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Cryo-EM structure of TMEM63C suggests it
functions as a monomer
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The TMEM®63 family proteins (A, B, and C), calcium-permeable channels in

animals that are preferentially activated by hypo-osmolality, have been
implicated in various physiological functions. Deficiency of these channels
would cause many diseases including hearing loss. However, their structures
and physiological roles are not yet well understood. In this study, we deter-
mine the cryo-electron microscopy (cryo-EM) structure of the mouse
TMEM®63C at 3.56 A, and revealed structural differences compared to
TMEM63A, TMEMG63B, and the plant orthologues OSCAs. Further structural

guided mutagenesis and calcium imaging demonstrated the important roles of
the coupling of TMO and TM6 in channel activity. Additionally, we confirm that
TMEM®63C exists primarily as a monomer under physiological conditions, in
contrast, TMEM63B is a mix of monomer and dimer in cells, suggesting that

oligomerization is a regulatory mechanism for TMEM63 proteins.

The response of cells to both internal and external mechanical stimu-
lation is critical for living organisms to adapt to and survive in their
environments. The mechanosensitive ion channels (MSCs) are
responsible for cellular mechanotransduction, a process that converts
mechanical force to electrical and ion flux signals upon receiving
mechanical stimulations including physical force and osmotic
pressure™?. Several types of MSCs have been identified’, including the
bacterial MscS, and MscL channels*®, TREK/TRAAK two-pore domain
potassium channels (K2P)*'°, Piezol/2 non-selective cation channels ™,
NompC/TRPN from transient receptor potential (TRP) superfamily™,
epithelial sodium channel/degenerin/acid-sensing (ENaC/DEG/ASIC)
superfamily ion channels®?°, TMC1/2?%, and TMEM63/0OSCA*>,
TMEM®63s, together with its plant orthologues OSCAs, are mem-
bers of a newly identified OSCA/TMEM®63 cation channel family that
are activated by mechanical forces of osmolality***. OSCAs are char-
acterized as calcium-permeable channels sensing hyperosmotic stress

and influencing water transpiration regulation and root growth in
plants®, and several structures about OSCA are available®* %, Dif-
ferent from OSCAs, TMEM63s calcium influx is preferentially activated
by hypo-osmolality in animals®®, and none of the TMEM®63 structures
were determined. Though remotely related in protein sequences to
members of transmembrane protein 16 (TMEM16), the OSCA/TMEM63
family proteins share similar 3-dimensional (3D) architectures with
TMEM16s™*. Furthermore, TMC* also resembles structures of
TMEMI16s. Based on the structural similarities, TMC, OSCA/TMEM63
and TMEMI16 are grouped into the TMEM16 superfamily with diverse
functions’. In previous studies, structural investigations have con-
sistently demonstrated that TMEM16s* >, TMC***, and OSCAs*?"~**
adopt a dimeric assembly, with each monomer containing a single ion
permeation pore. Although the exact mechanism remains unclear,
these structural observations strongly suggest that dimerization is a
common characteristic among TMEM16 superfamily proteins.
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TMEM®63 has three members, TMEM63A, B and C in most animals
including mouse and human. In Drosophila, only one type of TMEM63
is identified that senses humidity®® and food grittiness”. Mouse
TMEM®63s, and human TMEM63A were reported to induce stretch-
activated currents when expressed in naive cells*. According to clin-
ical and genome-wide association studies, heterozygous missense
mutations of human TMEM63A (G168E, 1462N, and G567S) are linked
to an infantile disorder, showing similar symptoms resembling hypo-
myelination leukodystrophy™®. In support, cells transfected with these
disease-related variants in TMEM63A did not generate stretch-
activated currents®. TMEM63B plays an important role in maintain-
ing auditory function in mouse outer hair cells (OHCs)*. In addition,
overexpressed TMEM63B in HEK293T cells can enhance cell migration
and wound healing®”. The increased level of TMEM63B mRNA
expression detected in ductal carcinoma T47-D human tumor cell line
suggests that TMEM63B may also serve as cancer biomarker®.
TMEMG63C is essential for maintaining the kidney filtration barrier
integrity in zebrafish, and expresses low in chronic kidney disease
patients.

Despite these clinical and experimental observations, studies of
TMEM®63s are hampered by the lack of structure information and
physiological roles. Here, we determine the 3.56-A structure of mouse
TMEM63C by using single-particle cryo-electron microscopy (cryo-
EM), which works as a monomer in cells. This cryo-EM structure, in
combination with structure-guided mutagenesis and functional ana-
lysis, allows us to establish the structural mechanisms and the phy-
siological functions of TMEM63. Three bulky conserved pore-facing
residues in TMEM63B/C act as a gate for channel activity, while the
coupling between TMO and TM6 facilitates the opening of the channel
for ion transport. These observations provide valuable insights into
understanding the mechanisms of the OSCA/TMEM®63 family, as well
as other members of the TMEM16 superfamily.

Results

Overall structure of TMEM63C

The full-length mouse TMEM63C was overexpressed in HEK293S cells.
Target protein was solubilized and purified in the detergent n-Dodecyl-
B-d-maltoside (DDM), followed by exchange into lauryl maltose neo-
pentyl glycol (LMNG) for structural studies (Supplementary Fig. 1a).
Using single-particle cryo-EM, we determined the structure of
TMEM®63C at 3.56 A resolution as a monomer (Fig. 1a, b, Supplemen-
tary Figs. 1b-d, 2, 3 and Supplementary Table 1). Local resolution
analysis revealed a higher resolution in the transmembrane regions
and a lower resolution in the intracellular regions, suggesting the
dynamic of intracellular regions (Supplementary Fig. 3a). TMEM63C
contains 11 transmembrane helices (TMs), TMO-TM10. The N-terminus
is oriented towards the extracellular space, while the C-terminus faces
the cytosol (Fig. 1c). Between TM2 and TM3, there is a long cytosolic
domain mainly formed by a-helices (Fig. 1c). TM3 and TM4 are tilted to
the membrane, and situated at the outer boundary of the transmem-
brane region (Fig. 1a, b). A short a-helix is linked to the intracellular
region of TM6 and TM7 separately. TM7 and TMS are shorter that do
not extend the whole membrane (Fig. 1).

Despite the monomeric TMEM63C observed in the cryo-EM map,
the overall structure of TMEM63C resembles OSCA, its plant ortholo-
gue. mMTMEM63C and atOSCAl.1 (PDB:6JPF)* exhibit a sequence
identity of 21.6% for the full length (Supplementary Figs. 8, 9), while
transmembrane region RMSD (root mean square deviation) is 1.25 A
for pruned pairs and 3.77 A for all pairs. TMEM63C and OSCA consist of
11 transmembrane a-helices spanning from TMO to TM10 with con-
served structures. Additionally, the intracellular soluble domain of
both proteins is primarily composed of the region between TM2 and
TM3, as well as the C-terminus.

Besides a similar fold, some differences still exist in the pore
region of TMEM63C and OSCA. Particularly, the short a-helix located

at the cytoplasmic side of TM6 (TMé6b) swung to TM4 to avoid the
clash with TMO (Supplementary Fig. 4a, b), the intracellular half of
which moved close to TM6, compared to that in OSCA. The movement
of TM6b may narrow the ion-passing pore of TMEM63C for calcium
entrance®. Other pore-forming helices, including the TM5 and TM?7,
also shifted slightly, thereby contributing to a different pore profile of
TMEM63C (Supplementary Fig. 4c).

Using pore-forming helices as reference, structural alignment of
TMEM63C and OSCA indicated the major differences come from
helices surrounding the pore region (Supplementary Fig. 4). The
extracellular side of the TM2 adopted a shift to TM10. Consequently,
two neighboring helices, TM9 and TM10, were pushed away rigidly. On
the other hand, the cytoplasmic side of TM7 slightly shifted to TM1,
and pushed it away from the pore region. The conformational differ-
ences of these pore-region surrounding helices may sense membrane
distortion introduced by mechanical forces, and convert it to intra-
cellular signal by regulating channel activity. In OSCA, TM2 and TM10
face the dimer interface and connect to the dimer interaction intra-
cellular domain. These morphological differences in TM2 and TM10
might also contribute to oligomerization state variation between
TMEM63C and OSCA.

Pore profile of TMEM63C

Similar to OSCA, the ion-passing pore of TMEM63C is surrounded by
TM3-7. The Caver program* was used to measure the radii of the pore
region. The results show that TMEM63C is in closed state with two
restriction sites, the radii of which is smaller than 1A (Fig. 2a, b). Three
bulky pore-facing residues (F542, F543 and Y546 on TM6) (Fig. 2d,
Supplementary Fig. 5a), highly conserved among TMEM63 and OSCA
(Fig. 2c), have been proposed to play critical roles in channel
activities®. To test this hypothesis, we examined the channel activity of
TMEM63C by combining functional assays and mutagenesis. Expect-
edly, compared to wild type TMEM63C, alanine substitution of F542,
F543 and Y546 all resulted in an increased channel activity, reflected by
the higher percentage of responding cells and maximal Ca®* rise
(Fig. 2e, f). The results of calcium imaging further demonstrated three
highly conserved bulky residues play important roles in channel gat-
ing. Under normal conditions, three bulky hydrophobic resides, loca-
lized at the entry site of the ion passing pore, prevent access of the
hydrophilic calcium ions. Once hypotonic condition is achieved, these
residues may point away from ion passing pore as a consequence of
TM6 rotation.

Coupling of TMO and TM6 is important for TMEM63C channel
activity

TMEM63C undergoes a conformational change in TM6 that leads to
the broadening of the pore for calcium entry in response to hypotonic
stress. However, the mechanism of how TMEM63C senses hypotonic
stress to open the pore is unclear. Interestingly, lysine substitution of
V39 on TMO, Q451 and S455 on TM4, and N545 on TM6 all elevated the
ratio of responding cells and maximal Ca** rise in TMEM63C (Fig. 2g-i,
Supplementary Fig. 5b). These residues are not facing pore region, the
substitution of lysine, a relatively bulky positive charged residue, may
either cause rotation of pore helices, like TM6, or destabilize the pore
region, to avoid steric repulsion, therefore increasing the opening
probability of TMEM63C.

Previously, MD simulation and mutagenesis results suggested that
TM6 and TMO may couple together to trigger the opening of the pore
in OSCA upon mechanical stimuli®. To test if this mechanism could be
applied to TMEM63C, we performed cysteine substitution of V39 on
TMO and N545 on TM6, two residues are spatially close to each other
based on the structural observation. TMEM63C variants with single
mutation (V39C, N545C) presented a higher activity than wild type.
Moreover, double mutant (V39C and N545C), forming more stringent
coupling between TMO and TM6 with disulfide bond, produced the
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highest activity (Fig. 2h, i). Unsurprisingly, in the presence of the
reducing agent, DTT, the channel activity of this double mutant
TMEM®63C significantly decreased, probably due to the release of the
tight binding between TMO and TMé. In contrast, the channel activity
of the wild type or single mutant (N545C) TMEM63C remained
unchanged upon DTT treatment (Fig. 2j, k). These results suggested
coupling of TMO and TM6 may play an important role in channel
opening in responding to the hypotonic environment.

Extracellular

Intracellular

TMEMG63B shares similar working mechanism with TMEM63C

To verify whether the mechanism of hypotonic stress response and
pore opening can be applied to other members of the TMEM63 family,
mouse TMEM63B was introduced. Relatively high sequence similarity
(44% identity and 63% similarity) of TMEM63B and TMEM63C sug-
gested that the structure of TMEM63B should resemble that of
TMEM63C (Supplementary Figs. 8, 9). Therefore, the homology model
of TMEM63B was generated based on sequence alignment and atomic
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Fig. 1| Cryo-EM structure of TMEM63C. a Side view (left) and top view (right) of
TMEM®63C EM density map at 3.56 A resolution. The transmembrane region and
soluble region are colored in green and blue respectively. The apparent micelle

displays at a lower threshold. b Side view (left) and top view (right) of TMEM63C
model. The color scheme is the same as the EM density map. ¢ Topology of
TMEM63C. The transmembrane helices are labeled MO to M10.
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Fig. 2 | The pore profile of TMEM63C. a Top view (left) and side view (right) of
TMEM63C transmembrane o-helices (green) and putative pore (black mesh). The
pore is surrounded by a-helices M3 to M7. b The pore radius along distance of
TMEMG63C. ¢ Sequence alignment of M6 transmembrane a-helix (coil) among
TMEM63 and OSCA proteins. The three conserved residues F, F and Y are indicated
with black asterisk above. d The three bulky pore-facing residues F542, F543 and
Y546 (yellow) of TMEM63C in the pore. The position of the pore is indicated with
red asterisk. e The responding ratio TMEM63C expressing cells to hypo-osmolality
stress. WT (n = 6), F542A (n=3,p=0.0002), F543A (n=4,p=0.0088), Y546A (n=4,
p=0.0010). f The maximal Ca*' rise in response to hypo-osmolality stress. WT
(n=563), F542A (n=103, p=0.0007), F543A (n=192, p<0.0001), Y546A (n=214,
p <0.0001). g The TMEM®63C residues V39 in MO, Q451, S455 in M4 and N545 in M6
(yellow) outside the pore. h The responding ratio TMEM63C expressing cells to
hypo-osmolality stress. WT (n=6), V39K (n=3, p<0.0001), Q451K (n=3,
p=0.0144), S455K (n=3, p=0.0567), N545K (n=3, p<0.0001), V39C (n=4,
p=0.0138), N545C (n=4, p=0.0001), V39C N545C (n=4, p <0.0001). i The max-
imal Ca® rise in response to hypo-osmolality stress. WT (n=563), V39K (n=163,

p<0.0001), Q451K (n =194, p = 0.0161), S455K (n =169, p = 0.3789), N545K (n =241,
p<0.0001), V39C (n =280, p=0.0026), N545C (n =306, p<0.0001), V39C N545C
(n=265, p<0.0001). Data (e, f, h, i) are shown as mean + SEM. *p < 0.05; **p < 0.01;
***p <0.001; ***p < 0.0001; one-way ANOVA followed by Tukey’s multiple com-
parisons test. j, k The channel activity of double mutant (V39C N545C) but not wild
type or single mutant (N545C) TMEM63C decreased significantly in the presence of
DTT. The responding cells (j) and maximal Ca*" rise (k) in response to hypo-
osmolality stress are shown. j WT DTT- (n=3), WT DTT+ (n=3), WT DTT- vs. DTT+
p=0.7983, N545C DTT- (n=3), N545C DTT+ (n=3), N545C DTT- vs. DTT+
p=0.3968, V39C N545C DTT- (n=3), V39C N545C DTT+ (n=3), V39C N545C DTT-
vs. DTT+ p=0.0485. k WT DTT- (n=156), WT DTT+ (n=306), WT DTT- vs. DTT+
p=0.3188, N545C DTT- (n=476), N545C DTT+ (n=413), N545C DTT- vs. DTT+
p=0.9445, V39C N545C DTT- (n=383), V39C N545C DTT+ (n = 630), V39C N545C
DTT- vs. DTT+ p=0.0036. Data (j, k) are shown as mean + SEM. *p < 0.05;

*p < 0.01; ns not significant; paired (j) or unpaired (k) two-tailed ¢ test. The cor-
responding plot information is in the source data.
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Fig. 3| TMEM63B channel activity effected by the conserved residues identified
in TMEMG63C. a The three bulky pore-facing residues F568, F569 and Y572 (pink) of
TMEMG63B in the pore. The position of the pore is indicated with a red asterisk. The
TMEMG63B protein structure (purple) is predicted using Swiss-Model based on the
TMEMG63C structure. b The responding ratio of TMEM63B variants expressing cells
to hypo-osmolality stress. WT (n=35), F568A (n=4, p=0.0041), F569A (n=3,
p=0.0035), Y572A (n=4, p=0.0064). ¢ The maximal Ca*" rise of TMEM63B var-
iants in response to hypo-osmolality stress. WT (n =415), F568A (n =335,
p=0.0642), F569A (n=239, p<0.0001), Y572A (n =446, p=0.0110). d The
TMEMG63B residues V44 in MO, Q477K in M4, N571, 1574 and A575 in M6 (pink)

outside the pore. The position of the pore is indicated with a red asterisk. e The
responding ratio of TMEM63B variants expressing cells to hypo-osmolality stress.
WT (n=3), V44K (n=4, p=0.0254), Q477K (n=3, p=0.0352), N571K (n=3,
p=0.0001),1574R (n=3, p=0.0024), A575K (n =3, p = 0.0041). f The maximal Ca**
rise of TMEM63B variants in response to hypo-osmolality stress. WT (n=201), V44K
(n=205, p=0.7111), Q477K (n =133, p = 0.3850), N571K (n =321, p<0.0001), I574R
(n=195, p<0.0001), A575K (n =252, p=0.0380). Data (b, c, e, f) are shown as
mean + SEM. *p < 0.05; **p < 0.01; *p < 0.001; ***p < 0.0001; one-way ANOVA fol-
lowed by Tukey’s multiple comparisons test. The corresponding plot information is
in the source data.

model of TMEM63C. Similar to TMEM63C, we performed mutagenesis
and functional assay for three highly conserved bulky residues located
in the entry site of the pore. Alanine substitution of F568 and F569 on
TM6 of TMEMG63B led to increased channel activity, while Y572A
reduced channel activity (Fig. 3a-c, Supplementary Fig. 5c). These
results indicated although TMEM63 proteins share similar working
mechanisms, there might be subtle differences to fulfill their func-
tional varieties under physiological conditions.

In order to further confirm the critical roles of these conserved
residues outside the pore identified in TMEM63C, we conducted
measurements of channel activity using corresponding mutants in
TMEMG63B through calcium imaging. In line with our observation in
TMEM63C, these mutants of TMEM63B demonstrated a higher
responding ratio compared to the wild type. Particularly, substitution
of residues on TMO (V44), TM4 (Q477) with lysine increased the
channel activity slightly, while substitution of residues on TM6 (N571,
1574, A575) with lysine or arginine, increased the channel activity at
least two times higher compared to that of wild type TMEM63B
(Fig. 3d-f, Supplementary Fig. 5d). These findings suggested the gen-
eralizability of these key residues in influencing channel activity of
TMEM®63 proteins.

TMEMG63C function as a monomer

Not like the structural observations of OSCA*?’"%°, the monomeric
TMEMG63C was observed in the cryo-EM structure. To investigate
its physiological functional state, we performed pull-down assay
by attaching GFP or FLAG at the C-terminus of TMEM63C,
respectively. The cells were transfected by viruses of both
TMEM63C-FLAG and TMEM63C-GFP together for overexpression.
Following the same protocol as TMEM63C for structural studies,

the harvested cells were solubilized in DDM before loading to GFP
nanobody (GFP-Nb) beads and FLAG beads, respectively. After
washing off the nonspecifically bound proteins, the beads were
analyzed by western blotting. The results clearly show that the
sample from GFP beads can only be detected by GFP antibody,
whereas the sample from FLAG beads can only be detected by
FLAG antibody, suggesting no dimer/oligomer was formed for
TMEM63C (Fig. 4a). To exclude the possibility that the dimeric/
oligomeric TMEM63C may be disassembled when extracted from
the membrane, we purified cell membrane and performed cross-
linking with glutaraldehyde (GA) before isolating by DDM. Con-
sistently, no TMEM63C-FLAG/TMEM63C-GFP proteins have been
observed for sample binding to GFP/FLAG beads (Fig. 4b). Besides,
the TMEM63C-FLAG protein was expressed and crosslinked in the
membrane without extraction. No dimer/oligomer band with
higher molecular weight can be detected (Fig. 4c). These obser-
vations further demonstrated that TMEM63C is a monomer in
the cell membrane, which is consistent with our structural
observation.

Discussion

The TMEM63/0OSCA family has been characterized as a mechan-
osensitive cation channel family in 2018%*%. The plant orthologues
OSCAs have been shown to sense hyperosmotic stress as well as reg-
ulate water transpiration and root growth*. Several structures of
OSCAs in similar closed states have been reported™* %, In contrast,
the physiological roles of the TMEM63s remain unknown until 2020
when TMEM63B was identified as an osmosensor that is sensitive to
hypotonic stress and required for hearing in mice®®, and a humidity
sensor in 2022%. Considering the low sequence similarities
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Fig. 4 | Native state of TMEM63C is a monomer. a Co-IP of TMEM63C without d Co-IP of TMEM63B without crosslinking. All the assays are repeated at least 3
crosslinking. b Co-IP of TMEM63C with Glutaraldehyde (GA) crosslinking before times with similar results. Proposed working model for TMEM63C (e) and
extraction by using detergent. ¢ Crosslink of TMEM63C-Flag in membrane with GA.  TMEM®63B (f). Calcium ion is indicated as blue circle.

(Supplementary Figs. 8, 9) and dramatically different responses to  pairs (Supplementary Fig. 6). Notably, the 11 transmembrane a-helices
osmolality (hypo vs hyper) between TMEM63 and OSCAs, their mole-  (TMO-TM10) display conserved structures with slight shift observed in
cular mechanisms are expected to be different. TMO, TM3, TM4, and TM10. Additionally, TM10 of TMEM63C forms a

In this study, we determined high-resolution structure of longer helix by extending two turns in the cytoplasmic side. The major
TMEM®63C, which closely resembles that of hTMEMA (PDB: 8GRS; PDB:  difference comes from TMéb, which presents different swing angles
S8EHW) and hTMEM®63B (PDB: S8EHX) reported recently****, exhibiting between TMO and TM4 due to the flexible linker between TMéa and
an RMSD of less than 1.4 A for pruned atom pairs, less than 6.2 A forall  TMéb. While TMéb in other structures are closer to TMO, it is pushed
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to the middle of TMO and TM4 because of the shift of TMO to TM6 in
TMEM63C (Supplementary Fig. 6). The intracellular region, including
the loop between TM2 and TM3, and the C-terminus, shows lower
resolution among all four structures probably due to the flexibility.
Additionally, we identified two non-protein densities within our cryo-
EM map of TMEM63C, which are likely composed of lipids, and may
contribute to the modulation of mechanosensitive ion channels
gating®*°, These lipid densities are surrounded by specific residues in
TMS and TM9, situated in close proximity to the lipid observations
made in the structures of hTMEM63A and hTMEM63B** (Supplemen-
tary Fig. 3c).

In combination with structural analyses and functional assay, we
identified three highly conserved residues in TMEM63B/C that serve as
a gate to regulate channel activity. In addition, our mutagenesis results
suggested that the coupling of TMO and TM6 played critical roles in
opening the channel for ion transport. Previous studies® have sug-
gested that MSCs sense mechanical force through membrane tension
and distortion. Upon stimulated by mechanical forces, membrane will
be distorted and generate a thinner region surrounding MSC. Mem-
brane thinning could cause tilting of peripheral transmembrane heli-
ces (TMO in TMEM®63 proteins), and then trigger the conformational
changes of pore-forming transmembrane helices (TM6 in this case). In
this study, we further demonstrated the coupling of TMO and TMé6 is
indispensable for the channel activity of TMEM63C, which could be a
general principle for TMEM63 proteins, and even TMEM63/0SCA
family proteins. Moreover, similar to previous studies®’, we noticed the
delayed response of TMEM63 to hypotonic stress. Such delayed
response was also observed in TRPCS response to hypotonic stimula-
tion, suggesting it is not unique for TMEM63 channels*’. Hypotonic
stimulation can trigger various signaling pathways, including the
production of arachidonic acid metabolites and reactive oxygen spe-
cies (ROS)*. These intracellular lipid metabolites or other signal
molecules induced by hypotonic stress may also regulate the channel
activity, contributing to a delayed and inconsistent calcium response.
More works are needed to unravel the underlying mechanisms behind
the observed delayed response and further enhance our under-
standing of TMEM63 function during hypotonic stress conditions.

Intriguingly, different from its homology OSCAs, TMEM63C
functions as a monomer, which is confirmed by both cryo-EM structure
and biochemical experiments. In principle, oligomerization states
should not affect the channel function of TMEM®63 since each mono-
mer contains an intact ion permeation pore. In fact, even for the
structurally homologous proteins, TMEM16A*** and OSCAs?**%%?,
which form homodimers in cryo-EM structures, each monomer con-
tains an intact ion permeation pore. We notice that several residues in
the cytoplasmic region, which contribute to the dimerization of the
AtOSCAL1 by hydrogen bonding®, are not conserved in TMEM63
(Supplementary Fig. 9), suggesting that the monomeric state of
TMEM63, at least TMEM63C, may be physiological.

Although sharing high sequence similarity, TMEM63B showed
dramatically higher activity than TMEM63C. The activity differences
may be attributed to the oligomerization state of TMEM63B and
TMEM63C, which is partially supported by our cryo-EM studies of
purified mouse TMEM63B. 2D classification of TMEM63B particles
indicated that some 2D averages showed clear C2 symmetry from top/
bottom views, indicating the existence of dimeric TMEM63B (Supple-
mentary Fig. 7). In contrast, 2D averages of TMEM63C only showed
monomeric but not dimeric states (Supplementary Fig. 1d). To further
verify the dimeric TMEM63B observed in cryo-EM study, we performed
a pull-down assay to examine the oligomerization states of TMEM63B
in cells following the same protocol for TMEM63C (Fig. 4d). The results
suggested the existence of oligomeric (probably dimeric) TMEM63B in
physiological states, which is in line with a previous study*. The dif-
ferences of oligomerization in TMEM63B and TMEM63C may con-
tribute to variation of their channel activity.

On the basis of the observation in structure and channel activity,
the dimerization may provide a novel strategy to regulate the channel
activity of TMEM63. Although the monomeric TMEM63 contains an
intact pore region and can conduct channel function independently,
the activity is relatively low. Dimerization of TMEM63 may require
conformational adjustments in a way that facilitates channel open
probability*’, thus producing a higher channel activity in TMEM63B
(Fig. 4e, f). Future studies are needed to investigate channel activities
of monomeric and dimeric TMEM®63 protein to confirm this hypoth-
esis. It would be interesting to find out whether the oligomerization
states of TMEM63B will affect its mechanosensory functions and
whether oligomerization is a form of regulation to fine-tune the sen-
sitivity of ion channels.

Methods

Protein expression and purification

The mouse TMEM63C (Uniprot ID: Q8CBXO0) was cloned into vector
pEG BacMam with a C-terminus TEV cutting site and GFP tag. Bacmids
were generated from DHI1OBac bacteria, and baculovirus was pro-
duced and amplified in Sf9 cells according to the Bac-to-Bac protocol.
The HEK293S cells were cultured in FreeStyle medium (Gibco
#12338018), 2% FBS (Gibco, #10270106), 5% CO,, and 40% humidity at
37°C. 500 ml HEK293S with a density of 2.0 x 10° cells/ml were infec-
ted by baculovirus to a volume ratio 1:100 (baculovirus: HEK293S). 8 h
after viral infection, 10 mM Sodium butyrate (Sigma #303410) was
added. HEK293S cells were collected after another 48 h.

Cells were resuspended with buffer 50 mM Tris pH 7.0, 150 mM
NaCl, 10% glycerol, and protein inhibitor cocktail, and then broken
through dounce homogenizer. Membrane proteins were extracted
using 1% DDM (Anatrace #D310A) and 0.1% CHS (Anatrace #CH210) for
2h at 4°C. The insoluble fraction was removed via centrifugation at
24,400 xg for 45min. The supernatant was incubated with pre-
equilibrated GFP nanobody coupled CNBr-Activated Sepharose 4B
resin (Cytiva #17043001) for an hour at 4 °C, followed by three times
wash with buffer 50 mM Tris pH 7.0, 150 mM NaCl, 10% glycerol, 0.02%
DDM, and 0.002% CHS. The protein was released from the resin
through 3 h of TEV digestion at 4 °C to remove the C-terminus GFP tag.
Subsequently, 500 ul concentrated protein was injected to Superdex
200 increase 10/300 column for size-exclusion chromatography with
buffer 50 mM Tris pH 7.0, 150 mM NaCl, 0.002% LMNG (Anatrace
#NG310), and 0.0004% CHS. The peak fraction was verified by SDS-
PAGE and concentrated to 1 mg/ml for cryo-EM analysis.

Similarly, the mouse TMEM63B (Uniprot ID: Q3TWI9) was cloned
into vector pEG BacMam with a GFP tag. 1L HEK293S cells were
infected by corresponding TMEM63B baculovirus with a volume ratio
of 1:50 and cultured at 37 °C overnight. Sodium butyrate (10 mM) was
applied, and the cells were cultured at 30 °C for 48 h before harvesting.
The cells were resuspended with buffer containing 20 mM Hepes,
pH8.0, 150 mM NaCl, 2 mM TCEP, 10% glycerol and protease inhibitor.
After emulsification for 10 min, the membrane protein was extracted
with 1% DDM and 0.1% CHS rotating for 2 h at 4 °C. The insoluble
fraction was removed via centrifugation at 39,000 x g for 45 min. The
protein was purified with GFP resin and released through thrombin
digestion. The size-exclusion chromatography was performed using
Superdex 200 increase 10/300 column with buffer 50 mM Hepes pH
8.0, 150 mM NaCl, 2 mM TCEP, 0.02%LMNG, and 0.002%CHS.

Cryo-EM sample preparation and data collection
4 pL purified protein was placed on the holy-carbon grids (Quantifoil
Au R1.2/1.3, 300 mesh), which were glow-discharged for 30 s. The grids
were blotted for 4 s with blot force 0, at 100% humidity, 4 °C, and
plunge-frozen into liquid ethane using Vitrobot Mark IV (Thermo
Fisher Scientific).

11,058 movies were collected on 300kV Titan Krios (Thermo
Fisher Scientific) equipped with a GIF BioQuantum and K3 camera
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(Gatan) using software EPU (Thermo Fisher Scientific). Each movie
contained 40 fractions with a total dose of ~50 e /A2 for 4.5 s exposure
time. The pixel size was 1.06 A per pixel, and the defocus ranged from
-1.0 pm to —2.5 pm.

Cryo-EM data processing

All movies were motion-corrected, dose-weighted, and gain-
normalized using MotionCor2®. The contrast transfer function (CTF)
of non-does-weighted micrographs was estimated by Gctf*>. 8,754,694
particles were picked by Gautomatch with 256 x 256 box size, extrac-
ted from dose-weighted micrographs in RELION®, and then cleaned up
by using 2D classification and heterogeneous refinement in
cryoSPARC*. The well-sorted particles generated a reference map,
which worked as a reference to enrich the particles® from the Gauto-
match picked raw particles through seed facilitated 3D classification®.
The raw particles were split into several portions, and each portion was
combined with seed particles. These combined particles were classi-
fied using referenced and biased maps, followed by removing dupli-
cates. The enriched 1,417,132 particles were further cleaned up by
resolution gradient 3D classification®. To obtain the reference for the
resolution gradient, a map was generated using 958,924 particles after
2D classification and seed facilitated 3D classification, then combined
with the low-pass filtered 10 A and 20 A map. Both the seed facilitated
3D classification and resolution gradient 3D classification were done
through cryoSPARC heterogeneous refinement. The 258,464 particles
yielded a 3.56 A map using local and global CTF refinement, local
refinement and DeepEMhancer®’.

Model building

The initial model of TMEM63C was predicted with AlphaFold*, and
fitted into cryo-EM map in Chimera®’. The model was manually adjus-
ted in COOT® and subsequently refined with real space refinement in
PHENIX® iteratively. The transmembrane a-helix region of the model
was identified unambiguously, while the loop region was adjusted
based on the remaining density. The intracellular region (211-400)
from AlphaFold prediction fits into the fragmented density. The
TMEM63C model is validated by the Molprobity score®” and Rama-
chandran plots in PHENIX. Additionally, the structure of TMEM63B is
predicted using homology modeling according to the TMEM63C
model in Swiss-Model®,

Co-IP

Two constructs TMEM63C with a C-terminus GFP tag and TMEM63C
with a C-terminus Flag tag, were co-expressed in the HEK293S cells.
Cells were collected and washed via centrifugation at 2000 x g for
10 min, followed by resuspending with lysis buffer 20 mM Hepes pH
7.0, 150 mM Nacl, 10% glycerol, and an additional protein inhibitor
cocktail. 1% DDM and 0.1% CHS were added to lysis cells, and extract
membrane protein at 4 °C for 2 h. After removing the cell pellet at
16,000 x g for 30 min, the supernatant was divided into two parts that
incubated with GFP resin and Flag resin at 4 °C overnight separately.
The GFP resin and Flag resin were washed at 1000 x g for 5 min four
times. Each protein coupled resin was analyzed by SDS-PAGE and
western blot using both anti-GFP and anti-Flag antibodies. The same
protocol was applied for TMEM63B, except the pH value of lysis buffer
changed to 8.0.

Crosslink

The TMEMG63C is expressed in the HEK293S cells, which were collected
and resuspended with lysis buffer 20 mM Hepes pH 7.0, 150 mM NacCl,
10% glycerol, and an additional protein inhibitor cocktail. Cells were
broken through dounce homogenizer, and the pellet was removed via
centrifugation at 4300 xg for 30 min. From the supernatant, the
membrane was obtained via ultracentrifugation at 200,000 x g for an
hour. The membrane was resuspended with lysis buffer and

crosslinked with 0.02% glutaraldehyde at 4 °C for 30 min. The 50 mM
Tris 7.0 was applied to stop the crosslink reaction. The crosslinked
membrane was analyzed by SDS-PAGE and western blot.

SDS-PAGE and western blot

The protein samples were added to a 12% Bis-Tris gel system for
electrophoresis. PVDF membranes (Merck Millipore #IPVHO0010)
were applied to blot the protein sample at constant 400 mA, 4 °C for
2h, and blocked with 5% milk TBST buffer. The membranes were
incubated with the primary antibodies GFP tag rabbit polyAb (Pro-
teintech #50430-2-AP; 1:10,000 dilution in TBST) or monoclonal anti-
Flag M2 antibody produced in mouse (Sigma #F1804; 1:10,000 dilution
in TBST) was incubated overnight at 4 °C, followed by three times
TBST wash. The respective secondary antibodies Goat Anti-Rabbit IgG
(TransGen #HS101-01; 1:10,000 dilution in TBST) or Goat Anti-Mouse
IgG (TransGen #HS201-01; 1:10,000 dilution in TBST) were incubated
for an hour at room temperature, followed by three times TBST wash.
The signal was detected with supersignal west pico plus chemilumi-
nescent substrate (Thermo Fisher Scientific #34580) using ChemiDoc
Imaging Systems (Bio-rad).

Cytoplasmic Ca’>* measurements

The cytoplasmic Ca*" influx was monitored by free calcium indi-
cator GCaMP6f as previously reported®**’. TMEM63C/TMEM63B-
P2A-GCaMP6f vectors were transfected into N2a cells mounted on
the coverslip. Forty hours after transfection, the cells were perfused
with isotonic extracellular solution containing 70 mM NaCl, 5mM
KCl,1 mM CacCl,, 1 mM MgCl,, 10 mM HEPES, and 10 mM glucose (pH
7.4 adjusted with NaOH, 300 mOsm/liter adjusted with mannitol).
The isotonic solution was exchanged to 170 mOsm/liter hypotonic
solution without changing the ionic concentrations by a peristaltic
pump (Longer Precision Pump, BT100-2J, China) at a constant
speed. The osmolarity was measured by a vapor pressure osm-
ometer (Wescor, Vapro 5600). The cytoplasmic calcium fluores-
cence was recorded at 1Hz for 10 min by the Hamamatsu digital
imaging camera (Hamamatsu, C11440-22U) at RT (24 + 2°C) using
488 nm illumination. The change of fluorescence was normalized
by the ratio of real-time intensity (Ft) relative to the initial value
(FO). The cells with Ft/FO>1.5 were considered as positive
responses to hypotonic challenge.

Statistical analysis

All data are presented as means + SEM. Statistical analyses were per-
formed using the GraphPad Prism software (version 8.0) (GraphPad
Software Inc) and analyzed using one-way ANOVA, followed by Tukey’s
multiple comparisons test, paired or unpaired ¢ test, if not otherwise
stated. p values less than 0.05 were considered statistically significant.
*p<0.05; *p<0.01;, **p<0.001; ***p<0.0001. p>0.05 was deno-
ted as “ns”.

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

Data availability

Cryo-EM density map of TMEM63C has been deposited in the Electron
Microscopy Data Bank under accession code EMD-36759 (TMEM63C).
Atomic coordinate has been deposited in the Protein Data Bank under
accession code 8KOB (TMEM®63C). All other data are available from the
corresponding authors upon request. Source data are provided with
this paper.
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