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TRPMS is a Ca**-activated monovalent cation channel essential for taste
perception, insulin secretion and gastrointestinal chemosensation.

Canonical TRPMS activation requires Ca** binding at two distinct sites:

an agonist site within the lower vestibule of the S1-S4 pocketin the
transmembrane domain (Caqyp) and amodulatory site in the intracellular
domain (Ca,p) that tunes voltage dependence and agonist sensitivity.
Here we characterize CBTA as a noncalcium agonist that binds to the upper
vestibule of the S1-S4 pocket, directly above Ca;,p. CBTA alone mimics

the dualrole of Cay, and Ca,cp, merging agonist activation with voltage
modulation. CBTA also renders TRPMS5 supersensitive to Ca**, synergistically
hyperactivating the channel even at near-resting Ca*" levels. We further
demonstrate that the inhibitor triphenylphosphine oxide binds the same
site but stabilizes anonconductive state. These opposing effects reveal

the upper S1-S4 pocket as amultifunctional regulatory hub integrating
activation, inhibition and modulation in TRPMS.

TRPMS5is a calcium-activated, nonselective monovalent cation channel
that couples intracellular Ca®* signals to membrane depolarization,
driving critical physiological responses such as taste perception, insu-
lin secretion and immune responses'™. In taste receptor cells, it has a
key role in detection of sweet, bitter and umami flavors**'**, Beyond
chemosensation, TRPMS5 also contributes to endocrine and metabolic
functions:in pancreatic 3 cells, itamplifies depolarizationin response
to calcium oscillation, promotinginsulin release®®. Consistent with this
role, loss of TRPMS function has been shown to impair insulin secretion
andglucose tolerance®'’, suggesting that pharmacologicalmodulation
of TRPM5 activity may offer a strategy for restoring 3 cell functionindia-
beticindividuals®”. However, the pharmacological landscape of TRPMS5
remains limited because of alack of TRPMS5-specific small-molecules™.

Canonical TRPMS activation is driven by Ca*" binding at two
discrete sites: a primary agonist site in the lower vestibule of S1-S4
pocket in the transmembrane domain (Cay,,p) and a modulatory site
in the intracellular domain (Ca,cp)". The ICD site is known to regulate
the voltage dependence and promote calcium binding at the Caqy,p

site, modulating sensitivity to physiological Ca®* oscillations®". Until
recently, Ca** was the only known agonist of TRPMS5. The discovery
of small-molecule compounds, such as 5-chloro-N-((5-chlorothiazol
-2-yl)methyl)benzo[d]isothiazol-6-amine, hereafter referred to as
CBTA, as the first noncalcium positive regulator for TRPM5 marks
a major breakthrough™”, Although it is still unclear whether CBTA
activates TRPMS independently of calcium, it opens avenues for the
development of TRPMS5-targeted therapies. In addition to agonists,
TRPMS is selectively inhibited by small-molecule inhibitors such as
triphenylphosphine oxide (TPPO) and N'-(3,4-dimethoxybenzylidene)-
2-(naphthalen-1-yl)acetohydrazide (NDNA)'"*°, which provide tools
for dissecting TRPMS5 physiological function and potential leads for
therapeutic development in settings of TRPMS hyperactivity.

We previously showed that NDNA binds to the cleft between
the S1-S4 domain and the S5-S6 pore domain, inhibiting TRPMS5 by
locking the TMD in an apo-like closed conformation”. In contrast,
the precise binding sites and mechanisms of action for CBTA and
TPPO remain unknown. Consequently, how these small molecules
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Fig.1| CBTA is an agonist of TRPMS5. a, Whole-cell recording of currents from
cells overexpressing TRPMS, elicited by various concentrations of CBTA. The
pipette solution contained 5mM EGTA. Cells were held at -100 mV for 100 ms,
followed by a voltage ramp from -100 mV to +100 mV over 200 ms. The pipette
solution contained 5 mM EGTA. b, Theratio of TRPMS current at +100 mV and
-100 mV, indicating the level of voltage dependence (n = 5). Bars represent the
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mean; each dot corresponds to anindependent cell measurement. Here and
below, nrepresents the number of independent cells recorded in whole-cell
patch-lamp experiments. ¢, Dose-response curves and EC, estimates of TRPM5
activation by CBTA, measured with intracellular pipette solutions containing
either 5MMEGTA (n=5) or100 nM Ca* (n =4). Circles represent the mean
currentand error barsrepresent thes.e.m.

coordinate with the calcium binding sites in the TMD (Cayy,;) and ICD
(Ca,cp), which is essential for calcium or voltage-dependent channel
activation, remains unclear””, Understanding these couplings is key
to uncovering how TRPMS5 integrates multiple regulatory inputs to
achieving precise functional control and for drug development to treat
TRPM5-linked diseases™.

Here, using cryo-electron microscopy (cryo-EM), electrophysiol-
ogy and mutational analyses, our study establishes the upper S1-S4
pocket as a multifunctional regulatory site for channel activation,
inhibitionand modulation, providing insights into TRPMS5 gating and
proposing a unifying mechanism of TMD and ICD communication that
underpins the polymodal regulation of TRPM channels.

Result

Direct activation of TRPMS5 by CBTA and its synergy with Ca*
Although compound CBTA has been shownto evoke TRPMS currents, it
remains unclear whether CBTA acts asadirect agonist or asamodulator
that potentiates calcium-activated TRPMS5 currents, as previous studies
did not test the effect of CBTA in the absence of intracellular calcium’®,
To address this, we chelated intracellular free calcium using EGTA and
performed whole-cell patch-clamp experiments on zebrafish TRPMS. In
theabsence of CBTA, no TRPMS5 currents were detected, confirming that
calciumwas effectively chelated by EGTA (Fig. 1a, black trace). Extracel-
lular application of CBTA-activated TRPMS5 at both positive and negative
transmembrane voltages (Fig.1aand Extended DataFig.1a,b). At low con-
centrations (<1 uM), the CBTA-induced TRPMS current was outwardly
rectifyingbut became less rectifying at higher concentrations (>3 pM)
(Fig.1a,b). This concentration-dependent voltage dependenceis similar
to that of the endogenous agonist calcium™”. These findings establish
compound CBTA as the first known noncalcium agonist of TRPMS5.

To assess the potency of CBTA, we measured its concentration-
response relationship and estimated its half-maximal effective concen-
tration (EC,,) in the micromolar range (Fig. 1c, red and pink traces). This
result was surprising, as it was approximately 500 times less potent than
previously reported'®. A key difference in our experiments was the inclu-
sion of EGTA to ensure a calcium-free intracellular solution, whereas
the previous study maintained 1 uM free calcium, allowing for potential
calcium interacting with TRPMS. This discrepancy prompted us to
examine the effect of CBTA in the presence of calcium. Indeed, with just
100 nM free cytosolic calcium—a concentration of calcium that by itself
does not activate TRPMS (Extended Data Fig. 1¢,d)—the EC,, of CBTA
shifted to the nanomolar range (Fig. 1c, blue and cyan traces), similar
tothe previously reported value for human TRPMS5 (ref. 18). Moreover,
coapplicationof 100 nM calcium and 100 nM CBTA robustly activated
TRPMS5inavoltage-independent manner (Extended DataFig.1g,h).In

contrast, neither 100 nM calcium nor 100 nM CBTA alone was sufficient
to activate the channel (Extended Data Fig.1g,h).

These findings demonstrate that CBTA can activate TRPM5 inde-
pendently of calcium but also synergizes with calcium to dramatically
enhance TRPMS activity. While such asynergistic mechanism has not pre-
viously beendescribed for TRPMS, TRPM4 or TRPM2, itis reminiscent of
the cooperativeaction of calciumandicilinon TRPMS8, where bothligands
bind the voltage-sensing-like domain to drive channel activation”?**,

CBTA binds to the upper S1-S4 pocket

To investigate the mechanism of CBTA agonism and its cooperativ-
ity with calcium, we determined the cryo-EM structures of zebrafish
TRPMS5inthe presence of CBTA alone and in combination with calcium.
Inthe CBTA-only sample, 1 mM EDTA was included to chelate calcium
and ensure a calcium-free condition, as established in our previous
work", The CBTA/EDTA-TRPM5 and CBTA/Ca**~TRPMS5 cryo-EM maps
were refined to resolutions of 3.1and 2.9 A, respectively, with the TMD
achieving a local resolution up to 2.6 A (Supplementary Table 1and
Supplementary Fig.1-2). The overall structures closely resemble the
previously published TRPMS structures, featuring the characteristic
tetrameric assembly with a TMD and alarge ICD consisting of MHR3/4
and MHR1/2 domains (Fig. 2a,b)".

Both CBTA/EDTA-TRPMS5 and CBTA/Ca*~TRPMS structures
revealed a well-defined density within the upper vestibule of the S1-
S4 pocket of each subunit, positioned above the Cagy, binding site
(Fig.2c). Thisdensity is triangular, closely matching the shape of a CBTA
molecule (Fig. 2d). Notably, this density was not observed inany previ-
ouslyreported TRPMS5 structures, indicating a previously unrecognized
ligand-bindingsite in TRPMS. However, other TRPM family members,
such as TRPM3 and TRPMS, also harbor ligands within analogous
regions of the S1-S4 pocket, suggesting that this site may represent a
conserved ligand recognition hotspot across the family**~*#¢"*% The
CBTA-binding site is surrounded by several hydrophobic residues,
suchasL764,M726,Y727,F730, W760 and 1801, which cluster around
the upper portion of the pocket (Fig. 2d). In addition, several polar and
charged residues, including R834, Y995, E768 and D797, engage the
5-chlorothiazole moiety of CBTA from the bottom of the site (Fig. 2d).
Although calcium and CBTA bind in proximity, they interact with dis-
tinct sets of residues (Fig. 2c)".

Tovalidate the CBTA-binding site, we introduced alanine substitu-
tionsat key interacting residues and assessed their response to CBTA.
The mutants showed negligible CBTA-induced currents (Fig. 2e and
Extended Data Fig. 2a-c). As a control, calcium still activated these
mutants, confirming that the loss of CBTA response was not because
of protein misfolding or trafficking issues (Extended Data Fig. 2d-g).
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Fig. 2| CBTA binds to the S1-S4 domain of TRPMS. a, The cryo-EM map of CBTA/
EDTA-TRPMS. One subunit of TRPMS is colored in blue. The CBTA density is
shownin yellow. The MHR1/2 and MHR3/4 domains in TRPM5 are also indicated.
b,c, The cryo-EM map (b) and atomic model (c) of CBTA/Ca**-TRPMS5. One
subunit of TRPMS5 is colored in red. The CBTA density is shown in yellow. Cagyp
and Cay, in CBTA/Ca**~-TRPMS5 are also indicated using green spheres.d, A
close-up view of the CBTA-binding site. Residues that form the CBTA-binding
pocket are shown in stick representation. The cryo-EM density corresponding

to the CBTA molecule is shown using a semitransparent surface. e, The effect

of 20 uM CBTA on whole-cell currents—recorded at =100 mV and +100 mV—in
nontransfected tsA201 cells (n =4), TRPM5 WT (n = 5) and TRPM5 mutants
F730A,L764A,R834A,R998A and N723A (n =4 each), with5mM EGTA included
inthe recording pipette, presented as bar graphs (mean). f, Pore profiles of

the open states identified in the CBTA/EDTA-TRPMS and Ca®/EDTA-TRPM5
datasets, compared to those of the apo closed state and Ca®*-bound open state.
g, Thedistribution of open and closed states in the presence of different calcium
concentrations. The Caryp, and Ca,c are allosterically coupled as we were unable
toidentify conformations of TRPMS with only Cay, or Ca,cp bound.

CBTArenders TRPMS supersensitive to calcium
The CBTA/Ca®*-TRPMS structure adopts an open conformation, mirror-
ing the open state previously observed with calcium alone (Fig. 2f)".In
contrast, the consensus map of CBTA/EDTA-TRPM5 revealed heteroge-
neity inthe TMD and showed a weak and ambiguous signal at the Caryp
site, despite the presence of 1 MM EDTA, acondition known to eliminate
calcium binding in TRPMS5 (Extended Data Fig. 3a,b)"”. To resolve this
heterogeneity, we performed signal subtraction and focused clas-
sification (Methods and Supplementary Fig. 1). Strikingly, while most
particles correspondedto aclosed state with CBTAbound but no Cayyy
density, asmall fraction (-5%) adopted an open TMD conformation
(Fig. 2f, Supplementary Table 1 and Extended Data Fig. 3c), closely
resembling the TMD conformation in the CBTA/Ca*~-TRPMS structure.
Surprisingly, in this minor open-state population, we observed
robust Ca* density at the Caqy, site, whereas the Ca,, site remained
unoccupied (Extended Data Fig. 3¢). This was unexpected given the
stringent calcium-chelating conditions used. The most likely expla-
nation is that the calcium signal originates from trace contaminants
commonly found in buffer components, which canyield free calcium
in the micromolar range. Remarkably, even under these conditions,
CBTA-bound TRPMS5 was able to compete with EDTA—a strong cal-
cium chelator—to coordinate Ca* at the Cayy, site. This observation
raises two possible explanations: either Caqy,, intrinsically has higher
affinity for calcium than Ca,c, or CBTA specifically enhances calcium

binding at Ca;y,p. To distinguish between these possibilities, we con-
ducted a calcium titration and determined TRPMS structures across
arange of concentrations—from saturating to subsaturating levels
(Supplementary Figs. 3-5).

At high calcium concentrations (=200 uM), both Ca;y, and Cacp
sites were consistently occupied and the channel adopted an open
conformation (Fig. 2g and Extended DataFig.3d)". Atanintermediate
concentration (6 M), we observed a mixture of open and apo states,
with either both sites occupied or neither”. At lower concentrations
(2or1uM), only the apo state was observed, with neither site occupied
(Fig. 2g and Extended Data Fig. 3d). These results indicate that Cay,
and Ca,cp have comparable affinities to calciumand support the conclu-
sion that CBTA specifically and dramatically enhances calcium bind-
ing at Capyp. This CBTA-induced stabilization of Caqy,p, binding under
otherwise nonpermissive conditions aligns with electrophysiological
datashowingenhanced calcium sensitivity (Extended DataFig. 1i) and
reveals a potent mechanism by which CBTA drives TRPMS activation
through synergistic engagement of the Capy site.

Synergetic interplay between CBTA and Caqyp

Our structural and functional data support a strong allosteric cou-
pling between CBTA and calcium, which cooperatively drive TRPMS5
hyperactivation. To understand how CBTA enhances calcium binding at
Canyp, Weaimed toisolateits structural effectin the absence of calcium.
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Fig. 3| CBTA binds to TRPMS5 independently of Cayp. a, The structure of
CBTA/EGTA-TRPMS. Left: cryo-EM map of TRPMS with one subunit colored
inmagenta. Right: a close-up view of the S1-S4 domain. The CBTA molecule is
shown using stick representation and colored in yellow. The cryo-EM density for
CBTAis shown using a semitransparent surface. b, A close-up view of the Caryp

site mutant D797A with 5 mM calcium. No Caqy;, is observed. ¢, A close-up view

of the Capyy, site mutant D797N with 5 mM calcium. While a strong CBTA density

is present, no Carp is observed. d, The pore profile plot of Ca*~-TRPM5 WT and
CBTA/Ca**-TRPMS5-D797N. Despite the presence of CBTA, the CBTA/Ca**-TRPM5-
D797N structure shows a closed state similar to the apo state.

Specifically, we asked whether CBTA binding alone could preconfigure
the Capyp site to favor calcium coordination, thereby explaining its
apparent ability to recruit trace calcium even under chelating condi-
tions. To address this, we used 5 mM EGTA, amore specific and potent
calcium chelator than EDTA, and determined the cryo-EM structure
of TRPMS5 in the presence of CBTA and EGTA (Supplementary Table 2
and Supplementary Fig. 6). This condition yielded a true CBTA-only
structure, in which CBTA occupied the same binding site as observed
previously but no calcium density was observed at the Capy, site, con-
firming effective calcium chelation (Fig. 3a).

Comparison of theapo and CBTA-only TRPM5 structures revealed
a key mechanistic insight (Extended Data Fig. 3e-g); CBTA binding
induces local rearrangements in the S1-S4 domain that remodel the
Caqypsite. Inthe apo state, residue R834 forms salt bridges with E768
and D797, both of which are critical for calcium coordination*’, Upon
CBTA binding, R834 is displaced, disrupting these salt bridges and
freeing E768 and D797. This reorganization primes the Capyp site for
calcium binding, providing a structural explanation for the dramati-
cally enhanced calcium sensitivity observed in the presence of CBTA.

To further dissect this synergy, we examined TRPM5 mutants
designed to disrupt either the CBTA or Cagyp binding site. Substitu-
tion of L764, a key hydrophobic residue in the CBTA pocket, abol-
ished CBTA response but preserved calcium-dependent activation
(Extended Data Fig. 2b-e). Strikingly, this mutant (L764A) showed
no response to coapplication of low-dose CBTA and calcium (100 nM
each), a combination that robustly activates wild-type (WT) TRPMS5
(Extended Data Fig. 4a,b). Similarly, substitutions at the Cay, site—
D797A,D797N and Q771A—all abolished calcium-dependent activation
(Extended Data Fig. 4e)""* and eliminated the synergistic response to
CBTA and calcium (Extended Data Fig. 4f). These findings indicate that
both binding sites must be intact to support the cooperative effect.

Structural analysis of the Ca;yp, mutants provided further
insight into this coupling (Supplementary Tables 2 and 3 and
Supplementary Figs. 7-9).Inthe D797A mutant, CBTA density was mark-
edly weakened (Fig. 3b), likely because of the loss of a direct interaction
between CBTA and the D797 side chain. By contrast, D797N preserved
strong CBTA density (Fig. 3c), making it asuitable background to exam-
ine how the absence of calcium binding at Cayy,, affects CBTA-induced
channel gating. The structure of CBTA/Ca*-TRPMS5-D797N revealed
aclosed pore and no calcium density at Caqyp, closely resembling the
CBTA-only structure rather than the open CBTA/Ca**~-TRPMS5 structure
(Fig.3d). These findings reinforce amodelin which CBTA and calcium
engage distinct but structurally interdependent sites and their coordi-
nated allostericinteractions are required to promote calcium binding
and stabilize the open-channel conformation.

TPPO inhibits TRPMS5 by targeting the upper S1-S4 pocket

The structure of CBTA-bound TRPMSidentified the upper S1-S4 pocket
as a previously unrecognized agonist-binding site. In contrast, our
earlier work showed that the antagonist NDNA binds at adistinct site,
wedged between the S1-S4 domain and the S5-S6 pore domain”. These
observations suggest that TRPMS5 canbe modulated by small molecules
through multiple structural mechanisms. To further explore this con-
cept, we turned to TPPO, a widely used TRPMS5 antagonist®®, whose
binding site and mode of inhibition remained unknown.

TPPO potently inhibits human, mouse and zebrafish TRPM5
at 100 uM (Fig. 4a)*°. We determined the cryo-EM structure of
TRPMS in the presence of calcium and TPPO at 3.0-A resolution
(Supplementary Table 3 and Supplementary Fig.10). Including calcium
enabled us to distinguish the specific inhibitory effect of TPPO from
theapo closed state that occursinthe absence of agonist. The structure
revealed awell-defined tripod-shaped TPPO density within the upper
S1-S4 pocket, directly overlapping the CBTA-binding site (Fig. 4b,c).
This finding shows that TPPO, despite being an inhibitor, engages the
same allosteric site as the agonist CBTA.

The binding of TPPO is mediated by both hydrophobic and
polar interactions. Its three phenyl rings engage a hydrophobic
pocket within the S1-S4 domain, while its oxygen atom forms a criti-
cal polar interaction with R998 (Fig. 4c). Consistent with this, sub-
stitution of R998 to alanine abolished TPPO inhibition (Fig. 4d and
Extended Data Fig. 5a). Moreover, TPP, which lacks the oxygen atom
of TPPO, exhibited markedly weaker inhibition, underscoring the
importance of this polar interaction?’. Additional substitutionsin the
TPPO-binding pocket also reduced the inhibitory effect, further sup-
porting the functional relevance of the observed binding site (Fig. 4d
and Extended Data Fig. 5b-e).

In the TPPO-bound structure, calcium densities at the Cagy, and
Ca,.psitesremain well defined, indicating that TPPO does not interfere
with calcium binding (Fig. 4c). Despite this, the pore remains noncon-
ductive, with a narrowest pore radius of 1.0 A (Fig. 4e). To understand
why TPPO and CBTA, despite binding to the same S1-S4 pocket, exert
opposite effects on TRPM5 gating, we compared the TPPO/Ca®*-TRPMS5
closed state with the CBTA/Ca®*-TRPMS open state. Structural align-
ment of their S1-S4 domains revealed that the distinct shapes and
binding modes of CBTA and TPPO engage divergent allosteric path-
ways, with the V-shaped conformation of CBTA altering S4 dynamics
in a manner opposite to the tripod-like TPPO. These ligands induce
differential conformational shifts in the S4 helix, particularly at H837
and F839, with H837 facing the ligand-binding site and F839 oriented
toward the S5 helix of the adjacent subunit. This intersubunit contact
enables coupling that transmits conformational signals—whether
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Fig. 4| TPPO inhibits TRPMS5 by occupying the S1-S4 domain. a, /-V
relationships of whole-cell current trace obtained using a voltage ramp protocol
from-100 mV to +100 mV before and during application of 100 uM TPPO.

b, The cryo-EM map of TPPO/Ca*-TRPMS. One subunit of TRPMS5 s coloredin
blue. The TPPO moleculeisindicated in yellow. The Cayy, and Ca,cp areindicated
using green spheres. ¢, Top: a close-up view of the TPPO-binding site in TPPO/
Ca*-TRPMS structure. The cryo-EM density of TPPO and Cayy,p is shownin
surface representation and colored in yellow and green, respectively. Bottom: a
60° rotation view with some residues hidden for clarity. d, The relative inhibition
of TPPO on WT and various binding-site mutants (WT, n=4; H837A, n=4;

1838A,n=3;F730A,n=4;R998A,n=4).e, The pore domain structure of apo
TRPMS, Ca**~-TRPMS5 and TPPO/Ca*-TRPMS. Bars represent the mean; each dot
corresponds to anindependent cell measurement. f, The allosteric effect of TPPO
and CBTA to the pore domain. The S4-S6 helices of CBTA/Ca?*~TRPMS (red) and
TPPO/Ca*-TRPMS (blue) structures are shown with the S1-S4 domain of one
subunit aligned. TPPO or CBTA binding affects the side-chain conformation of
H837 and F839 in the S4 helix, which s further propagated to the S5 and Sé6 helices
ofadjacent subunit (indicated with a prime symbol). This eventually leads to
different position of 1966, which forms the gate of TRPMS. The Caqy,p site at the
bottom of CBTA/TPPO-binding site is also shown.

triggered by agonist or antagonist binding at the S1-S4 domain—to the
pore-lining S5-S6 helices and the gate residue 1966 (Fig. 4f).

Together, these structures reveal that the upper S1-S4 pocket acts
asaregulatory hub for TRPMS, capable of supporting either activation
orinhibition depending on the chemical architecture of ligands. On the
basis of these observations, we propose that TPPO inhibits TRPM5 by
interfering with allostericcommunication between the S1-S4 domain
and the pore domain, thereby preventing the pore from fully opening.
This mechanism contrasts sharply with that of NDNA, which locks the
channel in an apo-like conformation with a fully closed pore, even in
the presence of bound calcium”.

Bidirectional allosteric communication between ICD and TMD
Our previous findings showed that calcium-dependent TRPMS5 acti-
vation requires calcium binding at both Cay,,, and Ca,, sites". Dis-
ruption of the Ca,c, site, as in the E337A mutant, renders the channel
voltage-dependent and inactive at physiological membrane potentials
and reduces calcium affinity at Capyp"”. These findings highlight the
critical role of ICD-to-TMD communication in channel activation.
Interestingly, our data show that CBTA can bypass this require-
ment, asasmall subset of particles in the CBTA/EDTA dataset adopted
anopen conformation with CBTAboundbut no Ca,., density. However,
because theICDis relatively flexible and the map was obtained at more
amoderate resolution (3.5 A), we could not exclude the possibility

that the apparent absence of Ca,, was because of limited resolution.
To address this, we turned to the E337A mutant, which eliminates Cacp
binding by design. We found that CBTA robustly activates E337A with
an EC;, comparable to WT (Fig. 5a,b and Extended Data Fig. 6a,b). By
contrast, calciumalone fails to activate E337A under these conditions
(Extended Data Fig. 6¢-h)". Consistent with the electrophysiological
data, cryo-EM analysis of CBTA/Ca®*~-TRPM5-E337A yielded a struc-
ture at substantially higher resolution (2.7 A), unambiguously reveal-
ing a homogeneous open conformation despite the absence of Ca,,
density (Fig. 5c, Supplementary Table 3, Extended Data Fig. 7a,b and
Supplementary Fig.11), whereas Ca?*~-TRPMS5-E337A, lacking both Ca,cp,
and CBTA, remained closed (Fig. 5¢)”. Structural comparison shows
that CBTA induces movement of the TRP helix, a key structural ele-
ment for channel gating by mediating the ICD-TMD communication
(Fig. 5d), similar to that triggered by Ca,c, binding in the WT". These
findings suggest that CBTA functionally mimics Ca,c, by engaging the
TRP helix, thereby replacingits role in ICD-to-TMD coupling.
Toinvestigate whether the ICD-TMD couplingis bidirectional (that
is, whether the TMD can in turn influence the ICD), we examined the
structure of the Caqy, site mutant Q771A (Supplementary Table 4 and
Supplementary Figs. 12 and 13), which abolishes Ca**-induced chan-
nel activation. Although Ca®*-TRPMS5-Q771A retains clear calcium
density at Caqyp, unlike D797A/N (Extended Data Fig. 7c and Fig. 3b,c),
it adopts a closed conformation with minimal S1-S4 rearrangement
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Fig. 5| CBTA-mediated agonism does not require Ca,c,. a, Whole-cell recording
of TRPMS-E337A elicited by various concentrations of CBTA. The pipette solution
contained 5mMEGTA. b, The dose-response curve and EC,, estimates of
TRPMS5-E337A to CBTA (n =4). Circles represent the mean current and error bars
represent the s.e.m. ¢, The pore profiles of apo TRPM5-E337A, Ca**~-TRPMS-E337A
and CBTA/Ca*-TRPMS5-E337A. d, Structural comparison between CBTA/Ca*-
TRPM5(E337A) and Ca**~-TRPM5(E337A) (PDB 7MBU). The structures are shown

in transparent cartoon representation, except for the TRP helix. CBTA is shown
using yellow spheres. CBTA binding induced a motion of the TRP helix. e, The
pore profiles of Ca>~-TRPM5-Q771A and CBTA/Ca*~-TRPM5-Q771A.f, The Capyp
site of CBTA/Ca?-TRPMS5-Q771A with the atomic model and cryo-EM density
overlaid. The CBTA and Cayy,, density is indicated. g, Bar graphs showing currents
measured at +100 mV and -100 mV for Q771A (n =4) and D797N (n = 4) mutantsin
the presence of 300 nM free calcium, without or with 1 uM CBTA.

and TRP helix movement compared to Ca**-bound WT (Fig. 5e and
Extended DataFig. 7d). Specifically,in WT TRPMS, Cayy,, binding induces
an outward tilt of the S2 helix, the S2-S3 linker and the S3 helix, reposi-
tioning the TRP helix to enable coordinated motion across the S1-S4
domain, the S5-S6 pore domain and the ICD (Extended Data Fig. 7d,
left)”.InQ771A, the Cagy,p-induced movements of the S1-S4 domain and
TRP helix are negligible (Extended DataFig. 7d, right). Asaresult, the pore
domain of Ca**~-TRPM5-Q771A remains closed. Inaddition, theICD adopts
anintermediate conformationbetween the apo and calcium-bound WT
states (Extended DataFig. 7e), consistent with reduced Ca,, occupancy
(Extended Data Fig. 7f). Together, these analyses indicate that Q771 is
dispensable for Cary,, coordination but required to couple Caqy,p binding
to conformational changes within the TMD (from the S1-S4 domain to
the S5-S6 pore domain) and from the TMD to the ICD.

We then asked whether CBTA could restore this coupling. Elec-
trophysiology experiments showed that CBTA and calcium synergisti-
cally hyperactivate Q771A (Fig. 5g and Extended Data Fig. 4e-h). The
CBTA/Ca**-TRPMS5-Q771A structure exhibits strong CBTA and Cayyp
densities and reveals an open pore with a radius of 2.7 A (Fig. 5e,fand
Supplementary Fig. 10). A structural comparison revealed that CBTA
bindingrestores the S1-S4 domain conformation of Q771A seenin the
open-state TRPMS5 structure (Extended Data Fig. 7g) and focused classi-
fication showed full occupancy at the Ca,, site (Extended DataFig. 7h),

in contrast to the calcium-alone condition. Together, these findings
demonstrate that CBTA can restore impaired intra-TMD coupling
(between the S1-S4 and S5-S6 pore domains) and TMD-to-ICD cou-
pling by remodeling the S1-S4 domain and reestablishing allosteric
communication across domains. CBTA, thus, acts as a bidirectional
modulator, capable of bypassing or reconstituting defective coupling
between ICD and TMD.

Discussion
Despiteits critical roles in taste perception, insulin secretion,immune
signaling and other physiological processes, the mechanisms under-
lying TRPMS5 activation and pharmacological modulation have
remained poorly defined. Here, we investigated CBTA, a potent syn-
thetic agonist of TRPMS5, and uncovered a previously unrecognized
activation mechanism. Our structural and functional data reveal that
CBTA binds asite in the upper vestibule of the S1-S4 pocket, activat-
ing TRPMS5 independently of calcium (Fig. 6). Remarkably, CBTA also
dramatically enhances calcium sensitivity at the Caqyp Site and this
synergy leads to robust TRPMS5 hyperactivation (Fig. 6). These find-
ings identify a druggable allosteric hotspot for the development of
TRPM5-targeted therapeutics.

Acentral finding of this study is that the upper S1-S4 pocket serves
asamultifunctional regulatory hub (Fig. 6)*. Thissiteis adjacent to the

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology
https://doi.org/10.2210/pdb7MBU/pdb

Article

https://doi.org/10.1038/s41589-025-02097-7

pM nM pM mM

K:A:

Intracellular calcium

pM nM pM mM

I—‘_—‘A:1

Intracellular calcium

pM nM

pM nM

Intracellular calcium

/Na*
CBTA

/ ANV 4

pM nM pM mM

Iﬁ

TPPO

UM mM pM nM uM mM

CBTA
M mM

?I

CBTA

Fig. 6| Ca*"-dependent, CBTA-dependent and TPPO-dependent regulation
of TRPMS gating. Cartoon illustrating how Ca®*, CBTA and TPPO differentially
modulate TRPMS5 activation. Canonical activation requires Ca** binding at the
agonist site Capyp and the modulatory site Ca,c,. CBTA, anoncalcium agonist,
binds the upper vestibule of the S1-S4 pocket directly above Cayy, and mimics

the dual roles of Cayyp and Ca,cp, merging agonist activation with voltage
modulation. CBTA also renders TRPMS supersensitive to Ca**, synergistically
hyperactivating the channel even at near-resting Ca* levels. In contrast,

the inhibitor TPPO binds the same pocket but stabilizes anonconductive
conformation.

TRP helix, akey structural elementin channel gating. CBTA binding at
this site triggers conformational changes across the protein similar
to those induced by calcium, leading to channel opening. In contrast,
TPPO, aTRPMS5 antagonist, also binds to the same pocket but impairs
the allosteric coupling between the binding site and pore domain,
thereby preventing channel opening. These opposing outcomes—
activation versus inhibition—from ligands engaging the same site
underscore its versatility as a pharmacological switch. Notably, this
mechanismechoes observationsin otherion channels, including Cavl.1
and KCNQ2, where distinct ligands targeting an identical binding site
can exert opposite effects on channel activity***.

This site also offers a conceptual contrast to the canonical acti-
vation mechanism of TRPMS, which requires calcium binding at two
discrete binding sites (Cagy, and Ca,.p) to enable concerted gating tran-
sitions (Fig. 6)"*'. CBTA bypasses this dual-site requirement by driving
a TMD-localized gating, which simplifies the activation pathway and
provides a structural framework for drug targeting (Fig. 6).

Another key insight from this study is the discovery of bidirec-
tional allostericcommunication between the TMD and ICD. While our
previous work established that calcium binding to the ICD modulatory
siteenhances agonist efficacy at the TMD—awell-recognized regulatory
mechanism—our findings reveal that this relationship is reciprocal;
agonist binding at the TMD, such as by CBTA or calcium, canin turn
enhance calcium binding at the ICD site and promote conformational
changes within the ICD". This reciprocal interplay introduces a new
conceptuallayer to ion channel regulation, wherein spatially distinct
agonist and modulatory binding sites communicate bidirectionally
to coordinate gating.

Although our static cryo-EM structures reveal key ligand-binding
modes, the dynamic processes and the associated free-energy land-
scape by which CBTA and TPPO influence channel gating remain
incompletely understood. Future molecular dynamics simulations
could complement our findings by visualizing the temporal sequence
of conformational changes and allosteric coupling between the S1-
S4 pocket and the pore, thereby deepening our mechanistic under-
standing of how agonists and antagonists exert opposing effects on
TRPMS function.

Insummary, this work defines ashared allosteric pocketin TRPM5
that integrates activation, inhibition and interdomain coupling.

We reveal how synthetic agonists can exploit this site to bypass or
restore defective gating pathways. The modularity, accessibility and
bidirectional signaling capacity of this regulatory hub makeit an attrac-
tive platform for the rational design of selective TRPM5 modulators,
with broad implications for targeting TRP channels in metabolic, sen-
sory and neurological disorders.
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Methods

Constructs and cloning

The genes encoding full-length TRPMS5 from human (UniProt Q9NZQ8)
and zebrafish (UniProt SSUH55) in pEG BacMam vector from our previ-
ous study were used”. The constructs included an N-terminal 8xHis
tag, an enhanced green fluorescent protein (GFP) and a thrombin
cleavage site. Site-directed mutagenesis was carried out using either
the QuikChange Il site-directed mutagenesis kit (Qiagen) or the Q5
site-directed mutagenesis protocol (New England Biolabs), with all
mutations verified by Sanger sequencing or whole-plasmid sequencing
(Eurofins) (Supplementary Table 5).

Protein expression and purification

To produce baculovirus, each TRPMS orthologin the PEGN vector was
transformed into DH10Bac cells (Gibco)*>. P1and P2 baculoviruses were
then generated using Sf9 cells (Gibso, 12-659-017). P2 baculovirus (8%)
was used to infect tsA201 cells (American Type Culture Collection,
CRL-3216) grown in suspension culture with Freestyle 293 expression
medium (Gibco). Following infection, the cellswereincubated at 37 °C
for 8-16 h before adding 10 mM sodium butyrate. The cultures were
then shifted to 30 °C and agitated vigorously for 60 h. After 72 h of
infection, cells were harvested by centrifugation at4,000gfor 30 min
at4 °C.Theresulting cell pellets were washed with TBS buffer (150 mM
NaCland 20 mM Tris, pH 8.0) and stored at -80 °C.

Depending on the protein expression level, cell pellets from a
200-800-ml culture were thawed onice and resuspended in TBS buffer
supplemented with 1 mM PMSF, 0.8 pM aprotinin, 2 ug ml™ leupep-
tin, 2 mM pepstatin A (protease inhibitors) and 1% GDN detergent
(Anatrace). The membrane protein was extracted through whole-cell
solubilization at 4 °C for 1.5 h with continuous rotation. Solubilized
protein was clarified by centrifugation and the clear supernatant was
incubated with 2 ml of TALON cobalt metal-affinity resin (Takara Bio)
for1h. Theresin was washed with20 mlof TBS buffer containing 0.01%
GDN and 15 mM imidazole. Protein was eluted using TBS buffer with
0.02% GDN and 250 mM imidazole. The eluate was concentrated to
500 pl and further purified by size-exclusion chromatography (SEC)
using TBS buffer with 0.02% GDN. SEC fractions (0.3 mleach) contain-
ing TRPMS5 were pooled and concentrated to >5 mg ml™ for cryo-EM
grid preparation.

EM sample preparation and data acquisition

Freshly purified TRPMS5 protein in GDN detergent was mixed with
designated amount of calcium, EDTA, EGTA, CBTA or TPPO before grid
preparation (Extended Data Table 1). A 3-pl aliquot of the prepared
sample was applied to a glow-discharged Quantifoil holey carbon
grid (gold, 2-pm size, 1-pm hole, 300-mesh), blotted for 1.5 s under
100% humidity using a Vitrobot Mark Ill and plunge-frozen in liquid
ethane cooled by liquid nitrogen. Grids were loaded into an FEI Titan
Krios transmission EM instrument operated at 300 kV, with anominal
magnification of x130,000 and a 20-eV slit-width energy filter. Data
collections were conducted using a K3 direct electron detector in
super-resolution mode, with a binned pixel size of 0.413 A. K3 videos
were dose-fractionated into 75 frames over 1.5 s, with a total dose of
49 ™ per A2, Automated image acquisition was performed using Seri-
alEM*, with defocus values ranging from 0.9 um to 2.1 um.

Single-particle cryo-EM data analysis

The data-processing workflow is outlined in Supplementary Figs.1-13.
In summary, raw super-resolution TIFF video files from each data-
set were motion-corrected and subjected to 2x binning using either
MotionCor2 (version 1.4.1) or RELION (versions 4.0 or 5.0beta)>**.
Defocus values for individual micrographs were determined using
CTFFIND (version 4.1.10)*. Particle picking was carried out with gau-
tomatch ortopaz (version 0.2.4)”. Two-dimensional classification and
heterogeneous refinement by cryoSPARC (version 3.0.0) were used

to exclude junk particles®®. The remaining high-quality particles were
used to construct an initial three-dimensional (3D) model through
ab initio reconstruction, followed by homogeneous refinement with
C, symmetry. Further map resolution enhancements were achieved
throughiterative contrast transfer function refinement and Bayesian
polishing in RELION®’. We noticed obvious conformational hetero-
geneity in the TMD during consensus refinement, revealing notable
flexibility in TRPMS, particularly within the extracellular pore loop
region. To enhance the quality of the map, focused classification was
conducted by subtracting TMD signals from the particles. Following
TMD-focused classification, the map with the highest nominal resolu-
tion and a well-defined extracellular region was selected for atomic
model construction. To identify heterogeneity of calcium binding at
both TMD and ICD sites, we investigate the cryo-EM data of TRPMS5
at the subunit level. Specifically, symmetry expansion was applied
to the optimal particle set from the TMD-focused classification, fol-
lowed by subtraction of single-subunit signals and 3D classification
without image alignment. This approach revealed was instrumental
for revealing the calciumoccupancy in Ca,.p and Caqyp Sites for Q771A
and D797A mutant datasets.

The map resolution for all datasets was estimated using the
gold-standard Fourier shell correlation criterion at 0.143 (ref. 59). Local
map resolution was determined using RELION*. Cryo-EM maps were
analyzed and visualized with UCSF ChimeraX, while PDB structures
were displayed using either UCSF ChimeraX®® or PyMOL (Schrédinger).

Atomic model building

Allthe atomic models were generated from the TRPM5WT (apo) (PDB
7MBP) and TRPMS5 WT (Ca*-bound) (PDB 7MBQ) that we published
before”. Ligand models and restraints were generated using the Grade
Web Server (http://grade.globalphasing.org). Substitutions wereintro-
duced using Coot and were subjected to real-space refinement®*%,
The model statistics were calculated using phenix.molprobity and
phenix.mtriage routines®>®*,

Electrophysiology
Whole-cell patch-clamp recordings were conducted on tsA201 cells
overexpressing GFP-tagged zebrafish TRPMS5 channels, including
both WT and mutant variants. Then, 1 day after transfection with Lipo-
fectamine 2000, cells were detached using trypsin and replated onto
glass coverslips precoated with 0.01% poly(L-lysine) (Sigma) to enhance
attachment. Once the cells adhered, the coverslips were transferred to
arecording chamber containing abath solution (pH 7.4) composed of
150 mM NacCl, 3 mM KCl, 10 mM HEPES, 2 mM CaCl,, 1 mM MgCl, and
12 mM mannitol. Patch pipettes were filled with internal solutions
containing different free calcium concentrations (0-10 uM), each
used in separate experiments. All solutions contained 150 mM NacCl,
1mMMgCl,, 10 mM HEPES, 5 mM EGTA and CaCl, adjusted accordingly
(0-4.9 mM) toachieve the desired calciumlevels (pH 7.3,22 °C) (https://
somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/CaE-
GTA-TS.htm). All experiments were carried out at room temperature.
During recordings, cells were held at -100 mV for 100 ms before
applying a voltage ramp from -100 mV to +100 mV over 200 ms,
repeating every 10 s (Clampex 11.3, Multiclamp 700B 2.2.2.2). For
Extended Data Fig. 7c-h, an alternative protocol was used, stepping
from-200 mVto+200 mVin50-msincrements, with20-mV stepinter-
vals. Membrane currents were digitally recorded at 10 kHz and filtered
at2 kHz. Currentamplitudes were measured 5 ms before the end of the
pulse at both +100 mV and -100 mV, with the values subtracted from
the currentat O mVto establish the baseline. Datawere analyzed using
custom Python scripts, including pyABF for loading and processing
ABF electrophysiology files®. Electrophysiology files were parsed and
analyzed in Python (version 3.11.8) executed in Spyder (version 6.0.7;
Anaconda environment) on macOS 26.0.1 (ARM architecture). Data
processing used pandas (version2.2.2) and numerical operations used
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NumPy (v1.26.4). Statistical analyses were performed in statsmodels
(version 0.14.5) using ordinary least squares and analysis of variance
through anova_Im. Graphs were generated with Matplotlib (version
3.9.2) and finalized in GraphPad Prism (version 10.6.1). All custom
analysis scripts used in this study are available on Zenodo (https://doi.
org/10.5281/zenod0.17427642)%.

Electrophysiology experiments, asseenin Figs.2a-c,f,3dand 4a,b
and Extended Data Figs. 2 and 4, involved the application of various
concentrations of compound CBTA to a single cell. Only data from
cells in which the current fully returned to baseline during washout
were included for ECy, measurements. Inthe TPPO experiment, TRPM5
channels were activated using 0.3 uM free intracellular calcium and,
after current stabilization for over 30 s, 100 uM TPPO was applied to
assess its inhibitory effect.

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

Data availability

The cryo-EM density maps of CBTA/EDTA-TRPM5(consensus),
CBTA/EDTA-TRPMS5(open), CBTA/Ca*-TRPMS, 200 uM Ca*-
TRPMS, 1 uM Ca?*-TRPMS, 2 uM Ca**-TRPM5, CBTA/EGTA-TRPMS,
Ca*-TRPMS5-D797A, CBTA/Ca**~-TRPM5(D797A), CBTA/Ca* -
TRPMS5-D797N, TPPO/Ca®*~-TRPMS, CBTA/Ca*~-TRPM5-E337A, CBTA/
Ca?"-TRPM5-Q771A and Ca*~-TRPM5-Q771A were deposited to the EM
Data Bank under accession numbers EMD-71244, EMD-71245, EMD-
71246, EMD-71247, EMD-71248, EMD-71249, EMD-71250, EMD-71251,
EMD-71252,EMD-71253,EMD-71254, EMD-71255, EMD-71256 and EMD-
71257, respectively. The structure models of EDTA/CBTA-TRPM5(open),
Ca*/CBTA-TRPMS5, EGTA/CBTA-TRPMS, Ca?*~-TRPM5-D797A, Ca?*/
CBTA-TRPM5-D797A, Ca®'/CBTA-TRPMS5-D797N, Ca®*/TPPO-TRPMS,
Ca®"/CBTA-TRPMS5-E337A, Ca*/CBTA-TRPM5-Q771A and Ca*-
TRPMS5-Q771A were deposited to the PDB under accession codes 9P3N,
9P30, 9P3P, 9P3Q, 9P3R, 9P3S, 9P3T, 9P3U, 9P3V and 9P3W, respec-
tively. Source data are provided with this paper.

Code availability
The custom analysis codes were deposited to Zenodo (https://doi.
0rg/10.5281/zenodo.17427642)%,
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Extended Data Fig. 1| Whole-cell recordings of CBTA-induced currents

and dose-response relationships in TRPMS. a, Representative plot showing
currents measured at +100 and -100 mV during CBTA application and
washout. b, Representative current-voltage relationships obtained using a
ramp protocol from -100 to +100 mV during CBTA application.Inaandb,
whole-cell recordings were performed with pipette solution containing 5 mM
EGTA. c, Representative whole-cell current traces recorded with intracellular
solutions containing different free Ca? concentrations, using voltage steps

of =100 mV (30 ms) followed by +100 mV (30 ms). d, Dose-response curve and
ECs, estimates for intracellular free calcium (10 pM, n =15;3 uM, n=10; 1.5 uM,
n=5;1pM,n=15;450 nM, n=5;300 nM, n=6;100 nM, n=6;and 30 nM, n=6).
Circles represent mean, and error bars represent s.e.m. e, Representative plot
showing currents measured at +100 and -100 mV during CBTA application
and washout. f, Representative current-voltage relationships obtained using a
ramp protocol from -100 to +100 mV during CBTA application. In e-f, whole-

cellrecordings were performed with pipette solution containing 100 nM free
calcium. g, Representative whole-cell current traces recorded from three groups
in drTRPMS5-expressing cells: CBTA alone (100 nM), free Ca* alone (100 nM),
and CBTA +free Ca** (100 nM each) using a voltage ramp from -100 to +100 mV.
Asa control, non-transfected tsA201 cells were recorded with CBTA + free Ca®*
(100 nM each). h, Quantification of current amplitudes at -100 and +100 mV for
conditionsin (g). Each group: n = 4. Bars represent mean; each dot corresponds
toanindependent cell measurement. i, Calcium-dependent activation of TRPM5
currents measured at +100 and -100 mV. Whole-cell currents were recorded
atdifferentintracellular free Ca®* concentrations (1,3,10, 30,100,300, and

1000 nM; n = 6 cells each, except1nM: n = 5). Black (+100 mV) and gray

(-100 mV) curves are measured without CBTA. Red (+100 mV) and light red
(-100 mV) curves are measured with extracellular addition of 100 nM CBTA.
Circlesrepresent mean, and error bars represent s.e.m.
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Extended Data Fig. 2| Whole-cell recordings of CBTA-binding site mutants

of TRPMS. a, Representative whole-cell current traces recorded using aramp
protocol from -100 to +100 mV in non-transfected tsA201 cells, cells transfected
with wild-type TRPMS5 and its mutants F730A, L764A, R834A, R998A, N723A.
Black and red traces show baseline currents and currents with 20 pM CBTA,
respectively. Pipette solution contains 5 mM EGTA. b, Estimated marginal means
(EMMs) of CBTA-activated currents after adjusting for 1 uM free Ca**-evoked
currents using ANCOVA. ¢, Normalized adjusted CBTA responses. Forbothb

and ¢, WT n=5and mutants n = 4 each. Circles represent mean, and error bars
represent s.e.m. Method: Whole-cell currents evoked by 1 uM free Ca* served as
a proxy for channel expression. Because Ca*- and CBTA-activated currents were
obtained from different cells, genotype-level median Ca* currents were assigned
as expression values. Both CBTA and Ca* currents were log-transformed.

An ANCOVA model (Python, statsmodels) was fitted with log(I_CBTA) as the
dependent variable, log(l_Ca) as the covariate, and genotype as the fixed factor

(WT as thereference). EMMs were extracted at the average Ca®* expression
level. d, Representative plot showing currents measured at +100 and -100 mV,
with time O indicating immediately after whole-cell configuration. The pipette
solution contains 1 uM free calcium. Peak and steady-state refer to the largest
currentand the stabilized current observed over 30 s, respectively. e, Peak
currents measured at +100 and -100 mV for non-transfected tsA201 (n = 6),
WT TRPMS (n =9), and mutants (F730A,n =10;L764A,n=10;R834A,n=12;
R998A, n=10;N723A, n=10). Bars represent mean; each dot corresponds to an
independent cell measurement. f, Steady-state currents measured at +100 and
-100 mV for non-transfected tsA201 cells (n = 6), WT TRPMS (n = 9) and mutants
(F730A,n=10;L764A,n=10; R834A,n=12;R998A,n =10;N723A,n =10).Bars
represent mean; each dot corresponds to anindependent cell measurement.
g, Representative traces of peak and steady-state currents recorded from non-
transfected tsA201 cells, WT TRPMS and mutants using aramp protocol from
-100 to +100 mV. The pipette solution contains 1 uM free calcium.
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Extended Data Fig. 3 | Structural analysis of TRPMS5 with agonists calcium
and CBTA. a, A close-up view of the Cayy, site of TRPMS in the presence of EDTA
(EMDB-23740). The atomic model is overlaid with cryo-EM map (PDB: 7MBP).

b, Aclose-up view of the Capy, site of the consensus map of EDTA/CBTA-TRPMS
dataset. The atomic model is overlaid with cryo-EM map. The CBTA density

is clearly defined (yellow stick), whereas a weak Car,,, density is seen (green
sphere). ¢, The close-up view of Cary (Ieft panel) and Ca,c,, (right panel) sites
ofthe open state identified in CBTA/EDTA-TRPMS dataset. The Cayy,, density
isstrong whereas the Ca,c is absent. d, The structural titration experiment of
TRPMSin the presence of various calcium concentrations (200 uM, 6 uM, 2 uM,

and1puM). The upper and lower panels showed the close-up view of the Caryp

and Ca,cp sites, respectively. At 6 UM calcium concentration, two conformations
of TRPMS are identified, including one with both Cay,, and Ca,., occupied, and
another one in the apo state. e, Comparison of the CBTA-induced conformational
change with the apo state and calcium-bound open state of TRPMS. The left panel
indicates the S1-S4 domain, whereas right panel shows the S5-S6 pore domain.

f, Structural comparison between CBTA/EGTA-TRPMS (magenta) and Apo-
TRPMS (yellow). Residues surrounding CBTA are shown in stick representation.
g, The cation-ttstacking between CBTA, R834 and H837 in CBTA/EGTA-TRPMS
structure.
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Extended Data Fig. 4 | Representative whole-cell current of CBTA/Cayp
binding site mutants. a-d, Representative traces of whole-cell currents in Ca;yp
mutant (L764A, n = 4) and controls (non-transfected tsA201 cells, TRPMS-WT),
measured either without CBTA (aand ¢) or with100 nM CBTA (band d). The
pipette solution contains 100 nM free calciumin (aand b) and 300 nM free
calciumin (cand d). Bar graphs show mean currents measured at +100 mV and
-100 mV for each group (n = 4-5); each dot corresponds to anindependent cell
measurement. e-f, Representative traces of whole-cell currents in Cay,, mutants
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(Q771A,D797A, D797N) and controls (non-transfected tsA201 cells, TRPM5-WT),
measured either without CBTA (e) or with100 nM CBTA (f). The pipette solution
contains 100 nM free calcium. Bar graphs show currents measured at +100 mV
and -100 mV for each group (n = 4); each dot corresponds to anindependent cell
measurement. g-h, Representative traces of whole-cell currents in Cayy,, mutants
Q771A and D797N with 300 nM free calcium, measured either without CBTA (g)
orwith1pM CBTA (h).
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Extended Data Fig. 5| Representative whole-cell current recordings and I-V
relationships of WT TRPM5 and mutants of the TPPO binding site in response
to extracellular100 pM TPPO. a-d, Raw current traces (left) and corresponding
-V plots (right) obtained from cells expressing R998A (a), F730A (b), 1838A (c),
and H837A (d). Currents were evoked using a voltage-ramp protocol from

-100 mV to +100 mV, with 0.3 uM free intracellular Ca" in the pipette solution.
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100 uM TPPO (red) was applied extracellularly via bath perfusion. -V curves were
generated from the current responses to the voltage ramp under bath (black) and
TPPO (red) conditions. e, Representative time-course recordings of whole-cell
TRPMS currents measured at +100 mV and -100 mV from WT, R998A, F730A,
H837A, and I838A. Currents were recorded with 0.3 uM free intracellular Ca**, and
100 pM TPPO was applied extracellularly at the time indicated by the red bar.
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Extended Data Fig. 6 | Whole-cell current responses in TRPM5-WT and
E337A: Effects of CBTA and varying intracellular calcium concentrations.

a, Representative plot showing currents measured at +100 mV and -100 mV
during CBTA application (0.3 to 100 uM) and washout in TRPMS5-E337A.

b, Representative current-voltage relationships obtained using a ramp protocol
from-100 mV to +100 mV during CBTA application (0.3to 100 pM).Inaandb,
whole-cell recordings were performed with pipette solution containing 5 mM
EGTA. c-h, Whole-cell current recordings in WT and E337A groups, with the
pipette solution containing 1, 3, and 10 pM intracellular free calcium. Panels ¢,

-200

e, and g show the current-voltage relationships for TRPM5-WT(1 uM free Ca*",
n=9;3 uMfree Ca®,n=11;10 uM free Ca*, n=10) and E337A(1 pM free Ca*",n =6;
3 uM free Ca®*, n =4;10 uM free Ca**, n = 4) obtained by applying step voltage
protocols from-200 mV to +200 mV for 1 uM Ca®* (c), 3 uM Ca*" (e), and 10 uM
Ca? (g) intracellular free calcium. Circles represent mean currents, and error bars
represents.e.m. Panelsd, f,and hshow representative current traces in response
to step voltage protocols for 1 uM (d), 3 pM (f), and 10 pM (h) calcium groups in
TRPMS-WT and E337A.1 uM intracellular free calcium (WT:n=9,E337A:n=6),
3UM (WT:n=11,E337A:n=4),and 10 pM (WT:n =10, E337A:n=4).
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7| TMD-ICD coupling in TRPMS5. aandb, A close up view
of the Caqyp (@) site and Ca,, (b) site of CBTA/Ca?*~-TRPMS(E337A) structure.
The cryo-EM map is overlaid with atomic model with relevant residues shown
instick representation. The CBTA and Cary,, density are well defined, whereas
Ca,cpisabsent.c, A close-up view of the Caqy,p (left panel) and Ca,c,, (right panel)
sites of Ca?*~-TRPM5(Q771A) dataset. d, Subunit comparison of the EDTA/
CBTA-TRPM5(WT) and CBTA/Ca*-TRPM5(E337A) with the apo and open state
of TRPMS. The root-mean-square-deviation (RMSD) of the intracellular domain
(ICD) of the structures relative to the apo and open state is shownin the inlet.
Both CBTA/EGTA-TRPM5(WT) and the CBTA/Ca*-TRPMS5(E337A) adopts
anintermediate conformation between apo and open state. e, Comparison

of the S1-S4 domain between Apo-TRPM5 and Ca**-TRPMS (left panel), and

Ca®*-TRPM5(Q771A) and Apo-TRPM5(WT) (right panel). f, Comparison of
theICD of Ca**~-TRPM5(Q771A) with Apo-TRPMS5 and Ca**-TRPMS. The ICD of
Ca?*~-TRPMS5(Q771A) adopts an intermediate conformation. g, Subunit-focused
analysis identified classes with Ca,p,-bound (left panel) and -unbound (right
panel) states for Ca**~-TRPM5(Q771A). h, Cryo-EM map comparison of the MHR1/2
domain between the Ca,c,-bound (cyan) and -unbound (magenta) subunits for
the Ca®*~-TRPM5(Q771A). h, Comparison of Ca?’/CBTA-TRPM5(Q771A) with the
open state of TRPMS. i, The Ca,, of Ca*'/CBTA-TRPM5(Q771A) is fully occupied,
distinct from Ca**-TRPMS5(Q771A) as seenin (g).j, The Ca, of Ca*'/CBTA-
TRPMS5(Q771A) is fully occupied, distinct from the Ca,c, of Ca**~-TRPM5(Q771A)
asseening.
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Extended Data Table 1| Cryo-EM sample compositions for TRPM5 under different ligand conditions

Conditions Buffer composition
200 uM Ca**— 20 mM Tris (pH 8.0), 150mM NaCl, 200 uM CaCl,, 0.02% GDN
TRPMS(WT)

2 uM Ca>~TRPM5(WT)
1 uM Ca2*~TRPM5(WT)
Ca>*~TRPM5(D797A)
Ca*~TRPM5(Q771A)
CBTA/EGTA-
TRPMS5(WT)
CBTA/Ca>*~TRPM5(WT)

CBTA/EDTA-
TRPM5(WT)
CBTA/Ca?*—
TRPMS5(D797A)
CBTA/Ca?*—
TRPM5(D797N)
CBTA/Ca?*—
TRPM5(Q771A)
CBTA/Ca?*—
TRPMS5(E337A)
TPPO/Ca?*~TRPM5(WT)

20 mM Tris (pH 8.0), 150 mM NaCl, 2 uM CaCl,, 0.02% GDN
20 mM Tris (pH 8.0), 150 mM NaCl, 1 uM CaCl,, 0.02% GDN
20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCl,, 0.02% GDN
20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCla, 0.02% GDN
20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM EGTA, 0.5mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCl, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150mM NaCl, 1 mM EDTA, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NacCl, 5 mM CaCly, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCla, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCly, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NaCl, 5 mM CaCl,, 0.5 mM
CBTA, 0.02% GDN

20 mM Tris (pH 8.0), 150 mM NacCl, 5 mM CaCl, 0.5 mM
TPPO, 0.02% GDN

Buffers and additives used to prepare each TRPM5 sample are listed, corresponding to the datasets collected for structural analysis in this study.
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