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SUMMARY

TMC1 and TMC2 are mechanosensory ion channels of the vertebrate inner ear that mediate hearing and bal-
ance. How these channels open in response to mechanical force remains unresolved. Through comparative
analyses of TMCs across eukaryote species, we find that TMC1 and TMC2 arose in vertebrates by gene dupli-
cation and evolved elaborate extracellular loops. Structural models demonstrate that the loop between trans-
membrane domains 1 and 2 arches over the channel pore and lies near TMIE, an auxiliary protein essential for
function. In mammals, this loop shows signatures of positive selection and contains multiple sites linked to
hereditary deafness, consistent with TMC1’s specialization for auditory function. Electrophysiological re-
cordings from mouse Tmc1/Tmc2-null cochlear hair cells expressing TMC1 variants demonstrate that alter-
ations within this loop affect channel activation, identifying it as a modulatory feature that has been refined

through structural adaptation.

INTRODUCTION

Hearing represents a remarkable feat of evolution. Mammalian
cochleae can detect sound frequencies ranging from ~15 Hz
to over 100 kHz and respond to pressure waves that move the
eardrum by less than the width of an atom.” This extraordinary
sensitivity is mediated by inner ear hair cells, which convert me-
chanical deflections of their stereocilia into electrical signals by
directly opening mechanosensitive ion channels formed by
transmembrane channel-like (TMC) proteins 1 and 2 (TMCH1
and TMC2)*” located at the stereocilia tips'® (Figure 1A).
Loss-of-function mutations in TMC1 cause profound hearing
loss, and re-expression of TMC1 and TMC2 in hair cells of
deaf mice restores mechanotransduction, consistent with
their roles as essential components of the transduction
machinery.® %"

Despite this progress, the hair-cell transduction complex re-
mains one of the most perplexing molecular machines. Oper-
ating at the physical limits of biological speed and precision,'>'*
it integrates pore-forming channel proteins, auxiliary subunits,
and the extracellular tip links that connect adjacent stereocilia
into a highly specialized mechanotransduction apparatus
(Figure 1A). This architecture is difficult to reproduce in vitro.
Although TMC-dependent currents have recently been elicited
in heterologous systems, """ these preparations lack the native
hair bundle geometry and the tip-link-based force transmission
that define vertebrate mechanotransduction.'® Similarly, recent
cryo-electron microscopy (cryo-EM) structures of TMCs'®*°

are from C. elegans, which lack hair cells with tip links and there-
fore lack the specialized features associated with vertebrate
hearing (Figure 1A). Thus, understanding how native TMC chan-
nels meet the demands of hearing remains a central challenge.
Evolution offers a powerful lens for probing complex molecular
machines. Selective evolutionary pressure can highlight the pro-
tein regions essential for function and specialization. This
approach is particularly well suited to the TMC family, whose
members (TMC1-8) share a conserved dimeric ion-channel ar-
chitecture with an unusual fold resembling that of transmem-
brane protein 16 family (TMEM16) proteins,”" yet all members
support distinct physiological functions.?? In vertebrate hair
cells, TMC1 and TMC2 operate within a common, tip-link-based
mechanotransduction framework®'®2° but contribute differently
across development and sensory organs, with TMC1 distinctly
required for mature auditory transduction in mammals.?%10:11:24
Here, we asked whether TMC1’s auditory role reflects a lineage-
specific specialization to reveal structural features that support
auditory mechanotransduction through vertebrate evolution.

RESULTS

Structural predictions identify subfamily-specific loop
specialization

To identify the structural features that distinguish TMC1 from
other TMC family members, we generated AlphaFold3 models
of mouse TMC1, both alone and in complex with the auxiliary
proteins TMIE (transmembrane inner ear protein) and CIB2
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Figure 1. Evolutionary and structural insights into TMC channels

(A) Schematic of a stereociliary bundle, showing the mechanotransduction channel complex at the site of the lower tip-link insertion. Positive bundle deflection
tensions the tip links, transmitting mechanical force to open the channel.

(B) Side view of an AlphaFold3 model of TMC1 in a lipid bilayer. The extracellular TM1-2 loop (cyan) arches over the pore region. The lipid headgroups (gray
spheres) define the membrane boundaries. The accessory protein TMIE (red) is positioned close to the TM1-2 loop. (Right) Top-down cross-sectional surface
views of the channel at the level of the outer membrane leaflet, in closed-like and open-like conformations, show the predicted widening of the pore cavity upon
opening. The TM1-2 loop and nearby TMIE are indicated.

(C) AlphaFold3 models generated from extant vertebrate consensus sequences, with one representative model shown for each subfamily (see STAR Methods).
The transmembrane helices are colored using a consistent PyMOL-based rainbow scheme to facilitate helix identification, with TM3 and TM4 shown in green and
TMS6 in purple. The TM1-2 loop (blue) consistently approaches the pore but varies in length and secondary structure. The adjacent TM5-6 loop (olive) is an
extended helix in subfamily A (~40-55 residues in TMC1/2 and ~55-70 residues in TMC3), but is shorter (~5 residues) in subfamily B and intermediate (~20
residues) in subfamily C.

(D) Structural clustering of mouse TMC models separating subfamily A (cluster 1) from subfamilies B/C (cluster 2), with red representing the highest and blue the
lowest similarity.

(E) Sequence logo generated from vertebrate TMC sequences, showing a highly conserved segment within the TM1-2 loop. Arrows mark the residues that were
mutated for functional analysis.

See also Figures S1-S3.

(calcium- and integrin-binding protein 2). These predictions
resolved the conserved ten-transmembrane core together with
much of the extracellular and cytoplasmic loops with high confi-
dence (Figures 1 and S1), providing a structural framework for
comparative analysis. Among the extracellular regions, the
loop linking transmembrane domains 1 and 2 (TM1-2 loop)
stands out because of its strategic position above the pore-lining
helices TM4 and TM6 and adjacent to TMIE (Figure 1B).2° Evolu-
tionary coupling analysis supports this arrangement, revealing
couplings between the TM1-2 loop, pore-lining helices, and
neighboring extracellular regions (Figure S2A).2°

A comparison of predicted structures across all eight mouse
Tmc paralogs (TMC1-8) revealed a clear pattern: while the
TM1-2 loop arches over the pore in all family members, it adopts

a distinctive conformation in subfamily A proteins (TMC1-3)
(Figures 1C and S3A). In the same subfamily, the adjacent
TM5-6 loop is also expanded and predicted to form an elon-
gated, partly helical extracellular projection (Figures 1C and
S3A). Although the distal region of this extension is predicted
with lower confidence, the combined elaboration of TM1-2 and
TM5-6 loops defines a distinctive extracellular architecture char-
acteristic of TMC1-3 channels (Figure 1C).

This organization is conserved across vertebrate species.
Structural models generated from consensus sequences repre-
senting extant orthologs of each vertebrate TMC subtype (see
STAR Methods; Figure S3B) recapitulated the same subfamily-
specific pattern, and clustering based on predicted structural
similarity separated subfamily A from subfamilies B and C*°
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(Figures 1D and S3C). Although this concordance between
structure and phylogeny was not unexpected, it highlights that
evolutionary history is inscribed in protein structure. Within sub-
family A, sequence alignments of TMC1 and TMC2 revealed
restricted variabilities at certain positions within the TM1-2
loop, including the conserved aromatic residues such as Y238
(Figures 1E and S2B), providing a rationale for targeted func-
tional perturbation (below).

Evolutionary timeline reveals emergence of TMC1 and
its specialized loop structures

To trace the evolutionary origins of TMC1 specialization, we
mapped the presence of Tmc genes across a broad taxo-
nomic range (Data S1). A maximum-likelihood gene tree
resolved three canonical metazoan Tmc subfamilies (A, B,
and C), originally defined in vertebrates®’ (Figures 2 and S4),
whereas Tmc homologs from plants, fungi, and holozoans
fall outside these subfamilies and form a distinct clade (shown
in gray in Figures 2A and S4). Early-diverging metazoans,
including sponges and ctenophores, retain Tmc genes both
in this distinct clade and in lineages leading to the canonical
vertebrate subfamilies (Figure S4). In contrast, cnidarians
and bilaterians possess only members of the canonical sub-
families, consistent with the diversification of these subfam-
ilies occurring prior to the cnidarians-bilaterian split and well
before the emergence of vertebrate hair cells.”® This timing
coincides with a broader phase of neuronal cell type and mo-
lecular diversification in early metazoans, including sponges
and ctenophores.”®*°

Each canonical subfamily further contains nested clades of sub-
types, consistent with further lineage-specific duplication events
subsequently giving rise to the vertebrate paralogs (TMC1-8)°"
(Figure S4). To clarify the history of these duplications, we recon-
ciled gene and species trees for each subfamily. In subfamily A,
reconciliation is consistent with an early duplication in the chor-
date lineage that resulted in Tmc3 and in a Tmc lineage that under-
went further duplication in jawed vertebrates and resulted in both
Tmc1 and Tmc2 (hereafter referred to as the Tmc1/2 lineage)
(Figure S5). Early-diverging subfamily A homologs, previously
referred to as Tmc123,%" are represented as blue squares in the
Tmc3 column in Figure 2A. The two C. elegans homologs, termed
tmc-1 and tmc-2 but not closely related to vertebrate Tmc1 and
Tmc2, also fall within this lineage (Figure 2A).

Jawless vertebrates retain an unduplicated Tmc gene
belonging to the Tmc1/2 lineage (blue squares in Tmc2 column
in Figure 2A) and possess typical mechanosensory hair cells in
their vestibular organs.®*** While this does not establish a causal
role, it is consistent with the possibility that Tmc72 forms have
been sufficient for early vertebrate vestibular mechanotransduc-
tion. In jawed vertebrates, Tmc172 underwent a second duplica-
tion, giving rise to the distinct Tmc1 and Tmc2 clades. Thus, the
Tmc1 and Tmc2 evolved through a two-step duplication process
(Tmc123 - Tmc12 - Tmc1 + Tmc2), with the emergence of the
Tmc12 clade coinciding with the appearance of vertebrate hair-
cell mechanotransduction. Similar patterns of lineage-specific
duplication and differential retention are observed in subfamilies
B and C (Figure 2A; Data S2), indicating that recurrent duplica-
tion, divergence, and differential retention are common features
across TMC subfamilies.
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Given this duplication history, we next asked at what point
in TMC evolution the distinctive extracellular features of verte-
brate subfamily A were established. Comparative AlphaFold3
structural predictions reveal that early branching holozoan and
metazoan lineage homologs exhibit relatively compact extracel-
lular surfaces with minimal projections (Figure 2B). In contrast,
vertebrate subfamily A members (TMC1-3) display prominent
extracellular elaborations, including the curved TM1-2 loop and
an extended TM5-6 projection (Figure 2B). These features are
therefore not broadly conserved across early Tmc lineages
but instead appear to have arisen along the lineage leading
to the vertebrate TMC1-3, coincident with their evolutionary
diversification.

Positively selected residues and clinical variants in the
TM1-2 loop support functional relevance

To explore whether TMC1 functionally diverged following gene
duplication, we examined patterns of selection across the
Tmc1 gene tree using a branch-site model of evolution. This
analysis revealed two episodes of diversifying selection that
coincided with the emergence of mammalian hearing. The first
occurred along the branch leading to mammals and the second
leading specifically to therian mammals (marsupials and placen-
tals) (Figure 3A). No comparable signals were detected in Tmc2
(Figure SB6A), indicating that selective pressures acted preferen-
tially on Tmc1 during mammalian evolution.

To localize regions of the protein affected by these selection
events, we applied a contrast fixed effects likelihood (contrast-
FEL) analysis, comparing mammalian branches (foreground—
blue in Figure 3A) to the remainder of the Tmc1 gene tree (back-
ground). This revealed a general pattern of strong negative
selection at the termini and positive selection within the protein
core, including the TM1-2 loop (Figures 3B and 3C). The
TM2-3 loop, which also showed a high proportion of positively
selected residues (Figure 3B), corresponds to a well-character-
ized CIB2-binding domain essential for channel regulation.®*~*°
By contrast, positive selection within the TM1-2 loop highlights
a previously unrecognized region of potential functional impor-
tance that is specific to mammalian branches. Earlier selection
events that may correspond to the transition from water to
land hearing in non-mammalian tetrapods (gray square
compared with rest of tree in Figure 3A) show little evidence of
positive selection within this region (Figure 3B).

Consistent with its evolutionary significance, the TM1-2 loop
also contains many variants identified in human TMCA1
(Figures 3B and 3C). Among the 76 pathogenic or likely patho-
genic single-nucleotide variants (SNVs) reported in Clinvar®’
for TMC1 (36 nonsense and 40 missense), 11 fall within this
loop region, including seven missense mutations (Figure S6B).
Mapping the positively selected residues in the TM1-2 loop
onto a structural model of TMC1 showed that several of these
cluster near the pore-lining helix TM6° (Figure 3C).

Targeted residue substitutions in the TM1-2 loop alter
gating properties

Given its position arching over the pore, we hypothesized that
the TM1-2 loop may contribute to channel gating. Guided by
the structural models, we designed targeted mutations that
were predicted to perturb the interactions between the TM1-2
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Figure 2. Expanded TMC repertoires in vertebrates

(A) Representative species tree spanning plants, fungi, unicellular holozoans, and metazoans. This tree shows topology only; branch lengths are not to scale. The
grid on the right indicates the presence and subfamily assignment of Tmc genes present in each species (see Figures S4 and S5). Homologs are grouped into an
early-diverging set (X; gray) and three metazoan subfamilies (A, B, and C). Within subfamilies A-C, canonical members are shown in darker colors and non-
canonical paralogs in lighter shades (see Figure S5 and Data S2).

(B) AlphaFold3 structural models of representative extant TMC proteins from (left) early branching holozoans TMCs outside the subfamilies A, B, and C
(e.g., Capsaspora owczarzaki), (middle) invertebrate members of the subfamily A (e.g., Halichondria panicea), and (right) vertebrate subfamily A channels (e.g.,
Pygocentrus nattereri TMC1), illustrating differences in extracellular domain organization.

See also Figures S4 and S5 and Data S1 and S2.

4 Current Biology 36, 1-11, April 6, 2026



10.1016/j.cub.2026.02.059

Please cite this article in press as: Akyuz et al., Evolutionary tuning of an auditory transduction channel, Current Biology (2026), https://doi.org/

Current Biology

¢? CellPress

OPEN ACCESS

A TMC1 Gene Tree B
Mammalia
_ Tursiops truncatus 1-2 loop
Mammalia _ v 44 -
Myotis daubentond - - - m. - EEE .
Mus musculus
Sus scrofa 2
Lutra lutra o @ L
G oflm ¢ e
) 5 L of B 0Cne@ g ee .0 96%
Felis catus. O 01 «© ° &o L
=) & «
Gorilla gorilla é "f ]
Sarcophilus harrisii '3072 A ..
Monodelphis domestica | r r . .
T .
Tachyglossus aculeatus S 41 Non-mammalian
<] o)
I I s ‘ g tetrapods
AT 3 e
Alligator mississippiensis el 24 e®
$- 3 ® [}
PPogona vitticeps )
& ‘
Anolis carolinensis. 0 ¢ < ¢ 3 ¢ Q) b
(3 wwegs C Lo e ¢ ¢
‘Struthio camelus @
]
L h
‘Anas platyrhynchos
helonia mydas 0 200 400 600

T ‘ Site (Mouse TMCH1)
Bufo gargarizans C
Pleurodeles waltl 1 ,2
‘Rhinatrema bivittatum . Loop
Non-mammalian u
Microcaecilia unicolor tetrapods ‘ \ g °
{
Pygocentrus nattereri ‘ ’ o X \\\ 7K (C)%
'Danio rerio ) “
— /6(‘\ ; ,t'
Y
Amia cava wfifiie | @Y W (
. ) Ll 2an 5
Latimeria chalumnae <%/ @ Positive selection
. log10(dN/dS + 1) @ Negative selection
eucoraja erinaceus ) T
Pathogenic missense
Carcharodon carcharias ' _ variants
01 2 3 4 5
T™M4 TM6 T™M8

Figure 3. Mammal-specific selection within the TM1-2 loop of TMC1

(A) Gene tree of vertebrate TMC1 sequences highlighting branches under episodic diversifying selection (red). Thicker branches show more evidence for positive
selection.

(B) Site-wise differences in selection pressure (o) between background and foreground branches. The top plot shows mammalian, including therian, branches
(purple shaded in A). The bottom plot shows branches associated with the water-to-land transition (gray shaded in A). Each point represents a site in mouse
TMCH1, plotted as Aw. Red circles indicate sites under increased positive selection, blue circles indicate sites under increased negative selection, and gray circles
are sites without significant changes in foreground branches relative to background branches. Cream-colored circles at the bottom along the axis mark residues
corresponding to human pathogenic variants. Black bars (top) denote predicted transmembrane regions. The location of the TM1-2 loop is indicated.

(C) Mapping, onto the structural model of TMC1, of positively selected residues (red), negatively selected residues (blue), and pathogenic missense variants

(cream) within the TM1-2 loop.
See also Figure S6 and Data S3.

loop and pore-lining helices (Figure 4A). Specifically, we tar-
geted Y238, which shows a restricted variability across verte-
brates as a tyrosine in mammals and tryptophan in other verte-
brates (Figure S2B), and W397 in the pore-lining helix TM4 that
lies near Y238, suggesting that their interactions could influ-
ence channel gating. Using adeno-associated virus (AAV) vec-
tors, we expressed TMC1 with mutations at Y238 and/or W397
in inner ear hair cells of Tmc1/2-null mice and used patch-
clamp electrophysiology to record mechanotransduction cur-
rents in response to controlled bundle deflections (Figure 4B;
STAR Methods). As reported previously,>?>*® AAV-expressed
wild-type (WT)-TMC1 produced characteristic sigmoidal activa-
tion curves with midpoints (Xg) that were tightly aligned across

recordings and similar to activation curves of WT mice,
providing a robust reference for evaluating mutational effects
(Table S1).

To first probe the functional role of Y238, we introduced
two variants for hair-cell recordings: Y238L, which disrupts
the aromatic ring while maintaining hydrophobicity, and
Y238W, which preserves aromatic character but introduces
a larger side chain (Figure 4A). Both mutations produced
robust currents (Figure 4C) but required a greater bundle
displacement for activation, consistent with a relative stabili-
zation of closed states by the mutation (Figure 4D). Introduc-
tion of the reciprocal mutation (W290Y) into mouse TMC2
at the homologous position did not significantly shift the
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mice. (Top right) Organs of Corti were dissected
and cultured. (Bottom) For hair-cell patch-clamp
recordings, inner hair-cell bundles were deflected
using a piezo-driven stiff glass probe.

(C) Representative transduction current traces
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(D) (Top) Activation curves from hair cells ex-
pressing TMC1-Y238L (blue, n = 9) or Y238W
(dark blue, n = 7) in comparison with the WT-TMC1
reference (black curve). The half-activation
displacement (Xo) was significantly right-shifted in
cells expressing Y238L (Xo = 519 + 25 nm) or
Y238W (Xo = 590 + 25 nm) compared with the WT
(Xo = 380 + 32 nm), indicating the stabilization of
the closed state. Slope factors (dx) were not
significantly different across groups, suggesting
that the mechanical sensitivity was not altered.
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activation curve (Figure S7A), suggesting a specificity for
TMC1. Next, we targeted W397, which we predicted to
interact with Y238 in the TM1-2 loop. Indeed, mutating
W397 to leucine (W397L) also shifted the activation curve to
the right (Figure 4E; Table S1). Collectively, these results sug-
gest the evolutionarily specialized TM1-2 loop is important for
mechanotransduction.

To test whether these residues are functionally coupled, we
generated reciprocal substitutions, swapping the tryptophan
and the tyrosine (Y238W/W397Y). Y238W/W397Y produced a
modest leftward shift compared with W397L alone (Figure 4E),
consistent with a functional coupling between these two posi-
tions. We next introduced cysteine at both positions (Y238C/
W397C) to enable potential disulfide formation and impose local
constraints at the TM1-2 loop/TM4 interface. This double mutant
exhibited no detectable mechanotransduction currents and no
FM1-43 dye entry (Figures S7B and S7C), consistent with a
strong loss-of-function phenotype. While we cannot exclude
that cysteine mutants could induce alternative conformational
changes that impair force transmission to the pore, these results
collectively demonstrate that perturbations at the TM1-2 loop/
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mean + SEM. Statistical comparisons were per-
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p < 0.001 (™).

(E) The W397L mutation (green) in TM4 shifted the
activation curve to the right (Xo = 621 £ 27 nm). An
aromatic swap double mutation (W397Y/Y238W,
yellow) did not shift the curves further rightward
(Xo = 526 = 30 nm). Slope factors were not
significantly altered.

See also Figure S7 and Table S1.
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TM4 interface impact TMC1 function, consistent with a modula-
tory role for this extracellular region.

To explore how TM1-2 loop interactions contribute to channel
gating, we examined its interfaces with auxiliary proteins,
focusing on the small TMIE accessory protein, which has been
implicated as a modulator of channel gating.>® TMIE’s posi-
tioning and interactions have been inferred both from the cryo-
EM structures of the C. elegans TMC-1 and TMC-2 com-
plexes'®?° (Figure 5A) and from the AlphaFold3 predictions of
the mammalian TMC1 channel complex (Figures 5A and S1). In
these models, TMIE consistently resides at the periphery of the
complex and makes direct contact with TM1-2 through F234,
which is a highly conserved residue across vertebrate TMC1 or-
thologs. Indeed, mutating this aromatic residue to alanine
(F234A) reduced force sensitivity, consistent with stabilization
of the closed state (Figure 5B; Table S1). In contrast, mutation
of the adjacent glycine 235 (G235A) had no effect (Figure 5B),
indicating that backbone flexibility alone does not account for
the gating phenotype. Together, these observations are consis-
tent with a model in which the TM1-2 loop engages with TMIE to
modulate TM4-TM®6 positioning and gating.
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Figure 5. Mutations of residues at the
TM1-2loop/TMIE interface that affect chan-
nel gating

(A) Structural models of the TMC-TMIE complex
comparing mouse TMC1 (top) and C. elegans
TMC-1 (bottom). TMIE (red) is located at the pe-
riphery of the complex adjacent to TM6 (purple)
and the TM1-2 loop (blue). In both models the
TM1-2 loop is near TMIE. Residue F234 in mouse
TMC1 aligns with L244 in C. elegans, which in-
teracts with TMIE in the C. elegans cryo-EM
structure (PDB: 7USX).

(B) Functional analysis of residues at the predicted
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DISCUSSION

Evolutionary context of TMC1 and TMC2 in vertebrate
hair cells
The evolution of vertebrate hearing represents a remarkable
example of biological innovation, in which multiple components
of the inner ear have been tuned to achieve precise mechanoe-
lectrical conversion. Within this context, the changes in TMC
proteins provide a molecular window into how natural selection
may have refined auditory transduction through duplication
and lineage-specific specialization. Indeed, multiple core com-
ponents of the hair-cell mechanotransduction complex,
including tip links (PCDH15/CDH23, protocadherin 15/cadherin
23), accessory proteins TMIE and CIB2, and the TMC1/2 chan-
nels, are shared across vertebrates, consistent with their assem-
bly into a functional complex.“° Notably, vestibular hair cells with
tip links are found in jawless vertebrates such as hagfish,
whereas earlier-diverging chordates such as lancelets (amphi-
oxus) lack bona fide hair cells.' These observations are consis-
tent with the emergence of tip-link-based mechanotransduction
near the origin of vertebrates* and indicate that the basic mo-
lecular architecture required for hair-cell mechanosensation
was established early in vertebrate evolution (Figure 6). Consid-
ering this evolutionary context, our phylogenetic analyses indi-
cate that Tmc1 and Tmc2 evolved through two successive dupli-
cation events during subfamily A evolution (Figure 2): an early
duplication in a chordate ancestor that is retained in jawless ver-
tebrates, followed by a later duplication in jawed vertebrates that
produced the distinct Tmc7 and Tmc2 paralogs. Thus, by the
time of the appearance of early fishes, both proteins were
already present.

Subsequent neofunctionalization of Tmc1 may have involved
the move from water to land. This transition would have imposed

Slope factor

WT F234A G235A

80IO 12'00 TMIE and TM1-2 loop interface. The substitution
of F234 with alanine (F234A, red) produced a
significant rightward shift in the activation curve
(Xo = 526 = 32 nm) relative to WT-TMC1 (black),
indicating a stabilization of the closed state. The

mutation of the adjacent G235 to alanine (G235A,

200 ¢ blue) had no significant effect (X, = 376 + 33 nm).
Slope factors were unchanged. Data from multiple
100 cells are presented as mean + SEM. Significance

is indicated as in Figure 4.
See also Table S1.

WT F234A G235A

new mechanical and sensory demands on this existing complex,
with later refinements continuing through the emergence of
mammals. The mammalian- and therian-specific signatures of
positive selection that we identified point to further neofunction-
alization in mammals that has affected the TM1-2 loop. These
lineage-specific changes coincide with evolutionary intervals of
auditory specialization, including the emergence of the organ
of Corti, the differentiation of inner and outer hair cells,** and
subsequent specializations such as cochlear coiling and high-
frequency sensitivity*® (Figure 6). Although our data do not
establish causal links between specific morphological innova-
tions and sequence changes, they place Tmc1 evolution within
the timeline in which molecular, structural, and physiological
specializations of the mammalian cochlea arose. More broadly,
these results suggest that the auditory transduction channel
evolved not through the invention of new molecular components
but through the repurposing and tuning of an ancestral mecha-
nosensory architecture, which was made available by stochastic
gene duplications, a recurring theme in sensory evolution.?®4647

Functional consequences of TM1-2 loop perturbation

Placing the evolutionary signals in a structural context localizes
branch-level patterns of selection to specific regions of TMC1
(Figures 1 and 2), in particular the TM1-2 loop. This loop is part
of distinctive extracellular elaborations that are unique to sub-
family A TMCs. Mutating conserved aromatic residues within
the TM1-2 loop (F234 and Y238) shifted channel activation to-
ward the closed state, indicating altered gating energetics.
Because hair-cell adaptation can partially compensate for static
bundle offsets, energetic shifts inferred from midpoint changes
should be interpreted as the lower bounds on intrinsic gating ef-
fects (see STAR Methods). Together, these findings support a
modulatory role for the TM1-2 loop in TMC1 gating energetics
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Figure 6. Evolutionary emergence and specialization of TMC1

(Top row) Structural schematics showing major transitions in the TMC1 family. (Left) The core TMC fold, retained in early-diverging TMC homologs, is conserved
across the entire family. (Middle) Together with the duplication events that gave rise to canonical vertebrate TMC1-3 subtypes, elaborated extracellular loops
emerged, a feature unique to vertebrate subfamily A (colored domains). (Right) In mammals, positive selection further refined TMCH1, with one hotspot of changes
in the TMC1-2 loop (blue, selected sites in red).

(Second row) Two successive gene duplication events within a Tmc3-like (Tmc123) lineage first produced a Tmc1/2 precursor and subsequently the distinct
Tmc1 and Tmc2 paralogs.

(Third row) A previously established evolutionary timeline showing the transitions from non-polarized sensory cells to mechanosensory cells, vestibular hair cells,
and eventually cochlear hair cells specialized for hearing.*® Key auditory innovations include a tympanic ear, tonotopic basilar papilla, and cochlear coiling. The
animal silhouettes along the bottom represent the approximate timing of major divergences of species, including early chordates, jawless vertebrates, jawed
vertebrates, tetrapods, early mammals, and therian mammals. The light blue shaded region highlights the period of positive selection in TMC1 coinciding with
cochlear coiling and other specializations associated with mammalian hearing.

in a paralog-specific manner. Although consistent with tethered-
gating models in which extracellular linkages bias the channel’s
open-closed equilibrium through mechanical tension, '®*® addi-
tional data will be needed to establish whether this region
contributed to tip-link-mediated force transmission.

Substitutions within the TM1-2 loop likely disrupt the delicate
network linking the loop, TM4, TM6, and TMIE, which may help
to explain why pathogenic mutations associated with autosomal
dominant or recessive non-syndromic hearing loss cluster here
(Figure S6B). In combination with previously reported evolu-
tionary analyses showing the lineage-specific tuning of interac-
tions with the tip-links protein PCDH15-CDH23,%° these results
suggest that both the extracellular force-transmission apparatus
and the channel itself appear to have been shaped by evolution.
Whether these adaptations occurred in concert, maintaining
effective coupling between TMC1 and PCDH15, remains an
open question.

Modular specialization of TMC proteins

The evolutionary patterns observed for the TM1-2 loop fit within
a broader view of TMC proteins as modular channels. The
conserved ten-transmembrane core provides a stable scaffold,
while the more variable extracellular and cytoplasmic regions
act as tunable interfaces that can adapt to diverse mechanical
or chemical environments. In C. elegans, a single TMC-1 pro-
tein mediates both mechanosensation and alkaline sensing
through distinct structural domains.?® In vertebrates, these
functions are partitioned between paralogs: TMC1 is respon-
sible for mechanosensation function and TMC3 for alkaline
sensing,”® reflecting a modular, domain-specific mode of
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molecular evolution. The evolutionary specialization of Tmc1
for auditory function is also consistent with broader trends of
adaptive evolution among inner-ear-expressed genes.*® Within
this framework, the TM1-2 loop represents a peripheral domain
that is conserved within subfamily A but has undergone line-
age-specific refinement. In this context, comparative analyses
of TMC proteins across species and sensory modalities®®>°
provide a means to link molecular adaptations to changes in
sensory function. For example, convergent substitutions in
Tmc1 have been identified in distantly related echolocating
species such as bats and oilbirds, pointing to common adap-
tive pressure on this channel.>*
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mouse strains

Tmc12/2Tmc2%/2 mice on a C57BL/6 background® were used for all experiments. Neonatal pups were placed with CD-1 foster
mothers (Charles River). Animal care and use: All animals were housed and bred in the animal facility at Harvard Medical School
and protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at Harvard Medical School. Sex and
age of animals: Male and female pups were randomly chosen for the study. Injections were performed at postnatal day P1-P2,
and tissues were collected at P4-P6 and cultured until use (P9-P18).

METHOD DETAILS

Consensus sequence generation

FASTA sequences of vertebrate TMC1-8 were downloaded from the Ensembl genome browser (release 113, http://useast.ensembl.
org) and translated into protein sequences. Sequences for specific clades—including Jawless Fish (e.g., Lampreys), Cartilaginous
Fish (e.g., Sharks, Rays), Bony / Ray-Finned Fish (e.g., Zebrafish), Lobe-Finned Fish (e.g., Coelacanth), Amphibians (e.g., Frogs),
Reptiles and Birds (e.g., Lizards, Chickens), and Mammals (e.g., Humans, Mice)—were separately downloaded. Multiple sequence
alignments (MSA) were performed with Clustal Omega® and visualized in JalView (version 2.11.2.1).°° For each TMC subtype
(TMC1-8), a consensus sequence was generated using EMBOSS by selecting the most frequent amino acid at each aligned position
across extant sequences.

Structure prediction and similarity analysis

Full-length monomer sequences were used for all Tmc subtypes and species to generate individual protein models. For complex
predictions, full-length mouse TMC1, TMIE, and CIB2 sequences were modeled together as dimers, reflecting the experimentally
supported dimeric organization of the transduction complex. Structural models were generated using AlphaFold Server
(AlphaFold3)°° with default parameters. The top ranked model was used for all analyses; however, all five ranked models were exam-
ined to confirm consistency of the reported structural features. Predicted structures and per-residue confidence scores (pLDDT),
exported as B-factors for visualization, were visualized in PyMOL version 3.1.3. (Schrodinger) using the standard coloring scheme.
Experimentally determined structures of C. elegans TMC-1 (PDB ID: 7USW, 7USX) were used as references to assess conformational
features and model TMIE interactions. To assess structural similarity across paralogs, predicted structures were compared and clus-
tered using TM-align distance (TD) clustering.?® For each pair, TM-scores normalized by both chain lengths were obtained, and the
maximum TM-score was retained to construct the similarity matrix. The resulting matrix was visualized and hierarchically clustered
using ClustVis.>®

Evolution of TMC subfamilies

To understand the evolution of the TMC gene family, we downloaded proteomes of representative species from NCBI RefSeq
(Data S1). We searched for TMC proteins in these proteomes with hmmscan in HMMER 3.4 with an E value of 107° using the
TMC hmm profile from PFAM.®” To confirm proteins that were found with hmmscan, we performed functional annotation with
eggnog-mapper.®® We also filtered sequences shorter than 300 amino acids. To understand the evolutionary relationships between
TMCs, we inferred a maximum likelihood gene tree. We first aligned protein sequences with MAFFT v7.490 using the L-INS-| algo-
rithm.>> We found the best fitting model of sequence evolution using ModelFinder®® with default parameters implemented in I1Q-tree
version 2.3.0°¢ and used the best tree from 10 maximum likelihood tree estimates. To access node support, we performed 1000 ultra-
fast bootstraps®® and 1000 bootstraps for the SH-like approximate likelihood ratio tests.’® To characterize the pattern of duplication
in TMC subfamilies, we reconciled subfamily gene trees with a species tree of echinoderms, a hemichordate, and chordates. To
generate the species tree, we identified protein families across whole proteomes of our species with Orthofinder version 2.5.5 (using
MAFFT alignments with -MSA flag).°® We used the output gene trees from Orthofinder with at least 20 species represented to find the
most parsimonious species tree using ASTRAL-Pro3 in the ASTER package.®' This species tree was then reconciled with subfamily
level gene trees with GeneRax®® using models selected by ModelFinder in IQTree and the SPR strategy of reconciliation.
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Evolutionary selection analysis

To assess evolutionary pressures on TMC1 proteins, we generated alignments with MAFFT as described above. We filtered the align-
ment to use only positions with amino acids present in the mouse TMC1 protein using custom R scripts. We inferred an unrooted
gene tree for TMC1 using IQ-tree with ModelFinder and selecting the best tree after ten runs. MAFFT protein alignments were
used to generate codon alignments for selection analysis with pal2nal.®® To detect episodic diversifying selection (o > 1) on specific
branches of the TMC1 gene tree, Adaptive Branch-Site Random Effects Likelihood (aBSREL) analysis was performed using the Hy-
Phy software package.””:”" A similar aBSREL analysis was performed for TMC2, but without filtering the alignment according to
mouse TMC1. To understand which sites may be driving patterns of selection across the TMC1 tree, we used the contrast Fixed Ef-
fects Likelihood method.” This method tests for differences in positive and negative selection between different branches. We tested
for differences between (1) mammalian and background and (2) non-mammalian tetrapod and background (see Figure 3A).

AAV vector preparations

The AAV-Tmc1ex1 vector carries the mouse Tmc1 coding sequence driven by a cytomegalovirus (CMV) promoter and followed by a
human growth hormone (hGH) polyadenylation signal.® Point mutations were introduced in the coding sequence, and constructs
were screened with an Smal digest to check for ITR integrity before packaging into AAV9-PHP.B capsids by the Viral Core at Boston
Children’s Hospital. Genomic titers (measured with hGH primers) were between 2-10x10'2 gc/ml. Vectors were aliquoted and stored
at -80°C.

AAV virus injections

Tmc1%/2Tmc2%/2 C57BL/6 mice,’ typically born ~ E20, were placed with CD1 foster mothers. Prior to injection at postnatal day P1-
P2, mice were anesthetized using hypothermia. A post-auricular incision was made near the left ear with a cotton ball inserted to
spread the tissue. Vector (1.2 pl) was injected through the round window membrane (RWM) using a Nanoliter 2000 Injector (World
Precision Instruments) at a rate of 100 nl/min. Following the procedure, the surgical incision was closed with sutures. The pups
were then put on a 37°C heating board to recover for 35 min and returned to their cages. Three animals of a litter were injected in
a session, and we typically injected 2-3 litters per mutation. No blinding was applied during experimental procedures.

Cochlear dissection

At postnatal day P4 to P6, pups were euthanized by rapid decapitation, temporal bones were dissected, and the membranous lab-
yrinth was isolated under a dissection microscope. Reissner’s membrane was removed, and the tectorial membrane and stria vas-
cularis were mechanically peeled away. Organs of Corti were excised and cultured in medium containing 98% MEM(1X) + GlutaMAX
TM-I Minimum Essential Medium (41090-036 + Earl’s salts) supplemented with 1% FBS, 10 mM HEPES and 0.05 mg/ml carbenicillin
at 37°C in 5% CO,. Each organ was pinned flat beneath a pair of thin glass fibers glued at one end with Sylgard to an 18-mm round
glass coverslip. The organs were cultured until use (P9-18). The mid-basal section was used for patch-clamp recordings and the mid-
apical section from the same explant was used to assess functional rescue by FM1-43 dye uptake.

FM1-43 dye uptake assay

Coverslips with adherent cochlear cultures were placed on a glass-bottomed chamber and rinsed three times with HBSS
containing1.3 mM Ca?*. Cultures were then incubated with 2 uM FM1-43 for one minute (unless otherwise indicated) followed by
10 pM SCAS (4-Sulfonato calix[8]arene, sodium salt) for two minutes and washed two additional times before imaging. Confocal im-
aging was performed on an Olympus FV1000 microscope with a 60X, 1.1-NA water-immersion objective. FM1-43 fluorescence (exci-
tation at 488 nm with ~5-12 % intensity) was measured under identical acquisition settings across samples.

Electrophysiology

Hair cells were visualized using a Nikon Eclipse FNI microscope with 60X LWI objective and DIC optics, and transduction currents
were recorded from inner hair cells with an Axopatch 200B patch clamp and a Digidata 1440 digitizer controlled by pCLAMP 10 soft-
ware (Molecular Devices). The whole-cell voltage-clamp configuration was used for recordings. Currents were filtered at 5 kHz with a
low-pass eight-pole Bessel filter. For hair bundle stimulation, custom glass probes were made and polished to a tip diameter of
~4 um to match the shape of the inner hair cell bundles. The probe holder was moved by a piezo stack (Physik Instruments) driven
by a custom high voltage driver amplifier. Probe displacements were calibrated using a stage micrometer under the same optical
setup to ensure accurate step sizes. Each newly fabricated probe was first validated by recording wild-type TMC1 currents to confirm
standard activation curves before proceeding with mutant recordings. Bundles were displaced for 80 ms with 15 step displacements
ranging from -175 nm to +1050 nm at 88-nm increments. For recordings, 1.5 mm OD R-6 (8350) glass pipettes were pulled with a
Narishige PC-10 puller. We patched inner hair cells that appeared morphologically intact and undamaged during the preparation,
but we did not pre-select cells based on any reporter. In our previous work using the same AAV9-PHP.B delivery strategy, we estab-
lished that ~90% of IHCs are transduced under these conditions,”> making random patching highly likely to yield a transduced cell. In
the Tmc1/2-null background, untransduced IHCs exhibit no mechanotransduction current; therefore, the presence of a MET current
during recording served as a functional indicator of successful viral transduction. Patch pipettes were filled with an internal solution
containing (in mM): 137 CsCl, 5 EGTA, 10 HEPES, 2.5 Na,-ATP, 0.1 CaCl, and 3.5 MgCl,, and adjusted to pH 7.4 with CsOH. The
tissues were bathed in external solution containing (in mM): 137 NaCl, 5.8 KCI, 0.7 NaH,PQO,4, 10 HEPES, 1.3 CaCl,, 0.9 MgCl,,
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5.6 glucose, vitamins, and essential amino acids, and adjusted to pH 7.4 with NaOH. Cells were held at a -80 mV potential and a
separate pipet flowed extracellular solution onto their apical surfaces. Sample sizes and statistics are reported in the figure panels
and legends. Unless otherwise noted, data are mean + SEM; n denotes cells.

QUANTIFICATION AND STATISTICAL ANALYSIS

Electrophysiological data were analyzed with Clampfit (Molecular Devices) and ORIGIN (OriginLab). For each cell, the average
maximum current amplitudes as a function of probe displacement were plotted and fitted with a Boltzmann equation using
ORIGIN as follows:

Al — A2
y- 28 a0
1+exp X = X)
ax

where X is the bundle displacement, X, is the half-activation position, and dx is the slope factor that represents the mechanical sensi-
tivity of the channel.

The data were normalized for each cell, such that A1 and A2 range from 0 to 1 to allow comparison across cells. For each TMCH1
variant, X values were reported as mean + SEM of all cells (n=cells). Statistical comparisons between wild-type and mutant Xo values
were performed in Excel using two-tailed t-tests assuming unequal variance (Welch’s correction). Statistical details, including sample
sizes and exact p-values, are provided in the figure panels and legends. Results were considered significant at p < 0.05.

Energy calculations also followed from this analysis with:

AG 8%
KT ~ dx’

where AXo is the shift in midpoint position relative to wild type and dx is the slope parameter derived from the activation-curve fits. For
mutations that shifted the activation curve toward positive displacements and showed no significant change in slope (from wild-type
TMC1 with dx= 149+13 nm), midpoint shifts in the 150-300 nm range correspond to ~1-2 kT changes in gating energy.

Activation curves from wild-type and mutant TMC1 aligned closely across cells (typically within ~50 nm), consistent with adapta-
tion mechanisms that adjust channel activation to probe-defined bundle position. Because adaptation is incomplete (~80%
compensation of static displacement), residual shifts in Xo are interpreted as intrinsic changes in channel gating. Energetic estimates
therefore likely represent lower bounds.
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