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SUMMARY

Transmembrane channel-like (TMC) 1 and 2 are
required for the mechanotransduction of mouse inner
ear hair cells and localize to the site of mechanotrans-
duction in mouse hair cell stereocilia. However, it re-
mains unclear whether TMC1 and TMC2 are indeed
ion channels and whether they can sense mechanical
force directly. Here we express TMC1 from the green
sea turtle (CmTMC1) and TMC2 from the budgerigar
(MuTMC?2) in insect cells, purify and reconstitute the
proteins, and show that liposome-reconstituted
CmTMC1 and MuTMC2 proteins possess ion channel
activity. Furthermore, by applying pressure to proteo-
liposomes, we demonstrate that both CmTMC1 and
MuTMC2 proteins can indeed respond to mechanical
stimuli. In addition, CmTMC1 mutants corresponding
to human hearing loss mutants exhibit reduced or no
ion channel activity. Taken together, our results show
that the CmTMC1 and MuTMC2 proteins are pore-
forming subunits of mechanosensitive ion channels,
supporting TMC1 and TMC2 as hair cell transduction
channels.

INTRODUCTION

Hearing, one of our primary senses, is essential for daily commu-
nication. In humans, the perception of sound begins with the or-
gan of Corti in the inner ear, which harbors more than 16,000 hair
cells (Gillespie and Muller, 2009; Schwander et al., 2010). In
every hair cell, hair bundles are organized in rows of stereocilia
of decreasing height (Gillespie and Muller, 2009; Schwander
et al., 2010). Mechanotransduction channels, which convert
the mechanical signals of sound into electrical signals, are
thought to be localized in these hair bundles (Corey and Hud-

speth, 1979; Gillespie and Muller, 2009; Hudspeth and Corey,
1977; Schwander et al., 2010). Of all five of our senses defined
by Aristotle—vision, taste, olfaction, touch, and hearing—the
latter is the least well understood in terms of the molecular trans-
duction mechanism. Indeed, the molecular identity of the audi-
tory transduction ion channel at the heart of human sound
perception is still not known.

Human genetics approaches that link human deafness to
genes have been instrumental in understanding the molecular
biology of hearing transduction. The transmembrane channel-
like (TMC) 1 and 2 genes, first identified in deaf human patients,
are essential for hearing in mice (Kawashima et al., 2011; Kurima
et al., 2002; Vreugde et al., 2002). TMC1 and TMC2 are neces-
sary for the mechanotransduction currents of hair cells, and
TMC1 mutations can alter the properties of mechanosensitive
currents in mice (Fettiplace, 2016; Kawashima et al., 2015; Mar-
cotti et al., 2006; Pan et al., 2013, 2018). TMC1 and TMC2 are
both expressed in hair cells and localized in stereocilia tips,
where mechanotransduction occurs (Kurima et al., 2015). How-
ever, whether TMC1 and TMC2 proteins are ion channels and
whether TMC1 and TMC2 can be gated by mechanical force
remain unclear.

Here we took advantage of the expression screening of TMC
proteins from different species. From a repertoire of 21 TMC1/
2 proteins, we found that TMC1 from the green sea turtle Chelo-
nia mydas (CmTMC1) and TMC2 from the budgerigar Melopsit-
tacus undulatus (MuTMC2) showed a high level of expression
in insect cells. We then reconstituted CmTMC1 and MuTMC2
in liposomes and found that these proteins exhibited robust
channel activity. Successful reconstitution of CmTMC1 and
MuTMC2 also allowed us to assess their mechanosensitivity.
By applying pressure to the reconstituted channels, we showed
that CmTMC1 and MuTMC2 proteins can directly respond to
mechanical force. Although our study focuses primarily on
CmTMC1 and MuTMC2, the strong evolutionary conservation
of CmTMC1 and MuTMC2 with mouse TMC1 and TMC2 sug-
gests that mammalian TMC1 and TMC2 are likely to be ion chan-
nels and to be mechanosensitive. Furthermore, we showed that
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A Figure 1. Expression and Purification of
Flurorescence Target TMC Proteins
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the mutants of CmTMC1 corresponding to the human hearing
loss mutants exhibited reduced or no ion channel activity. Taking
these results together with previous studies showing that TMC1/
2 are expressed in hair cells and that TMC1/2 mutant mice have
no mechanosensitive currents in hair cells, we propose that
TMC1 and TMC2 proteins are pore-forming subunits of mecha-
nosensitive ion channels involved in vertebrate hearing
transduction.

RESULTS

Purification of TMC Proteins

In addition to the proteins found in humans and mice, TMC
homologs in Drosophila melanogaster and Caenorhabditis ele-
gans have been found in sensory neurons and are required
for animal responses to physical stimuli (Chatzigeorgiou et al.,
2013; Guo et al., 2016; Wang et al., 2016; Yue et al., 2018),
but whether TMC proteins are ion channels remains unclear.
Furthermore, TMC proteins are poorly trafficked to the cell
membrane when expressed in cultured cells (Beurg et al,
2015; Kawashima et al.,, 2011; Labay et al., 2010; Wang
et al.,, 2016; Zhao et al., 2014), hindering electrophysiological
recording of TMC. To overcome this technical difficulty, we
functionally reconstituted purified TMC1 and TMC2 proteins
into liposomes to evaluate whether TMC proteins are indeed
ion channels.

To identify suitable candidate TMC1 and TMC2 proteins for
purification, we employed an ortholog screening approach.
Because of the difficulty of expressing and purifying membrane
proteins, ortholog screening is a common strategy to identify a
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based thermostability (FSEC-TS) assays

(Hattori et al., 2012) to screen the expres-

sion and stability of TMC1 and TMC2 pro-
teins because ortholog screening by FSEC has been quite suc-
cessful (Coleman et al., 2016; Hibbs and Gouaux, 2011;
Kawate et al., 2009; Lee et al., 2014; Penmatsa et al., 2013; So-
bolevsky et al., 2009).

As is standard for FSEC-based expression screening, we
subcloned 21 TMC orthologs from different species (Table S1),
including those from human and mouse, with EGFP tags and
transiently expressed them in Sf9 cells (Figure 1A). The TMC-ex-
pressing cells were solubilized with detergents and applied to a
size-exclusion chromatography column attached to a fluorim-
eter (Figure 1A). FSEC-based expression screening enabled us
to rapidly evaluate the expression of TMC orthologs without ex-
tra protein purification steps because of the high sensitivity and
specificity of GFP fluorescence. The solubilized TMC proteins
are relatively monodisperse but also show significant void peaks
and EGFP peaks (Figure 1B).

Although we did not find a high level of expression of human
and mouse TMC proteins, we found that CmTMC1 and MuTMC2
exhibited high levels of expression (Figure 1B). Both CmTMC1
and MuTMC2 show high sequence identity and similarity to hu-
man TMC1 and human TMC2, respectively (CmTMC1, 72%
sequence identity and 85% sequence similarity to human
TMC1; MUuTMC2, 66% sequence identity and 76% sequence
similarity to human TMC2; Figure S1). Notably, hair cells of
both birds and reptiles have tip links that link mechanical stim-
ulus-responsive stereocilia arranged in a height gradation to
adaptation currents (Crawford et al., 1991; Manley and Koppl,
2008; Ohmori, 1985; Pickles et al., 1989; Ricci and Fettiplace,
1997; Tsuprun et al., 2004), which is highly similar to the situation
observed in mammals.
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Figure 2. Spontaneous Channel Currents from Proteoliposomes Reconstituted with EGFP-Tagged CmTMC1

(A) Diagram showing the TMC proteoliposome reconstitution procedure with the sucrose method for patch-clamp recording. Liposomes are formed by adding
sucrose solution to tubes with dry lipid; the purified proteins are then added and incorporated into the liposomes. A gigaohm seal is formed by application of
suction, and the channel activity is then recorded.

(B) Representative images showing EGFP-labeled CmTMC1 (left) and MuTMC2 (right) incorporated into liposome membranes. The yellow arrows indicate
membranes with EGFP-labeled CmTMC1 or MuTMC2. Scale bar, 10 um.

(C) Representative spontaneous single-channel currents of CmTMC1 at —120 mV. The segment indicated by the red asterisk is enlarged and displayed in the
lower trace. The normalized all-point amplitude histogram analysis of EGFP-tagged CmTMC1 with open (O) and closed (C) states at —120 mV is shown below.
The distribution data were fitted by a sum of two Gaussians, and the peaks correspond to the C and O states.

(D) Scatterplots of the single-channel open probability (NPo) of CmTMCH1. n = 20 each for empty liposomes and CmTMCH1. In the 20 recordings for CmTMCH1, 12 of
them were detected with channel activities, 8 of them were not, and all 20 recording traces were utilized for calculation of the open probabilities. Error bars
indicate the mean + SEM. Students’ t test, ***p < 0.001.

(E) Spontaneous currents recorded from the same patch of a proteoliposome reconstituted with CmTMC1 with voltage steps from —120 mV to +120 mV.

(legend continued on next page)
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We then purified CmTMC1 and MuTMC2 proteins (Figure 1C).
Mass spectrometry of the purified protein solutions verified that
no endogenous ion channel protein from Sf9 cells was included
in the purified TMC samples (Tables S2 and S8). Overall,
CmTMC1 and MuTMC2 were found to be suitable for functional
studies of TMC proteins.

We used globular standards to calibrate the Superose 6 in-
crease 10/300 GL (29-0915-96, GE Healthcare) column and
also run the purified EGFP-tagged CmTMC1 and EGFP-tagged
MuTMC2 (Figure S2). The elution position indicated that the
apparent molecular size of the EGFP-tagged CmTMC1 and
MuTMC?2 in n-dodecyl-beta-D-maltopyranoside and cholesteryl
hemisuccinate (DDM-CHS) micelle would be 378 kDa and
362 kDa, respectively. Considering the molecular size of the
EGFP-tagged CmTMC1 (99.1 kDa) and MuTMC2 monomer
(88.5 kDa) and DDM-CHS micelle (91 kDa), the gel filtration anal-
ysis suggested that CmTMC1/MuTMC2 might form a dimer
rather than a monomer or tetramer.

CmTMC1 and MuTMC2 Proteins Are Pore-Forming lon
Channels

To determine whether CmTMC1 could form functional ion chan-
nels in liposomes, the purified EGFP-tagged CmTMC1 protein
was reconstituted in liposomes (Figure 2A). Although TMC pro-
teins expressed in cultured cells are not localized in the cell
membrane (Beurg et al., 2015; Kawashima et al., 2011; Labay
et al., 2010; Wang et al., 2016; Zhao et al., 2014), we found
that the purified EGFP-tagged CmTMC1 and EGFP-tagged
MuTMC2 proteins are incorporated into the lipid membrane after
reconstitution (Figures 2B and S3). The incorporation enabled us
to perform further functional assays. Patch-clamp recordings
with excised patches at a holding potential of —120 mV demon-
strated that the liposomes reconstituted with CmTMC1 dis-
played spontaneous single-channel openings (Figures 2C and
2D). The all-point histogram of single-channel opening events
showed that the average single-channel CmTMC1 current was
—4.46 + 0.11 pA (n = 7) at —120 mV (Figure 2C). Notably,
although we calculated the single-channel open probability, we
cannot exclude the possibility that these recordings are of multi-
ple channels with low open probability in a single patch. The
application of a series of voltage steps (from —120 mV
to +120 mV in 40-mV increments) resulted in apparent voltage-
dependent spontaneous single-channel openings (Figures 2E
and S4A). Linear regression of the current-voltage relationship
found slope conductance values of 40.5 + 2.2 pS (n = 6) for
CmTMC1-associated spontaneous currents (Figure 2F). The
CmTMC1-induced currents were nearly eliminated in N-
methyl-D-glucamine chloride (NMDG-CI) solution but remained
normal in Na-gluconate solution, indicating that the CmTMC1-
associated current is primarily carried by a cation channel

(Figure 2F). Importantly, these CmTMC1-associated currents
were blocked by ruthenium red (RR), FM1-43, amiloride, benza-
mil, and the aminoglycoside channel blockers dihydrostrepto-
mycin (DHS) and neomycin (Figure 2G).

To further verify the ion channel activity of CmTMC1, we
measured the activities of empty liposomes as well as that of li-
posomes reconstituted with EGFP only, and no channel activity
was detected (Figure 2H). Heat-denatured purified CmTMC1
that was reconstituted in liposomes under identical conditions
also failed to exhibit ion channel activity (Figure 2H).

We then examined whether TMC2 possesses ion channel ac-
tivity by using purified MuTMC2 proteins. The liposome-recon-
stituted EGFP-MuTMC2 showed spontaneous single-channel
openings in excised patches held at —120 mV (Figures 3A and
3B), similar to the response observed with CmTMC1. The esti-
mated single-channel current of MuTMC2 was —-3.81 =
0.13pA(n=7)at —120 mV in Na*/Cs" solution (Figure 3A), which
was smaller than that of CmTMC1, as shown in the normalized
all-point histogram of single-channel opening events. Voltage-
dependent spontaneous channel openings of MuTMC2 were de-
tected at different holding potentials (Figures 3C, 3D, and S4B).
The single-channel conductance of MUTMC2 was 35.5 + 2.2 pS
(n = 6). Similar to the CmTMC1-associated current, the
MuTMC2-associated current was absent in NMDG-CI solution
but remained normal in Na-gluconate solution, indicating that
the MuTMC2-associated current was primarily carried by a
cation channel (Figure 3D). We also measured the activity of
heat-denatured purified MuTMC2 and found no channel activity
(Figure 3E). Furthermore, the MUuTMC2 current was also sensitive
to RR, FM1-43, amiloride, benzamil, DHS, and neomycin (Fig-
ure 3F). Overall, our electrophysiological recordings with purified
TMC proteins demonstrated that both CmTMC1 and MuTMC2
are pore-forming ion channels.

CmTMC1 and MuTMC2 lon Channels Are
Mechanosensitive

To examine whether reconstituted TMC proteins are directly
gated by mechanical stimuli, we applied negative pressure
through the patch-clamp recording pipette with a high-speed
pressure clamp (HSPC) to stretch the membrane. First we
determined whether we could successfully record pressure-
activated current from liposomes reconstituted with the bacte-
rial mechanosensitive ion channel Escherichia coli MscL (Hase
et al., 1995). We observed pressure-induced MscL channel ac-
tivity in excised patches (Figure S5). The pressure-activated
MscL single-channel current was consistent with the previously
reported value (Kloda and Martinac, 2002). Notably, we found a
CmTMCH1 channel current upon pressure application in patches
held at —120 mV (Figure 4A). The single-channel open probabil-
ity of CmTMC1 also increased upon pressure application

(F) Representative single-channel current traces recorded at —120 mV and current-voltage relationships of spontaneous currents recorded from EGFP-
tagged CmTMC1 proteoliposomes. CmTMC1-induced currents were recorded in Na*/Cs*, Na-gluconate, and NMDG-CI solution. Data were fitted by a poly-

nomial. n = 6. All error bars indicate the + SEM.

(G) The CmTMC1-associated currents were sensitive to channel blockers. The blockers were added to the bath solution, and recordings were then obtained from
the same patch as the control. Each blocker was tested in an individual patch. The concentrations of the channel blockers were as follows: RR, 40 uM; FM1-43,
3 uM; amiloride, 0.2 mM; benzamil, 10 uM; dihydrostreptomycin (DHS), 0.2 mM; neomycin, 1 mM.

(H) Liposomes that were empty, reconstituted with EGFP, and reconstituted with heat-denatured EGFP-tagged CmTMC1 failed to produce channel activity.

4 Neuron 105, 1-12, January 22, 2020
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Figure 3. Spontaneous Channel Currents from Proteoliposomes Reconstituted with EGFP-Tagged MuTMC2

(A) Representative spontaneous single-channel currents of MUTMC2 at —120 mV. The segment indicated by the red asterisk is enlarged and displayed in a
bottom trace. Normalized all-point amplitude histogram analysis of MUTMC2 with O and C states at —120 mV is shown below. The distribution data were fitted by
a sum of two Gaussians, and the peaks correspond to the C and O states.

(B) Scatterplots of single-channel open probability (NPo) of MUTMC2. n = 20 for empty liposomes and n = 50 for MUTMC2, respectively. In the 50 recordings for
MuTMC2, 45 of them were detected with channel activities, 5 of them were not, and all 50 recording traces were utilized for calculation of the open probabilities.
Error bars represent the mean + SEM. Students’ t test, ***p < 0.001.

(C) Spontaneous single-channel currents recorded from the same patch of proteoliposome reconstituted with MuTMC2 with voltage steps from —120 mV
to +120 mV.

(D) Representative single-channel current traces recorded at —120 mV and the current-voltage relationships of spontaneous currents recorded from proteoli-
posomes reconstituted with MUTMC2. MuTMC2-induced currents were recorded in Na*/Cs*, Na-gluconate, and NMDG-CI solutions. Data were fit by a poly-
nomial. n = 6. All error bars indicate the + SEM.

(E) Heat-denatured EGFP-tagged MuTMC2 failed to produce channel activity.

(F) The MuTMC2-associated currents were sensitive to channel blockers.

(Figures SBA and S6C). As the pressure was gradually sure stimulation is the same as that for the spontaneously
increased, the currents increased progressively (Figures 4B, active channels (Figure 4G).

4C, and S7A). By resolving the single-channel current ampli- We also examined the empty and EGFP-reconstituted lipo-
tudes of CmTMCH1 (Figures 4E and 4F), we found that the sin-  somes, and no pressure-induced activity was observed (Figures
gle-channel current amplitude of channels activated by pres- 4D and 4H). Furthermore, liposomes reconstituted with heat-
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Figure 4. Proteoliposomes Reconstituted with CmTMC1 Exhibit Pressure-Activated Currents

(A) Top: schematic depicting a liposome membrane patch in a patch pipette to show the curvature change in the absence (solid line) and presence (dotted line) of
negative pressure (arrow). Bottom: liposomes reconstituted with EGFP-tagged CmTMC1 showed mechanosensitive currents in response to negative pressure
(—60 mm Hg) at —120 mV.

(B) Current responses to negative pressure applied to the same excised patch from a proteoliposome reconstituted with EGFP-tagged CmTMC1. Holding
pressure (Phoig) = 0 mm Hg; 0 to —60 mm Hg, APressure = 20 mm Hg; holding potential = —120 mV.

(C) Pressure-dependent curve of the CmTMC1-associated currents. The area under the curve indicates the integrated current. n = 6. All error bars denote the
mean + SEM.

(D) Empty liposomes and liposomes reconstituted with EGFP showed no channel activity with pressure stimulation.

(E) Representative single-channel activity (at —120 mV) from spontaneous EGFP-tagged CmTMC1 channels (top trace) and channels activated by mechanical
stimulation via negative pressure on an excised patch (bottom trace).

(F) Histogram showing the increase in channel open probability after pressure stimulation. The black line denotes pressure-induced channel activity, and the gray
line denotes spontaneous channel activity.

(G) Comparison of the single-channel current amplitude of spontaneously active channels and pressure-induced channels in an excised patch from the same
liposome reconstituted with EGFP-tagged CmTMC1 at —120 mV. Spon. curr., spontaneous current; Mech. curr., mechanosensitive current. n = 6; paired t test;
NS denotes statistically not significant (p > 0.05), error bars denote the mean + SEM.

(H) Empty liposomes displayed no mechanosensitive current in response to negative pressure.

(I) Heat-denatured EGFP-tagged CmTMC1displayed no mechanosensitive current in response to negative pressure.
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Figure 5. Proteoliposomes Reconstituted with MuTMC2 Exhibit Pressure-Activated Currents

(A) Liposomes reconstituted with EGFP-tagged MuTMC2 showed mechanosensitive currents in response to negative pressure. Holding potential = —120 mV.
(B) Representative current responses to negative pressure applied to the same excised patch of a proteoliposome reconstituted with EGFP-tagged MuTMC2.
(C) Pressure-dependent curve of the MuTMC2-associated currents. The area under the curve indicates the integrated current. n = 6. All error bars denote the
mean + SEM.

(D) Representative single-channel activity at —120 mV of the spontaneously active MuTMC2 channel (top trace) and the channel activated by mechanical
stimulation via negative pressure on an excised patch (bottom trace).

(E) Histogram showing the increase in channel open probability after pressure stimulation. The black line denotes pressure-induced channel activity, and the gray
line denotes spontaneous channel activity.

(F) Comparison of the single-channel current amplitude of spontaneously active channels and pressure-induced channels in an excised patch from the same
liposome reconstituted with MuTMC2 at —120 mV. Spon. curr., spontaneous current; Mech. curr., mechanosensitive current; n = 6; paired t test; NS denotes
statistically not significant (p > 0.05), error bars denote the mean + SEM.

(G) Heat-denatured EGFP-tagged MuTMC2 displayed no mechanosensitive current in response to negative pressure.

(H) Proteoliposomes reconstituted with the MgtE channel showed no mechanosensitivity in response to negative pressure.

denatured CmTMC1 also exhibited no mechanically gated chan-  MuTMC2 (Figures 5D and 5E), we found that the single-chan-
nel activity (Figure 41). nel current amplitude for channels activated by pressure stim-

MuTMC2 was also found to be a mechanically gated chan- ulation was the same as that for the spontaneously active
nel (Figure 5A), showing a progressive increase in current with  channels (Figure 5F). In contrast, we found that the mechano-
increasing pressure stimulation at —120 mV (Figures 5B, 5C, sensitivity disappeared in heat-denatured MuTMC2 (Fig-
and S7B). The single-channel open probability of MuTMC2 ure 5G). Taken together, these results showed that CmTMCH1
also increased upon pressure application (Figures S6B and and MuTMC2 ion channels can be activated by mechani-
S6D). By resolving the single-channel current amplitudes of cal force.
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Figure 6. Deafness-Related CmTMC1 Mutants Exhibit No or Reduced Channel Activities

(A) Amino acid sequence alignment of the region close to Gly520, Met521, and Asp672 in the TMC proteins from Chelonia mydas (CmTMC1: XP_007065675.1),
Mus musculus (MmTMC1: NP_083229.1), and Homo sapiens (HsTMC1: NP_619636.2, HsTMC2: NP_542789.2). The blue dots indicate Gly520, Met521, and
Asp672 of CmTMCH1. Strictly conserved and similar residues are highlighted with a red box and by a red letter, respectively. The sequence alignment figure was
generated by ESPript 3.0 and Clustal Omega.

(B) Representative images showing EGFP-labeled CmTMC1 mutants (G520R, M521K, D672A, and D672N) incorporated into liposome membranes. The yellow
arrows indicate membranes with EGFP-labeled CmTMC1 or MuTMC2. Scale bars, 10 um.

(C) Representative spontaneous single-channel current traces of WT CmTMC1 and CmTMC1 mutants (G520R, M521K, D672A, and D672N) at —120 mV.

(D) Single-channel open probabilities of WT CmTMC1 and the indicated CmTMC1 mutants under the spontaneous condition at —120 mV. n =10, all of them have
channel activities; unpaired t test, “**p < 0.001. All error bars denote the + SEM.

(E) The M521K and G520R mutations in CmTMC1 altered the single-channel conductance of the spontaneous current determined at —120 mV. n = 10. **p <
0.001, unpaired t test. All error bars denote the mean +SEM.

(legend continued on next page)
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To further validate our system, we examined the activity of
another ion channel, MgtE, which has been reported to be a
Mgz+-selective ion channel (Hattori et al., 2009; Tomita et al.,
2017), serving as a negative control. The single-channel conduc-
tance of MgtE spontaneous current at —120 mV was approxi-
mately 135.1 £ 12.22 pS (n = 10), which is consistent with previ-
ously reported results (Hattori et al., 2009). Indeed, although the
reconstituted MgtE exhibited robust spontaneous channel activ-
ity, the channel was not activated by pressure application
(Figure 5H).

Deafness-Related CmTMC1 Mutants Exhibit Reduced or
No lon Channel Activity

To examine the functional relationship between TMC channel
function and hearing loss, we generated four CmTMC1 mutants:
M521K, which corresponds to a semidominant Tmc1 point mu-
tation in the mouse, known as Beethoven (Bth) (Vreugde et al.,
2002); D672N, corresponding to deafness (dn) (Kurima et al.,
2002); D672A, in which the Asn was used in place of the Ala in
the D672N mutant; and G520R, a mutant adjacent to the Bth
mouse mutant (Yang et al., 2010). These sites—G520, M521,
and D672 —are highly conserved among TMC family proteins
(Figures 6A and S1A). The four CmTMC1 mutants were purified
with the same purification protocol as for wild-type (WT)
CmTMCH1, and purified EGFP-tagged CmTMC1 mutants were
reconstituted into liposomes. The purified EGFP-tagged
CmTMC1 mutants were well incorporated into the lipid mem-
brane after reconstitution (Figure 6B). We found that the four
CmTMC1 mutants all had detectable effects on either sponta-
neous activity or pressure-activated activity. Specifically, the
single-channel open probabilities and single-channel conduc-
tance at —120 mV were reduced in the M521K and G520R mu-
tants, whereas no channel activity was detected in the D672N
and D672A mutants (Figures 6C-6E). Additionally, the M521K
and G520R mutants showed a reduction in current response to
negative pressure relative to the WT, and the D672N and
D672A mutants had nearly no response to negative pressure
(Figures 6F and 6G). However, we cannot exclude the possibility
that these recordings are of multiple channels with low open
probability in a single patch, and we are not sure how many
channels are associated with the integrated currents. Figure 6G
depends on N being the same under all conditions. These results
further support that the purified CmTMC1, not endogenous pro-
teins from Sf9 cells, exhibited ion channel activity. These data
also indicate a functional correlation between the channel func-
tion of TMC1 and hearing.

DISCUSSION

For a protein to be considered as the mechanotransduction ion
channel for hearing, it should meet certain criteria (Arnadottir
and Chalfie, 2010; Christensen and Corey, 2007; Ranade et al.,
2015). First, the protein should be localized in the stereocilia
tips of hair cells and required for mechanotransduction in hair

cells, and further, the protein should be a pore-forming mecha-
nosensitive ion channel. TMC1 and TMC2 are necessary for
the mechanotransduction currents of hair cells in mice, and
TMC1 mutations cause hearing loss in humans (Kawashima
et al.,, 2011; Kurima et al.,, 2002; Marcotti et al., 2006; Pan
et al., 2013; Vreugde et al., 2002). Although TMC1 and TMC2
double knockout mice still have “reverse polarity” currents,
this current is abolished in Piezo2 knockout mice, and Piezo2
knockout mice have no hearing defect (Qiu and Miiller, 2018;
Wau et al., 2017), demonstrating that the reverse polarity currents
are not generated by the auditory transduction channel. Both
mouse TMC1 and TMC2 are expressed in hair cells and localize
in stereocilia tips, where mechanotransduction occurs (Beurg
et al., 2015; Kawashima et al., 2015; Kurima et al., 2015).
TMC1 and TMC2 are both capable of restoring auditory function
in TMC1 mutant mice, indicating a highly similar role of TMC1
and TMC2 in hearing transduction (Askew et al., 2015). A recent
study showed that TMC1 is a dimer and that point mutations can
alter the permeation properties of mechanosensory transduction
(Pan et al., 2018). Here, our study showed that purified CmTMCH1
and MuTMC2 proteins are pore-forming ion channels and can
respond to mechanical stimuli; the purified CmTMC1 and
MuTMC2 proteins reconstituted in liposomes show robust chan-
nel activity and are activated by a mechanical stimulus. Although
the current study focuses primarily on CmTMC1 and MuTMC2,
the strong evolutionary conservation of CmTMC1 and MuTMC2
with human TMC1 and TMC2 (Figure S1) suggests that mamma-
lian TMC1 and TMC2 are also likely to be ion channels and to be
mechanosensitive. Taken together with the results of previous
studies (Askew et al., 2015; Beurg et al.,, 2015; Kawashima
et al.,, 2011; Kurima et al., 2002, 2015; Marcotti et al., 2006;
Pan et al., 2013, 2018), our results suggest that TMC1 and
TMC2 can form mechano-gated channels in vertebrates that
meet most of the criteria that have been proposed, strongly sup-
porting the link between auditory transduction and TMC1/2.

There is a gradient increase in the single-channel conductance
of the mechanosensitive channels in turtle hair cells, raising the
possibility that the native auditory transduction channel consists
of several different subunits (Ricci et al., 2003). A recent study
(Beurg et al., 2018) suggested that there might be multiple levels
of opening for transduction channels. This study also indicated
that the conductance of mouse TMC1 is approximately 70 pS
and that the conductance of mouse TMC2 is approximately 50
pS. The single-channel conductance of the mouse mechano-
transduction channel in this study (Beurg et al., 2018) is consis-
tent with our single-channel conductance for CmTMC1 (40.5 +
2.2 pS) and MuTMC2 (35.5 + 2.2 pS). A classic study by Holton
and Hudspeth (1986) suggested that the single-channel conduc-
tance of the transduction channel of hair cells in bullfrogs is
approximately 17 pS at room temperature. Additionally,
CmTMC1 and MuTMC2 are from different species (turtle and
budgerigar) than mouse and it is possible that CmTMC1 and
MuTMC2 have a different single-channel conductance than the
mouse TMC1 and TMC2 proteins.

(F) Representative pressure-induced current traces of WT CmTMC1 and its mutants (G520R, M521K, D672A, and D672N) at —120 mV.
(G) Comparison of the pressure-induced currents of WT CmTMC1 and its mutants (G520R, M521K, D672A, and D672N) at —120 mV. n = 6. Unpaired t test, “**p <

0.001. All error bars represent the mean + SEM.
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Although our study suggests that TMC1 and TMC2 proteins
are pore-forming subunits of the auditory transduction channel,
it is also possible that TMHS/LHFPL5 and TMIE are integral com-
ponents of the native auditory transduction channel (Gleason
et al., 2009; Longo-Guess et al., 2007; Mitchem et al., 2002;
Naz et al., 2002; Shabbir et al., 2006; Xiong et al., 2012; Zhao
et al., 2014). Calcium and integrin-binding protein 2 (CIB2), cad-
herin 23 (CDH23), and protocadherin 15 (PCDH15) have been
shown to directly or indirectly interact with TMC proteins for
the gating or modulation of TMC function (Giese et al., 2017;
Kazmierczak et al., 2007; Maeda et al., 2014; Riazuddin et al.,
2012). PIP2 can regulate the pore properties and adaptation of
the auditory mechanotransduction channel (Effertz et al.,
2017). Specifically, Maeda et al. (2014) showed a direct interac-
tion between PCDH15 and TMC proteins, which is required for
hair cell mechanosensitivity. Additionally, the authors found
that TMCs interact with PCDH15 through the very N-terminal
domain. It is possible that the N terminus of TMC may interact
with PCDH15 to maintain the closed state of the channel in the
absence of external force. In the current study, we truncated
the N termini of TMC1 and TMC2, and these truncations might
help the TMC1 and TMC2 show the spontaneous activity without
external force.

How these proteins and molecules coordinate to gate the
auditory transduction channels and modulate the channel prop-
erties remains unclear. Our results suggest that TMC1 and TMC2
are the pore-forming subunits of the auditory transduction chan-
nel and lay the foundation for further studies.
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KEY RESOURCE TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains

Escherichia coli: DH10 Bac strain GIBCO Cat#:10361012
Chemicals, Peptides, and Recombinant Proteins

Ni-NTA agarose beads QIAGEN 1018236
DDM Anatrace 69227-93-6
CHS Sigma-Aldrich C6512-25G
FuGENE HD Transfection Reagent Promega E2311

SIM SF Sino Biological MSF1
Salts, acids, bases for recording solutions Sigma-Aldrich Stock
FM1-43 Thermo Fisher T3163
Dihydrostreptomycin Sigma-Aldrich D7253
Amiloride Sigma-Aldrich A4562
Benzamil Sigma-Aldrich B2417
Neomycin Sigma-Aldrich N6386
Ruthenium red Sigma-Aldrich R2751

Deposited Data

Raw and analyzed data

This study; Mendelay data

https://doi.org/10.17632/mcswckj5wd.1

Experimental Models: Cell Lines

Spodoptera frugiperda ovary: Sf9 cells GIBCO Cat#:11496015; RRID: CVCL_0549
Recombinant DNA

CmTMC1 (XP_007065675.1) in pFastBac This study N/A

MuTMC2 (XP_012985179.1) in pFastBac This study N/A

EGFP in pFastBac This study N/A

CmTMC1 (XP_007065675.1, G520R) in pFastBac This study N/A

CmTMC1 (XP_007065675.1, M521K) in pFastBac This study N/A

CmTMCH1 (XP_007065675.1, D672N) in pFastBac This study N/A

CmTMC1 (XP_007065675.1, D672A) in pFastBac This study N/A

Software and Algorithms

PClamp 10 software suite

GraphPad Prism 7

Clustal Omega sequence alignment software

Molecular Devices

GraphPad Software

European Bioinformatics Institute

https://www.moleculardevices.com/
products/axon-patch-clamp-system

https://www.graphpad.com/scientific-
software/prism/

https://www.ebi.ac.uk/Tools/msa/clustalo/

Other

Borosilicate thick wall glass 1.5 OD/0.86 ID

Sutter Instrument

BF150-86-10

LEAD CONTACT AND MATERIALS AVAILABILITY

All unique/stable reagents generated in this study are available from the Lead Contact with a completed Materials Transfer Agree-
ment. Further requests for information and for resources and reagents should be directed to and will be fulfilled by the Lead Contact,

Zhigiang Yan (zqyan@fudan.edu.cn).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Spodoptera frugiperda (Sf9) insect cells were cultivated in suspension culture at 27°C in Serum Free, SIM SF medium (Sino Biolog-
ical) and routinely passaged every third day. These cells are from a commercially available cell line and are authenticated by the
manufacturer. Sex: female.

METHOD DETAILS

Fluorescence-detection size-exclusion chromatography (FSEC)

Orthologs for TMC1 and TMC2 were cloned into the pFastBac vector with an octahistidine tag and EGFP at its N terminus. Sf9 cells
(GIBCO) transfected using FUGENE HD (Promega) were harvested and solubilized in TBS (20 mM Tris pH 8.0, and 150 mM NaCl), 2%
n-dodecyl-beta-D-maltopyranoside (DDM), and 0.4% cholesteryl hemisuccinate (CHS) for 1 hour at 4°C and then centrifuged at
25,000 rpm for 20 minutes to remove unsolubilized cells. Supernatants were injected onto a Superdex® 200 increase 10/300 column
(28-9909-44, GE Healthcare), pre-equilibrated with TBS, 0.05% DDM and 0.01% CHS and detected by a fluorescence detector
(excitation: 488 nm and emission: 520 nm for the GFP signal).

Protein expression and purification

CmTMC1 (XP_007065675.1, residue 244-842) and MuTMC2 (XP_012985179.1, residue 180-690) genes were synthesized and subcl-
oned into the pFastBac vector with an N-terminal octahistidine tag and EGFP. The N-terminal and C-terminal truncations of CmTMCH1
and MuTMC2 did not include the transmembrane domains of CmTMC1 (residue 297-818) and MuTMC2 (residue 229-689) predicted
by the TOPCONS server (Tsirigos et al., 2015). These truncations were introduced to increase the expression and stability of the TMC
proteins for purification.

TMC proteins used for reconstitution were expressed in Sf9 cells. Plasmids were transformed into DH10Bac cells, and the desired
clones were selected in a blue/white selection screen. Bacmid DNAs were transfected into Sf9 cells using FUGENE HD (Promega)
according to the manufacturer’s protocol. After three rounds of viral amplification in Sf9 cells, recombinant baculovirus was used
to infect Sf9 cells. After baculovirus infection, the Sf9 cells were cultured for 12 hours at 27°C, followed by culture at 20°C. After
60 hours of infection, Sf9 cells were harvested and disrupted by sonication in 50 mM Tris-HCI (pH 8.0), 150 mM NaCl with 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 5.2 ng/mL aprotinin, 2 ng/mL leupeptin and 1.4 ng/mL pepstatin A. After centrifugation, the super-
natant was then ultracentrifuged at 40,000 rpm (Beckman Ti45 rotor) for 1 hour. The resulting membrane fraction was resuspended in
solubilization buffer [50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 20 mM imidazole, 2% DDM, 0.4% CHS, and 1 mM 2-mercaptoethanol]
and incubated for 2 hours at 4°C. The debris was removed by another ultracentrifugation step (40,000 rpm, Beckman Ti45 rotor, 4°C,
1 hour), and the supernatant was loaded onto Ni-NTA agarose beads (QIAGEN). After the beads were washed with 20 mM Tris-HCI
(pH 8.0), 300 mM NaCl, 0.05% DDM, 0.01% CHS, 1 mM 2-mercaptoethanol, and 40 mM imidazole, the protein was eluted with
20 mM Tris-HCI (pH 8.0), 300 mM NaCl, 0.05% DDM, 0.01% CHS, 1 mM 2-mercaptoethanol, and 300 mM imidazole. For MuTMC2,
after the Ni-NTA affinity purification, the EGFP and His-tags were cleaved by TEV protease during dialysis at 4°C overnight against a
buffer of 20 mM Tris-HCI (pH 8.0), 300 mM NaCl, 0.02% DDM, 0.004% CHS, and 2 mM dithiothreitol (DTT). The cleaved tags were
removed by applying the digested sample to the Ni-NTA agarose beads and collecting the follow-through fractions. The TMC pro-
teins were then applied to a Superose®6 increase 5/150 size-exclusion chromatography column (GE Healthcare, 29-0915-97) equil-
ibrated with a buffer containing 20 mM HEPES-NaOH (pH 7.0), 150 mM NaCl, 0.05% DDM, 0.01% CHS and 2 mM DTT. The peak
fractions were collected and concentrated to 2 mg/mL for EGFP-tagged CmTMC1 and 1 mg/mL for MuTMC2. The proteins were
aliquoted and stored either in liquid nitrogen or at —80°C before use for electrophysiology. The purification procedure for EGFP
was similar to that for EGFP-tagged CmTMC1 but without the ultracentrifugation step for the membrane preparation.

Mass spectrometry

The purified protein solution samples were subjected to mass spectrometry. The samples were dried and dissolved in 0.1% form-
aldehyde before analysis using nano-RPLC (Easy-nLC 1000, Thermo Scientific). The nano-RPLC data obtained on an Orbitrap Elite
mass spectrometer (Thermo Scientific) were searched using the TMC protein sequences and the UniProt Spodoptera frugiperda
database.

Reconstitution of target proteins in liposomes

Purified proteins were incorporated into artificial liposomes, which were formed as previously described (Battle et al., 2009). Briefly,
200 pL of a 25 mg/mL solution of azolectin (Avanti Polar Lipids) in chloroform was dried under a stream of N, in a glass test tube while
the tube was rotated to make a homogeneous lipid film. Once dried, 5 pL of pure water was added to the bottom (prehydration) fol-
lowed by 1 mL of 0.4 M sucrose. The solution was incubated for 3 hours at 50°C until the lipid was resuspended. After the solution
cooled to room temperature (21-24°C), the purified proteins were added to achieve the desired protein-to-lipid ratio (protein: lipid =
1:1000, wt: wt). The glass tube containing the protein-lipid solution was shaken gently on an orbital mixer for an additional 3 hours at
4°C. Care was taken when adding the protein to the sample to not disturb the lipid cloud. After this procedure, the sample was ready
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to be used for the patch-clamp experiments. Confocal images were obtained in recording buffers using an Olympus FV1200 confocal
microscope (Olympus Corporation, Tokyo, Japan) with a 60 x water-immersion objective lens, with excitation at 488 nm.

Patch-clamp recording

All recordings were performed with excised liposome patches. A previously reported protocol (Martinac et al., 2010) was used for the
MscL channel recordings. For the TMC protein recordings, the pipette buffer contained 140 mM CsCl, 5 mM EGTA and 10 mM
HEPES, which was adjusted with CsOH to pH 7.2, and the bath buffer contained 140 mM NaCl, 5 mM KCI, 2 mM MgCl, and
10 mM HEPES, which was adjusted with NaOH to pH 7.4. For recording in the NMDG-CI or Na-gluconate solution, equimolar
N-methyl-D-glucamine chloride (NMDG-CI) and Na-gluconate, respectively, was used to replace NaCl in the bath solution and
replace CsCl in the pipette solution. For the MgtE channel recordings, the pipette solution consisted of 210 mM N-methyl-D-gluc-
amine, 90 mM MgCl,, and 5 mM HEPES (pH 7.2), and the bath buffer contained 300 mM N-methyl-D-glucamine and 5 mM HEPES
(pH 7.2). For the heat-denatured TMC protein recordings, the proteins were heat-denatured by being boiled at 95°C for 30 minutes.
To assess the effect of the inhibitors, we first obtained a patch that showed normal channel openings. The inhibitors were then added
to the bath solution to a certain concentration and the channel opening was recorded again from the same patch. The following in-
hibitors were tested: ruthenium red (RR, 140 uM), FM1-43 (3 uM), dihydrostreptomycin (DHS, 0.2 mM), amiloride (0.2 mM), benzamil
(10 uM) and neomycin (1 mM). For pressure induced peak current and integrated current analysis, liposome patch was recorded at
continuous 0 mmHg as baseline and use step pressures to induce current. For single-channel conductance analysis, to obtain single-
channel activity of TMCs under pressure, we applied pressure continuously to the liposomes.

Borosilicate glass pipettes (BF150-86-10, Sutter Instrument) were pulled using a Flaming/Brown micropipette puller (P-97, Sutter
Instrument) and polished to a diameter corresponding to a pipette resistance in the range of 4.0-6.0 MQ. The patch resistance
increased to ~2 GQ after the pipette formed a tight seal with the liposome membrane. Negative pressure was applied to the excised
membrane patches via an HSPC (ALA-scientific). Signals generated from HEKA software were sent to the HSPC to control the timing
and intensity of the pressure. All experiments were performed at room temperature (21-24°C), and the data were acquired at 50 kHz
with a 0.5-kHz low-pass filter and 50-Hz notch filter using an EPC-10 amplifier and Pulse software (HEKA Electronic, Lambrecht, Ger-
many). All of the independent recordings are from different reconstitutions. For spontaneous activity of TMC proteins, after we got
stable recording, a new recording was obtained separately about 10 s for further analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The current-voltage (I-V) curves of the spontaneous and mechanosensitive currents were plotted and fitted to the response ampli-
tude measured from —120 to +120 mV in 40-mV increments. The single-channel conductance was obtained through linear fitting of
the current-voltage plots. For quantitative analysis, the Pulse files were converted into PCLAMP format using the ABF File Utility, Ver.
2.1.75 (Synaptosoft, Decatur, GA). Current traces analysis and fits were done with Clampfit 10.4 (Axon Instruments, Foster City, CA).
The Statistical Program for Social Sciences (SPSS) 22.0 (IBM Inc.) and GraphPad Prism 7 (GraphPad Software) were used for sta-
tistical analysis and graph generation. t test and one-way ANOVA were used to assess statistical significance. The data are shown as
the mean value + s.e.m.

DATA AND CODE AVAILABILITY

Datasets related to this article can be found at https://doi.org/10.17632/mcswckj5wd.1, an open-source online data repository
hosted at Mendeley Data.
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