer, also known as
“force-from-lipids™®*, the architectures of MS channel families are
strikingly different®* 2, Therefore, it is likely that each MS channel
family has developed distinctive molecular mechanisms to sense
mechanical force. Within the bacteria, heptameric MS channels, at
least three types of lipids called pore lipids, gatekeeper lipids, and
pocket lipids are responsible for sensing and transducing channel
force at different positions®. Similarly, in the pseudo-tetrameric MS
K2P channels, there are also at least three sorts of lipids in their binding
sites that regulate channel activation’*. Notably, the pore lipids are
shared by both MscS and MS K2P channels, where they seal the channel
pore®?, Thus, upon activation, the mechanical force will move the
pore lipids out of the pore in these MS channels. In the trimeric PIEZO
channels, membrane curvature changes are likely playing the domi-
nant role in channel activation”, and the role of the lipids in PIEZO
channels remains to be further explored. Although our previous
research suggested that comparable pore lipid and dimer interface
lipids in the OSCA/TMEM®63 channels'®, their role in channel gating is
also poorly understood. Moreover, the underlying mechanism for
their activation by mechanical forces remains unknown due to the lack
of activation structures.

In this work, we report the cryo-EM structures of OSCALI-F516A
that display three distinct thinner transmembrane conformations with
extracellular sequentially dilated pores similar to the process of flower
blooming. Interestingly, while OSCA1.1-F516A is non-conducting, it can
be activated directly by lyso-PC through an upward movement of M6b
that opens the intracellular pore. Further functional studies reveal that
the critical residues involved in extracellular and intracellular pore
opening also play dominant roles in the full activation of OSCAL1 by
mechanical force. We propose that the full activation of the
transporter-like OSCA/TMEM63 channels by high-threshold mechan-
ical force requires the opening of both extracellular and
intracellular pores.

Results

Cryo-EM structures of OSCA1.1-F516A with a thinner trans-
membrane thickness

Activation of OSCA/TMEM63 channels requires a higher mechanical
force threshold compared to PIEZO channels*’. This makes it quite
challenging to visualize the gating process of OSCA/TMEM63 channels
using standard cryo-EM technology, as it is difficult to apply such a
high-threshold force to the proteins. We overcame this by screening
and capturing OSCALI mutant structures. We have shown previously
that OSCAL1 protein is a homodimer, with each containing eleven M

helices (M0-M10) to form the pore. The Q398, T515, and F516 residues
are located at the constricted site of the pore, preventing the ion flow
(Supplementary Fig. 1). Two mutants, OSCA1.1-Q398E and OSCALI-
T51SE, display a similar structural conformation to the wild-type,
although we observed a slight extension or contraction at the dimer
interface (Supplementary Fig. 2-4), as seen in wildtype OSCAL1". On
the other hand, we obtained three cryo-EM structures of pore mutant
OSCALI-F516A at an overall resolution of 2.8A, 2.5A, and 2.7A,
respectively (Supplementary Fig. 5 and Table S1). These three maps
display very clear complexes embedded in the lipid/micelle config-
uration, which allowed us to calculate the thickness of transmembrane
domains accurately. Surprisingly, all three OSCA1.1-F516A maps likely
exhibit thinner transmembrane, ranging from 49 A to 53 A, compared
to 58 A of the wildtype transmembrane (Fig. 1). The reduction in the
thickness observed for OSCA1.1-F516A is likely to represent structural
changes responding to mechanical force.

The three conformations present sequential extracellular pore
dilation

Three accurate models were built for the three high-resolution maps of
OSCALI-F516A, which allowed us to analyze the conformational
changes between them (Supplementary Figs. 6-8). In the closed state
of wildtype OSCAL1, the long and narrow hourglass-shaped ion-
permeable pores are mainly composed of MO, M3, M4, M5, and Mé6°.
The hourglass-shaped pore is separated by a restriction gate into an
extracellular pore region and an intracellular pore region. Pore dia-
meters were analyzed using the Hole2 software?, revealing that the
extracellular pores of the three different conformations are stepwise
extended compared to that of the closed wild-type OSCAL.1in the lipid
nanodiscs (Fig. 2). To verify that the dilated extracellular pores are not
obstructed by potential lipids/detergents in the low-resolution con-
figuration, we applied low-pass filter to the three OSCAL.1-F516A
mutant density maps by ChimeraX software. The low-pass filtered
density maps also display significant stepwise dilated pores and no
significant visualizable lipids/detergents seal the pore (Supplementary
Fig. 9). As these structures exhibit dilated extracellular pores and
thinner transmembrane thickness, it suggests that they could repre-
sent the closed state to open state transition process. It is worth noting
that OSCAL1 may undergo the inactivation mode, the three extra-
cellular pores sequentially dilated state, or may represent the open
state to the inactivated state transition process. We shall refer to the
three distinct states as non-conducting state 1, non-conducting state 2,
and conducting state, respectively. When in the conducting state, the
diameter of the narrowest constrict site is over 5A (Fig. 2e-h), prob-
ably enabling the permeation of some ions and even some organic
compounds. This observation aligns with our previous research, which
indicated that the OSCA1.1 MS channel has a lower level of ion
selectivity’.

Extracellular pore dilation couples each monomer sequential
contraction and interface lipids extrusion

Sequential structural alignment of the closed state', non-
conducting state 1, non-conducting state 2, and conducting state
of OSCAL1 dimer structure indicates that the cytosolic domain
(CTD), which comprises the cytosolic dimer interface and two anti-
parallel transmembrane helices, remains relatively stable during
channel activation. This suggests that the CTD likely acts as a stent
for the channel’s main body (MO-M10) embedded in the lipid
membrane (Supplementary Fig. 12a-d). Notably, the MO-M10 main
body sections display sequential contraction towards the central
dimer interface within the view perpendicular to the cell membrane
plane and sequential anti-clockwise rotation parallel to the plane of
the cell membrane during the transition from the closed to con-
ducting state (Fig. 3). This results in a sequential reduction of the
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Fig. 1| Overall structural comparison of wildtype OSCAL.1 in lipid nanodiscs

and three states of F516A in the detergent environment. a Cryo-EM density map
of non-conducting wild-type OSCALL1 in lipid nanodiscs (8GRN [https://www.rcsb.
org/structure/8GRN]) (purple) from the side view. The approximate extent of the
phospholipid bilayer is shown as a thin black line. The length of the protein and the
height of the TM helices are labeled. b—-d Three cryo-EM density maps of OSCA1.1-
F516A in non-conducting state 1 (b, brown), non-conducting state 2 (c, pink), and
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Out

53 A

149 A

Out

49 A

149 A

Out

conducting state (d, cyan) with lipid/detergent micelle from the side view. e Side
view of the wild-type OSCA1.1 dimer model in the closed state (3GRN [https://www.
resb.org/structure/8GRN]). Coloring follows the same scheme as in the density
map. The protein is shown as a cartoon and the potential lipid in the central cavity is
shown as spheres. f-h Side view of OSCAL1-F516A in non-conducting state 1

(f, brown), non-conducting state 2 (g, pink), and conducting state (h, cyan).
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length of the dimeric OSCAL1 protein from about 158 A to 148 A
(Fig. 1), accompanied by an expansion of the extracellular pores.
Significantly, the lipids-like molecules in the cytosolic side of the
dimer interface are extruded from the gap created by M3 and M10 in
the conducting state (Supplementary Fig. 10a-d and 11). Further-
more, the M5 and M6 linker (NQSPN) of each monomer creates an
additional protein-protein interaction dimer interface via their main

and side chains (Supplementary Fig. 10e). Our previous research
into OSCA3.1 revealed a similar contraction phenomenon'.
Although OSCA3.1 has a strong tendency to contract, its contracted
state remains non-conductive, which is consistent with the fact that
OSCA3.1 requires an additional higher mechanical force to activate
the contracted state, thus explaining the failure of OSCA3.1 to
operate in drought-resistant calcium response’.
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Fig. 2 | Structural comparison of the pore domain of wildtype OSCA1.1 and
0OSCAL.1-F516A. a Side view of one wildtype OSCAL.1 protomer in the closed state
(purple). The calculated pore profile is shown as colored dots using Hole2 software.
b-d Side views of one OSCAL1-F516A protomer in non-conducting state 1

(b, brown), non-conducting state 2 (c, pink), and conducting state (d, cyan). e Van
der Waals radii of the closed wildtype OSCAL.1 pore plotted against axial distance.
The positions of the restrictive residues F516, Q398, F517, Y520, and K436 that are
blocking the pore are marked by arrows. The diameter of the narrowest constric-
tion site is less than 1 A. f~h Van der Waals radii of the non-conducting state 1
(Fbrown), non-conducting state 2 (g, pink), and conducting state (h, cyan) OSCA1.1-

F516A pore plotted against axial distance. The diameter of the narrowest con-
striction site in non-conducting state 1 (f, brown), non-conducting state 2 (g, pink),
and conducting state is 3A, 4 A and 5 A, respectively. i The positions of the
restrictive residues F516, Q398, F517, Y520, and K436 (colored in red) in the closed
wildtype OSCALLI pore (purple). The protein is shown as a cartoon with a gray
surface. The central pore is shown as a red star. The lipid in the pore domain is
shown as spheres. j-1 The positions of the hydrophobic residues F516, Q398, F517,
Y520, and K436 (colored in red) in non-conducting state 1 (j, brown), non-
conducting state 2 (k pink), and conducting state (I cyan).

Extracellular pore dilation resembles flower blooming

The movement of M0O-M10 towards the central dimer interface com-
plicates the analysis of the single monomer pore in the dimeric
OSCAL1 channel. (Supplementary Fig. 12a-d). To simplify the analysis,
we aligned every single monomer of the closed, non-conducting state
1, non-conducting state 2, and conducting state. Then, we examined
the conformational changes of the monomer pore from the closed to
conducting state (Supplementary Fig. 12e-h). (Supplementary Fig. 13).
The results indicate that MO experiences a 6-degree sequential rota-
tion towards the dimer interface from the closed to conducting state.
Additionally, the upper segment of M3 (M3a) kinks sequentially by
approximately 75 degrees around the fulcrum of F389/P393. In coor-
dination with the M3a kink, the upper section of M4 (M4a) sequentially
kinks around 34 degrees around the fulcrum of K436/P443. Further-
more, the upper segments of M5 (M5a) and M6 (Mé6a) kink sequentially
by ~79-degree around the fulcrum of the linker from G480 to A487 and
46-degree around the fulcrum of P511, respectively (Fig. 4). The pro-
cess of MO, M3a, M4a, M5a, and Méa sequential rotations or kinks are
referred to as ‘blooming:-like open’, resembling a flower blooming
(Supplementary Movie 1-2). It is worth noting that the location where
kinking occurs is consistently at the flexible residues of proline or
glycine, such as P393, P443, G480, and P511 (Supplementary Fig. 13),
further suggesting that the channel OSCAL1 in the pore region may
undergo plastic deformation when exposed to high-threshold
mechanical force. Previously, we have observed that the pore lipids
have the potential to seal the pores, which is particularly evident in the
human TMEMG63A channel*®. We conducted a detailed investigation of
the pore lipids-like molecule in the non-conducting state 1, non-
conducting state 2, and conducting state, and observed that the pore
lipids appear to distance themselves from the pore regions upon
activation (Supplementary Fig. 10a-d), indicating that the lipids may
translocate during channel opening.

OSCAL.1-F516A is non-conducting and can be directly activated
by lyso-PC in native membrane

It is important to note that the extracellular pore open states of
OSCALI1-F516A are obtained in the presence of detergent, which may
have altered the interactions between the MS channel protein and the
surrounding lipids. To test the channel activity of OSCAL.1-F516A in
the native membrane environment, we performed the conventional
pressure clamp. Due to the low expression level of OSCA1.1-F516A,
the mechanically activated microscopic currents of OSCA1.1-F516A are
lower than those of wild-type OSCAL.1 (Fig. 5a, b). Interestingly, the
half-activation pressure of OSCAL.1-F516A is —124 + 3 mmHg, which is
slightly lower than wildtype OSCAL1 of -136 + 6 mmHg in HEK293-
P1KO cells under the same pipette condition (Fig. 5c). In addition, the
single-channel conductance of mechanically activated currents for
both the wildtype OSCA1.1 and OSCAL.1-F516A is 10 + 1 pA at a holding
potential of -60 mV (Fig. 5d-e). Thus, the OSCAL.1-F516A exhibits a
functional mechanosensitive ion channel and shows slight gain-of-
function (GOF) in the native membrane. Since the perturbation of MS
channel protein-lipid interactions by detergent may be too harsh to
extract the protein directly from the native membrane, we may not be
able to record the channel activity by the patch clamp in the detergent

environment. Previously, we showed that lyso-phosphocholine (lyso-
PC) can enhance the mechanosensitivity of the wildtype OSCAIL.1
channel, even though it cannot directly open the OSCALI’s pore
without pressure’. Lyso-PC may mildly interfere with the MS channel
protein and lipid interaction and lead to unexpected effects on
OSCAL1-F516A. Surprisingly, when 1mM lyso-PC was applied to the
OSCALI-F516A transfected cell, it resulted in a unique spontaneous
lyso-PC activated current, without requiring any membrane pressure.
Conversely, the HEK293-P1KO cells transfected with the empty vector
and wildtype OSCAL1 were unable to achieve a significant channel
current without negative pressure (Fig. 5f, g). Interestingly, the lyso-
PC-activated single-channel conductance of the OSCAL.1-F516A was
found to be significantly smaller than that of the wildtype OSCAL.1
channel, indicating that while lyso-PC directly activates OSCA1.1-F516A
channel, the activation state is different from the full activation state
by high-threshold mechanical force.

Lyso-PC activates OSCA1.1-F516A through the upward move-
ment of M6b and opening the intracellular pore

Motivated by the electrophysiological results that OSCAL1-F516A is
non-conducting in the native membrane, we embedded the OSCAL.1-
F516A protein in the lipid nanodiscs and obtained only a 2.5 A cryo-EM
density map, indicating that OSCA1.1-F516A is stabilized in a single state
in the lipid environment (Supplementary Fig. 14-17). OSCALI-F516A in
lipid nanodiscs has a transmembrane thickness of about 57 A, which is
close to the 58 A of wild-type OSCAL1 in lipid nanodiscs. Meanwhile, the
OSCAL.1-F516A in lipid nanodiscs presents more contracted than wild-
type OSCAL1 in lipid nanodiscs. Furthermore, the extracellular pore
diameter is also slightly dilated compared to the closed state of OSCAL1
(Supplementary Fig. 18a, b), indicating that the structure of OSCALI-
F516A in lipid nanodiscs is non-conducting but has a tendency to be
activated, which is consistent with the electrophysiological study of the
sightly GOF phenotype. Since lyso-PC can directly activate OSCAL1-
F516A, we incubated 1 mM lyso-PC with the OSCAL.1-F516A nanodiscs
and obtained a 2.6A cryo-EM map of OSCALI-F516A in lyso-PC-
containing nanodiscs (Fig. 6a, b). Surprisingly, when compared to the
lyso-PC-free structure of OSCALI-F516A, we observed a significant
conformational change in the upward movement of about 54 degrees
of Méb around the hinge of the broken helix on the intracellular
side (Fig. 6f-h) and slightly conformational changes of the extracellular
pore and central cavity (Supplementary Fig. 18¢c, d). These changes
in the opening of the intracellular pore and slight reshaping of the
extracellular pore (Supplementary Movie 3-4) are consistent with the
fact that the single-channel conductance active with lyso-PC is smaller
than the mechanically activated one (Fig. 5e-g). While OSCA/TMEM63
contains 11 transmembrane helices, in contrast to the 10 transmem-
brane helices typically found in the TMEM16 family, the additional MO
helix at the lateral side of the transmembrane acts as an auxiliary sub-
unit like the TMIE auxiliary for the TMC complex™. Interestingly, we did
not observe the additional MO helix density, as well as the MO and M1
linker, in the lyso-PC-containing nanodiscs of activated OSCALI-F516A,
suggesting that the MO, as well as the MO and M1 linker, may collapse
under the lyso-PC activated state and play important roles in main-
taining the intracellular pore closed state (Fig. 6¢-e).
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Both extracellular and intracellular pore openings are involved
in full activation by mechanical force

To further investigate whether the opening of the extracellular pore
during OSCAL.1 channel activation by mechanical force also undergoes
a blooming-like opening, we mutated the flexible fulcrum residues
(P393, P443, G480, and P511) at the kink sites to alanine. These muta-
tions may decrease the flexibility of the fulcrum and increase the

b
Non-conducting state 1
d
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gating energy barrier. We then performed the pressure clamp to test
their mechanosensitivity. While P393A at M3 and P511A at M6 slightly
reduce channel mechanosensitivity to the half-activation pressures of
-174 + 5mmHg and -152 + 10 mmHg, respectively, P443A at M4 and
G480A at M5 largely lead to a loss-of-function phenotype as both of
their half-activation pressures are beyond —200 mmHg (Fig. 7a, b). The
activated state of OSCA1.1-F516A by lyso-PC suggested that when Méb
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Fig. 3 | Structure comparison of closed, non-conducting state 1, non-
conducting state 2, and conducting state of dimeric OSCAL.1. a Top view of
closed OSCAL1 colored in purple is shown as a cartoon. Helices are shown as
cylinders and the interface lipid in the central cavity is shown as spheres. The 11
transmembrane helices MO to M10 are labeled. b-d Top view of OSCA1.1-F516A in
non-conducting state 1 (b, brown), non-conducting state 2 (c, pink), and conduct-
ing state (d, cyan). e Superimposed top view of the transmembrane layer cross-
section of wildtype OSCAL. in closed state (purple) and OSCA1.1-F516A in non-
conducting state 1 (brown). The 11 transmembrane helices MO to M10 are labeled
and linked by a dashed curve in color following the same scheme used in trans-
membrane helices. The interface lipid is shown as a wavy line. The transmembrane
helices exhibit a counterclockwise rotation from closed state to non-conducting
state 1. M3 and M10 helices in closed state and non-conducting state 1 are linked by

black lines and red lines, respectively. f Superimposed top view of the transmem-
brane layer cross-section of OSCA1.1-F516A in non-conducting state 1 (brown) and
OSCALI-F516A in non-conducting state 2 (pink). M3 and M10 helices in non-
conducting state 1 and non-conducting state 2 are linked by black lines and red
lines, respectively. g Superimposed top view of the transmembrane layer cross-
section of OSCA1.1-F516A in non-conducting state 2 (pink) and OSCALI1-F516A in
conducting state (blue). M3 and M10 helices in non-conducting state 2 and con-
ducting state are linked by black lines and red lines, respectively. The interface
lipids tended to dissociate from the central cavity in the OSCAL1-F516A conducting
state. h Superimposed top view of the transmembrane layer cross-section of
wildtype OSCALLI in closed state (purple) and OSCALI-F516A in conducting state
(blue). M3 and M10 helices in the closed state and conducting state are linked by
black lines and red lines, respectively.

moves to the extracellular side, E532 and K537 form a potential side-
chain-side-chain interaction at the hinge of the broken helix. To test
whether the opening of the intracellular pore is also involved in full
activation of the OSCAL1 channel by mechanical force, we mutated
the potential side-chain-side-chain interaction residues E532, K537, and
the flexible hinge P538 to alanine to disrupt the interaction and reduce
hinge flexibility, respectively. We found that E532A and P538A dis-
played the reduced mechanosensitivity phenotype while K537A
showed the increased mechanosensitivity phenotype (Fig. 7c, d). We
reasoned that while K537A may disrupt the potential interaction
between K537 and E532 in the M6b upward state, it may also disrupt
the interaction between the potential lipid and K537, as predicted in
OSCAL1.2%. Taken together, these functional results indicate that the
high-threshold mechanical force applied to the lipid membrane may
also result in the opening of both the extracellular pore-like flow
blooming and the intracellular pore by Mé6b upward movement, which
then fully activates the channel (Fig. 8).

Discussion
The inherent MS channels embedded in the lipid membrane respond
directly to physical mechanical force without changing their chemical
composition. Physical mechanical force can easily plasticize the lipids,
resulting in a change in membrane curvature or thickness. The inter-
action between the lipids and the MS channel protein may play the
dominant role in sensing and transducing mechanical forces. Conse-
quently, the mechanical force can alter the lipid and MS channel protein
interaction, causing the conformational changes of the MS channel,
breaking the energy barrier of the restriction gates, and then finally
allowing the ion to flow through the open pore. Although it is difficult to
directly visualize the mechanical force, especially the higher mechanical
force, activates the MS channel at the atomic level. Some alternatives,
such as directly mutating the MS channel protein or changing the lipid
environment, can be used to lock its conformation from resting to
activating states. In the OSCAL.1 channel, the phenyl group of F516 acts
as one of the main restriction gates blocking the pore. The OSCAL1
F516A not only removes the blocking effect of the phenyl group, but
also causes the conformational changes of the extracellular pore region
in the native environment and presents the relative GOF phenotype.
Our results indicate that the detergent or lyso-PC could directly perturb
the lipid and MS channel protein interaction, resulting in channel con-
formational changes, and thus OSCAL1.1-F516A exhibits the pore dilated
state both in the detergent environment and in lyso-PC-containing lipid
nanodiscs. Interestingly, while the detergent results in dilating the
extracellular pore, the lyso-PC mainly acts on M6, inducing Mé6b upward
movement around the hinge of the broken helix, which dilates the
intracellular pore. Therefore, it suggested that OSCA/TMEM63 needs to
open both the intracellular pore and the extracellular pore to reach the
fully activated state by the mechanical force.

Although MS channels exist in both prokaryotes and eukaryotes,
they exhibit different mechanical force-responsive thresholds and
structural variations. In trimeric PIEZO channels with low mechanical

force thresholds, changes in membrane curvature can shift the channel
to a flattened and activated state’>***’. While in pseudo-tetrameric MS
K2P and bacterial heptameric MscS channels, which possess higher
thresholds of mechanical force compared to PIEZO channels, the
dominant role in channel mechanosensitivity is played by pore lipids
and some gating-regulated lipids located on the cytosolic side*”.
Despite the unique dimeric transporter-like architecture, our results
suggest that activation of OSCA/TMEM63 channels may also involve
the removal of energy barriers of the dimer interface and pore lipids.
The three OSCALI1-F516A structures in the detergent environment
show thinner membrane thicknesses ranging from 49A to 53A.
Among the MscS, MS K2P, and PIEZO channels, the MscS channels
show significant membrane thickness changes during activation. A
membrane that is too thin can cause the MscS channel to enter the
non-conducting desensitized state”. In this case, OSCA/TMEM63
channels share some similar mechanisms to MscS channels.

Lyso-PC can activate most MS channels, including MscL*®, MscS”,
and MS K2P channels®, but there is no example of a lyso-PC-activated
structure. In this study, we show the lyso-PC-activated OSCAL.1-F516A
structure, suggesting that lyso-PC activates the MS channel through
allosteric modulation. Interestingly, in OSCAL.1-F516A, lyso-PC causes
an upward movement of Méb to the extracellular side, which is remi-
niscent of the calcium-induced rotation of the down segment of M6 in
the TMEM16 family2. While OSCA/TMEM63 channels show structural
similarity to TMEM16 and TMC families, OSCA/TMEM63 channels have
an additional TM helix MO than TMEM16 and TMC families. In the TMC
complex, the TMIE subunit acts as an auxiliary for TMC, the TMIE-TMC
complex can align with the full-length OSCA/TMEM63". More inter-
estingly, the less-PC-activated OSCAL.1-F516A structure shows that the
additional MO collapses during activation. This raises the interesting
question that MO may act as a pseudo auxiliary for the rest of OSCA/
TMEM&63, and the role of TMIE in the TMC complex needs to be further
investigated.

Activation of OSCA/TMEM63 channels also undergoes the extra-
cellular monomer pore blooming-like open, including the rotation of
MO and kink of M3, M4, M5, and Mé. In one of the TMEM16 members
mTMEMI16F, which is a calcium-activated lipid scramblase or ion
channel, the F518H mutant, located in the M4, presents a similar kink of
M3 and M4’ This similarity offers additional insight into the evolu-
tionary divergence between the TMEMI16 family and the OSCA/
TMEM63 family. Upon activation of the dimeric OSCA/TMEM63
channel, each monomer sequentially contracts to the dimer interface.
This motion is akin to that of the Prestin protein®**>, which senses
voltage and is responsible for electromotility in the auditory system.
Additionally, the TMC complex also reveals the extended or con-
tracted motion at the dimer interface'. Based on our results, we sus-
pected that the contraction movement at the dimer interface may be
related to the activation tendency. Interestingly, OSCA/TMEM63
channels in mammals display a higher threshold for mechanical force
in comparison to OSCAL1'*Y. The lack of a dimer interface and
monomer formation in mammalian OSCA/TMEM®63 raises the question
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of how such high mechanical force affects its conformation, extends
the pore, and ultimately allows for ion flow.

Methods

Cell lines and constructs
Sf9 cells were obtained from Thermo Fisher Scientific and cultivated in
Sf-900 Il SFM medium (Gibco) at a temperature of 27 °C. Expi293F
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suspension cells, also acquired from Thermo Fisher Scientific, were
grown in HEK293 medium (SinoBiological) under 37 °C with 6% CO,.
The HEK293T-P1KO cells were grown in DMEM medium supplemented
with 10% FBS under 37 °C with 5% CO, and 70% humidity. The cells
were regularly screened for mycoplasma contamination and yielded
negative results. The DNA fragments encoding OSCAL.1 (UniProtKB
Q9XEALI) and its mutants (Q398E, T515E, and F516A) were cloned into a
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Fig. 4 | The protomer extracellular pore blooming-like open. a Superimposed
side view of MO (rotate around 3°), M3a (kink around 21°), M4a (kink around 23°),
M5a (kink around 75°) and Méa (kink around 33°) deformation from wildtype
OSCAL1 in closed state (purple) to OSCA1.1-F516A in non-conducting state 1
(orange). The protomer is shown as a gray surface. b Superimposed side view of MO
(rotate around 2°), M3a (kink around 68°), M4a (kink around 28°), M5a (kink around
9°) and Méa (kink around 5°) deformation from OSCAL1-F516A in non-conducting
state 1 (orange) to OSCA1.1-F516A in non-conducting state 2 (pink). The view is the

same as in a, except the view of M4a, getting rotated to show the bend angle clearly.
¢ Superimposed side view of MO (rotate around 1°), M3a (kink around 3°), M4a
(kink around 10°), M5a (kink around 34°) and Méa (kink around 20°) deformation
from OSCAL1.1-F516A in non-conducting state 2 (pink) to OSCA1.1-F516A in con-
ducting state (cyan). d Superimposed side view of MO (rotate around 6°), M3a (kink
around 75°), M4a (kink around 34°), M5a (kink around 79°) and Méa (kink around
46°) deformation from wildtype OSCAL.1 in closed state (purple) to OSCALI-F516A
in conducting state (cyan).
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Fig. 5 | Electrophysiological properties of 0SCA1.1-F516A in native membrane.
a, b Representative negative pressure activated currents from the Piezol knock out
HEK293T cell expressing full-length wild-type OSCAL.1 (a) or OSCAL.1-F516A (b) at
the holding potential of -60 mV in the cell-attached mode. Negative pressure was
applied from =50 to —200 mmHg with -25 mmHg per step and shown below the
current traces. ¢ Normalized currents from a and b were fitted with the Boltzmann
equation. The half-activation pressure is =124 + 3 mmHg for OSCA1.1-F516A (red,
square), and -136 + 6 mmHg for wildtype OSCAL.1 (black, circle) in HEK293-P1IKO
cells under the same pipette condition of 14 MQ. (n =3 independent cells, data are
present as mean + SEM). d, e Negative pressure (~60 mmHg) activated single-
channel currents of wildtype (d) and OSCALI1-F516A mutant (e) at the holding

l

5pA| 0.2s

potential of =60 mV in the cell-attached mode. The mechanically activated single-
channel current of wildtype OSCA1.1 and OSCA1.1-F516A is -6 pA at a holding
potential of =60 mV in HEK293-P1KO cells. f Top trace represents the 1 mM lyso-PC
activated spontaneous OSCAL1-F516A mutant current at the holding potential of
-60 mV in the cell-attached mode. The two bottom traces stand for the empty
vector and wildtype OSCAL1 transfected HEK293-P1KO cell treated with the 1 mM
lyso-PC, no significant single-channel current can be recorded. g, Enlargement of
the red box shows lyso-PC activated single-channel OSCA1.1-F516A mutant cur-
rents. The lyso-PC-activated single-channel current of OSCAL1-F516A is ~—6 pA at a
holding potential of -60 mV in HEK293-P1KO cells.
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Fig. 6 | Structure comparison of O0SCA1.1-F516A with or without lyso-PC in lipid
nanodiscs. a, b Cryo-EM density map of OSCA1.1-F516A in lipid nanodiscs with

(b, yellow) or without lyso-PC (a, green) from the side view. The approximate extent
of the phospholipid bilayer is shown as a thin black line. The length of the protein
and the height of the transmembrane helices are labeled. c-e Side view model of
OSCALI1-F516A in lipid nanodiscs with (d, yellow) or without (c, yellow) lyso-PC and

+ lyso-PC

M4

meb -y

K537 ps3s

‘M6

G528
E532

their superimposed presentation (e). The MO is marked as red and collapsed in the
lyso-PC-containing structure. f-h The M4 and M6 of OSCA1.1-F516A in lipid nano-
discs with (g, yellow) or without (f, yellow) lyso-PC. The lyso-PC induces a slight
motion of the extracellular part of M4 and M6 as well as an upward rotation/
movement of M6b of about 57 degrees. The critical residues for the conformational
changes of M4 and M6 are labeled.

modified BacMam expression vector using EcoRI and Xhol restriction
sites as described previously’. The DNA fragment is placed before a
PreScission protease (Ppase) cleavage site, followed by a C-terminal
enhanced green fluorescent protein and FLAG tag.

Protein expression and membrane pellet preparation

The baculovirus was produced using the DH10Bac bacterial strain and
sf9 cells, conforming to the standard Bac-to-Bac protocol. For large-
scale protein expression, Expi293F cells in suspension, grown in Sino-
Biological HEK293 medium at 37 °C, were infected with the baculovirus
once reaching a density of 2.0x10° cells/mL. Following infection,
10 mM sodium butyrate was introduced 12 hours post-infection, and
the temperature was reduced to 30 °C to facilitate protein expression.

Cells were collected 72 hours after infection through centrifugation at
2800 x g and 4 °C for 10 minutes. The cells were then broken using
sonication in cold lysis buffer containing 20 mM Tris-HCl at pH 7.4 and
150 mM NaCl. Unbroken cells and cell debris were removed by cen-
trifugation at 5600 x g and 4 °C for 10 minutes. The supernatant was
then centrifuged again, at 270,000 x g for 30 minutes in a 45Ti rotor
(Beckman). Subsequently, membrane pellets were collected, frozen at
-80 °C, and stored until further use.

Protein purification and EM sample preparation of

detergent forms

The membrane pellets were homogenized in TBS, and then solubilized
in TBS, 1% (w/v) LMNG, and 0.1% (w/v) CHS for 1 hour at 4 °C. Insoluble
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Fig. 7 | Electrophysiological properties of flexible kink residues and hinge
residues of M6 in native membrane. a The flexible kink residues at M3a, M4a, M5a
and Mé6a are shown as spheres. b Normalized negative pressure activated currents
were fitted with the Boltzmann equation. The half-activation pressure is

-136 + 6 mmHg for wildtype OSCAL.1 (black, circle), -174 + 5 mmHg for OSCAL.1-
P393A (red, square), =152 + 10 mmHg for OSCAL1-P511A (blue, rhombic), and
beyond —200 mmHg for both OSCA1.1-P443A (pink, square) and OSCA1.1-G480A
(green, triangle) in HEK293-P1KO cells under the same pipette condition of 14 MQ.
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(n=3 independent cells, data are present as mean + SEM). ¢ The flexible hinge
residues at M6b are shown as spheres. d Normalized negative pressure activated
currents were fitted with the Boltzmann equation. The half-activation pressure is
-136 + 6 mmHg for wildtype OSCAL1 (black, circle), —151 + 3 mmHg for OSCALI-
E532A (red, square), -104 + 4 mmHg for OSCAL1-K537A (blue, rhombic), and
-145 + 5 mmHg for OSCAL1-P538A (pink, square) in HEK293-P1KO cells under the
same pipette condition of 14 MQ. (n=3 independent cells, data are present as
mean + SEM).

materials were removed through centrifugation at 270,000 x g for
30 minutes in a 45Ti rotor. The resulting supernatant was applied onto
anti-FLAG resin (Genscript) by gravity flow. The resin was then washed
with 10 column volumes of wash buffer (lysis buffer with 0.02% (w/v)
LMNG). Protein was subsequently eluted with supplemented elution
buffer (wash buffer including 230 pg/mL FLAG peptide). The recov-
ered protein’s C-terminal GFP tag was removed via HRV3C protease
cleavage at 4 °C for one hour. The protein was concentrated using a
100-kDa cutoff concentrator (Millipore) and subsequently loaded onto
a Superose 6 Increase 10/300 column (GE Healthcare) in lysis buffer
containing 0.01% digitonin. The peak fractions were merged and
concentrated to -10 mg/mL for cryo-EM sample preparation. The
protein samples were cleared through centrifugation at 270,000 x g
for 30 minutes at 4 °C before grid preparation. Holey Carbon grids
(R1.2/1.3) with a mesh size of 300 and a gold thickness of 10-12 nm

(Quantifoil) were glow discharged (25s, 15mA; Pelco easiGlow, Ted-
Pella) prior to use. A 3-uL droplet of protein solution was applied onto
the grids, which were rapidly frozen by immersing them in liquid
ethane cooled by nitrogen. The FEI Vitrobot Mark IV (Thermo Fisher
Scientific) was set at 8 °C, 100% humidity, 3 blot force, -5 s wait time,
and 5 s blot time for cryo-embedding purposes.

Reconstitution of OSCA1.1-F516A into lipid nanodiscs and EM
sample preparation of the lipid nanodiscs forms

Following the previous method', OSCA1.1-F516A was purified in a 1%
DDM environment. Lecithin solubilized in chloroform was dried under
nitrogen gas and resuspended with 0.7% (w/v) DDM. OSCAL.1-F516A,
MSPE3D1, and lipid mixture were mixed at a molar ratio of 1:10:500 and
incubated at 4 °C for 3 h. Detergents were removed by incubation with
Bio-beads SM2 (Bio-Rad) overnight at 4 °C. The protein-lipid mixture
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Fig. 8 | Proposed full activation model of the dimeric 0SCA1.1 channel by
mechanical force. a, b The full activation model of the OSCA channel is shown in
the cartoon. Force or high-osmolality shock may cause thinning of the local
membrane, which may induce transmembrane helices deformation, and then the
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two OSCA protomers draw close. The interface lipid dissociated from the central
cavity, and pore lipids are dislocated to the local membrane (a). Consequently, each
monomeric pore undergoes a blooming-like opening of the extracellular pore and
opening of the intracellular pore by upward movement of Mé6b (b).

was loaded onto anti-FLAG G1 affinity resin equilibrated with TBS. The
resin was further washed with 10 column volumes of TBS, and protein
was eluted with an elution buffer (TBS plus 230 pg/ml FLAG peptide).
The C-terminal GFP tag of eluted protein was removed by HRV3C
protease cleavage for 3 h at 4 °C. The protein was incubated with TBS,

further concentrated by a 100-kDa cutoff concentrator (Millipore), and
loaded onto a Superose 6 increase 10/300 column (GE Healthcare)
running in TBS. Peak fractions were combined and concentrated to
around 2 mg/ml of OSCA1.1-F516A for cryo-EM sample preparation. For
the preparation of the lyso-PC containing OSACL1-F516A lipid
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nanodiscs EM sample, the final concentration of 5mM lyso-PC was
incubated with OSACI1.1-F516A lipid nanodiscs for 3 hours before
application to the grids. The rest of the procedure was the same as the
conventional EM sample preparation.

Cryo-EM data acquisition, processing, and model building
Cryo-EM data were captured using a Titan Krios microscope (FEI) out-
fitted with a Cs-corrector and operated at 300 kV. Image stacks in super-
resolution mode were automated through the EPU program operating
on a Thermo Fisher Falcon4i detector. The object plane’s pixel size was
0.57 or 0.35 A, whereas defocus ranged from —0.9 pm to —1.2 pm. In this
study, a GIF Quantum energy filter with a 5eV slit width was also
employed. The total exposure dose was 40 e- A2 Data processing was
conducted using the cryoSPARC v4 suite. The super-resolution image
stacks were gain-normalized, binned with Fourier cropping, and patch-
based Contrast Transfer Function parameters of the dose-weighted
micrographs (0.57 or 0.35 A per pixel) were determined by cryoSPARC
and summarized in Extended Figures. The monomers’ atomic models
were constructed in Coot based on an initial model (PDB: 8GRN). The
models were then manually adjusted in Coot. Dimeric models
were obtained through the application of a symmetry operation on the
monomer. These models were refined using Phenix.real space_refine
iteratively with secondary structure restraints and Coot. FSC curves
were calculated between the EM maps and final models for validation.
Coot, PyMOL, and Chimera were used for figure preparation.

Electrophysiology

HEK293T-P1IKO cells were transfected with AtOSCA1.1-CGFP or its
mutations and were incubated for 24 to 36 hours before recording.
Following the previous method, cell-attached pressure patches were
performed®. At a sampling rate of 10 kHz and a filter at 2 kHz (Digidata
1440 A, Molecular Devices), the recorded currents were at —60 mV
using an Axopatch 700B amplifier. Borosilicate micropipettes (OD
1.5 mm, ID 0.86 mm, Sutter) were pulled and fire-polished to 10-15 MQ
resistance to homogenize the pipette geometry. Negative pressure was
applied to patch pipettes using a High-Speed Pressure Clamp-1 from
ALA Scientific Instruments, Farmingdale, NY, USA. The pressure
applied was recorded in millimeters of mercury (mmHg) using a pie-
zoelectric pressure transducer from WPI, Sarasota, FL, USA. The
recordings took place at room temperature (22 °C), and the data were
analyzed using pClampl10.7 software. All data were acquired from at
least three independent cells.

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

Data availability

The cryo-EM maps have been deposited in the Electron Microscopy
Data Bank (EMDB) under accession codes EMD-39401 (non-conduct-
ing state 1 of OSCA1.1-F516A); EMD-39400 (non-conducting state 2 of
OSCALI-F516A); EMD-39399 (conducting state of OSCAL.1-F516A);
EMD-39403 (OSCALI-F516A in lipid nanodisc); and EMD-39402
(OSCAL.1-F516A in lipid nanodisc with lyso-PC). The atomic coordi-
nates have been deposited in the Protein Data Bank (PDB) under
accession codes 8YMO (non-conducting state 1 of OSCAL.1-F516A),
8YMN (non-conducting state 2 of OSCAL1-F516A), SYMM (conducting
state of OSCAL1-F516A), 8YMQ (OSCAL1-F516A in lipid nanodisc) and
8YMP (OSCAL.1-F516A in lipid nanodisc with lyso-PC). Source data are
provided with this paper.
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