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The transient receptor potential melastatin 3 (TRPM3) channel is a key med-
iator of peripheral pain signaling, and pathogenic mutations in TRPM3 are
linked to neurodevelopmental delay and epilepsy. Despite the therapeutic
promise of TRPM3 modulators, the molecular mechanisms by which ligands
modulate channel gating remain poorly understood. Here, we combine cryo-
electron microscopy (cryo-EM) with functional analyses to characterize a
promiscuous ligand-binding pocket formed by transmembrane helices S1-S4.
This pocket accommodates several chemically diverse plant-derived and
synthetic agonists and antagonists. We show stereoselectivity of TRPM3 for
the (R)-enantiomer of the flavonoid antagonist isosakuranetin and the (R)-
enantiomer of the synthetic agonist CIM0216. Mutations within this pocket—
including variants identified in patients —alter ligand affinity and, in some
cases, invert the functional outcome of ligand binding. These findings reveal
the stereoselectivity and functional plasticity of the TRPM3 ligand-binding
pocket, highlighting how subtle changes in the molecular interactions can
produce divergent effects on channel gating, with important ramifications for
TRPM3-targeted drug development and therapy.

Transient Receptor Potential melastatin 3 (TRPM3) is a temperature-
sensitive ionotropic neurosteroid receptor within the TRP superfamily
of cation channels'”. In the peripheral nervous system, TRPM3 is
expressed in a subset of somatosensory neurons from the dorsal root
and trigeminal ganglia, where the channel contributes to the detection
of noxious heat*”. Under pathological conditions such as inflamma-
tion or neuropathy, TRPM3 channel activity is increased, contributing
to sensory hypersensitivity and ongoing pain**¢'°, In addition, TRPM3
is expressed in various neuronal and non-neuronal cells in the devel-
oping and adult brain, but its role in brain function is not yet well

established'?. Notably, gain-of-function mutations in TRPM3 cause a
spectrum of neurodevelopmental disorders, characterized by a variety
of neurological symptoms, including developmental delay, hypotonia,
seizures and often alterations in heat- or pain sensitivity"-* . There-
fore, strategies to modify TRPM3 activity represent important new
therapeutic avenues to treat pathological pain and brain disorders.
Currently, selective TRPM3 modulators approved for use in
humans are not yet available. Nevertheless, earlier research has
demonstrated that TRPM3 is inhibited by naturally occurring poly-
phenols such as the flavonoid isosakuranetin and the deoxybenzoin
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compound ononetin, and by the antiseizure drug barbiturate con-
gener primidone’®?, In preclinical studies, these compounds have
shown efficacy in reducing nociceptive behavior in rodent models of
inflammatory and neuropathic pain, at least partly through inhibition
of TRPM3 activity>***'192922 Moreover, primidone suppressed elec-
troencephalographic abnormalities and resulted in significant devel-
opmental improvement in a small-scale clinical study with patients
suffering from neurodevelopmental disease due to TRPM3 gain-of-
function mutations®?. However, primidone and its metabolite phe-
nobarbital also have sedative effects, thereby limiting its use in
patients”. A better understanding of the molecular mechanisms of
TRPM3 channel modulation by small molecules may form the basis of
the rational development of more selective TRPM3-targeting drugs. In
this regard, recent studies have already provided important insights
into the overall structure of TRPM3, and highlighted binding sites of
the small-molecule inhibitor primidone, and the agonists pregneno-
lone sulphate (PS) and CIM0216%**. Yet, many important questions
remain unanswered regarding the exact interaction mode of these and
other small molecules with TRPM3, and how this affects channel
gating.

In this work, we present cryo-EM structures of TRPM3 in the apo-
state, and in complex with the antagonists isosakuranetin, ononetin,
and primidone, as well as with the agonist CIM0216. Supported by
functional analyses of structure-guided mutants, we establish that
these ligands have overlapping interaction poses in a cavity formed by
S1-S4. Notably, we found that the binding pocket displays a strong
stereoselectivity for isosakuranetin and CIM0216. We subjected the
commercially available compounds to chiral analysis and subsequent
chiral separation by chromatography, and demonstrate strongly
diverging and even opposing effects for the respective (R)- and (5)-
enantiomers. Moreover, we identified residues in the ligand binding
pocket which, upon mutagenesis, affect the functional outcome of
ligand binding. Further, our primidone- and CIM0216-bound struc-
tures reveal relevant differences for the interaction of the ligands with
the pocket-lining residues in comparison to a previously published
study. Finally, we report two patients with neurodevelopmental dis-
order carrying two distinct mutations at residues lining the binding
pocket, which lead to gain of channel function combined with severely
altered responses to primidone and other ligands. Our findings indi-
cate that the S1-S4 cavity in TRPM3 represents a functionally plastic
ligand binding site, where subtle changes in ligand-channel interaction
can lead to opposing effects on channel gating. These results have
important ramifications for the development of TRPM3-targeting
small-molecules for therapeutic applications, and in particular for the
treatment of patients with disease-causing variants in this region.

Results

Structures of TRPM3 in the apo state and in complex with
antagonists

To obtain insights into how TRPM3 antagonists interact with the
channel, we performed cryo-EM single particle analysis of mouse
TRPM3 in the absence of ligands and in the presence of isosakuranetin,
ononetin or primidone. To this end, we purified a truncated form of
mouse TrpM3 isoform a2 (amino acids 1-1344) from a stable HEK cell
line (Fig. 1a) and incubated the protein with the respective antagonists
for 15-30 min prior to plunge-freezing. The final 3D reconstructions
were resolved to 3.20A in the case of TrpM3 in the APO-state
(TRPM34p0), and 2.30, 2.61 and 3.28A for TrpM3 bound to iso-
sakuranetin (TRPMjso), ononetin (TRPM3ono) and  primidone
(TRPM3pRry), respectively (Fig. la-c, Supplementary Figs. 1-4, Sup-
plementary Tables 1 and 2). Generally, compared to the cytoplasmic N-
and C-terminal densities, the transmembrane part which is the focus of
this study is resolved to a higher resolution, with local resolutions of up
to 2 A (Supplementary Fig. 3). The overall architecture adopts a fold
that is typical for the TRPM family: the cytosolic portion is built of a

substantial N-terminal melastatin homology region (MHR1-4) and a
C-terminal coiled-coil domain while the transmembrane domain (TM)
is formed through 6 helices of which S1-S4 bundle as voltage-sensor-
like-domain (VSLD) and the domain-swapped S5 and S6 helices
establish the pore (Supplementary Fig. 5a,b). The atomic models adopt
overall a very similar tetrameric assembly and align well with each
other as well as with a previously published structure (8ED7)** with
r.m.s.d. values of less than 1A (1.4 A for 9B29%). According to a HOLE
analysis, the conformations in our models represent non-conductive
states showing close apposition for G1066 in the selectivity filter (SF)
and 11121 and NI1125 at the lower gate, respectively (note that for
referring to specific amino acids in this study we used the human
consensus numbering'; Supplementary Fig. 5a-d, Supplementary
Table 3). Since we did not add any reducing agents to our preparations,
we observe a nearly complete P-S6 loop including the formation of a
disulfide bridge between residues C1077 and C1094 (Supplemen-
tary Fig. Se).

For the three structures obtained in the presence of the different
antagonists, we observed clear densities in a cavity in the VSLD sur-
rounded by amino acid residues from S1-S4 and the C-terminal TRP
domain, which were absent in TRPM3,po (Fig. 1d). The quality of the
cryo-EM densities allowed unambiguous model building of the inter-
actions between isosakuranetin, ononetin and primidone with the
channel. In the case of primidone, the obtained binding mode of the
ligand differs substantially from a recently published structure (PDB
9B28)*. Primidone is a pyrimidone consisting of a dihydropyrimidine-
4,6(1H,5H)-dione (heterocycle) substituted by an ethyl and a phenyl
group at position 5. Compared to 9B28, primidone is tilted by ~45°
along an axis parallel to the phenyl and ethyl groups and moved about
1A towards the extracellular side. This tilting and displacement of
primidone results in a different set of TRPM3 residues interacting with
primidone and diverging types of interactions (Supplementary
Fig. 6a—c). The side chains of Y921 (S2), K929 (S2) and R995 (S4) form
hydrogen bonds with an amine and a carbonyl oxygen of the primi-
done heterocycle ring. R995 and K929 are further positioned through
two salt bridge interactions with D957 and E932 on S2 and a hydrogen
bond of R995 with D998 on S4, respectively (Fig. 1e, left). The guani-
dinium group of R1153 of the TRP domain engages in a hydrophobic
interaction with the ethyl group of the primidone heterocycle, in an
interaction geometry that is reminiscent of arginine interacting with
hydrophobic amino acid side chains®. Argl153 is additionally involved
in cation-Tt interactions with the phenyl moiety of primidone as well as
with F1150 of the TRP domain making this residue central for the
coordination of the primidone ligand (Fig. 1e, Supplementary Fig. 6a).
Phel150 takes part in a T-shaped 1t stacking with the phenyl group of
primidone and additionally with F885 of S1 which itself provides a
hydrophobic contact with primidone and is stabilized through m-
stacking with W886. Further hydrophobic interactions with primidone
are mediated through the closely positioned Y888, L925 and 1999 on
S1, S2 and S4, respectively.

Different from the published structure of 9B28 we note additional
(previously not reported) interactions with primidone, including
hydrogen bonds with K929 (S2) and R995 (S4) as well as a cation-Tt
stacking with R1153 (Fig. le, Supplementary Fig. 6a). The reported
(pseudo-) symmetrical coordination (in particular through the argi-
nines 995 and 1153 with the carbonyl-oxygens in primidone) presented
in a recent study is something we cannot reconcile in our structure.
Further, upon closer inspection during a reanalysis (using pymol, the
Protein Ligand Interaction Profiler (PLIP) and LigPlot +) of the corre-
sponding PDB entry 9B28* we could not find the previously presented
network of interactions of TRPM3 with primidone (Supplementary
Figs. 6a,d, 7a). In 9B28 only two direct interactions occur according to
our reanalysis; the m-t stacking of F1150 with the phenyl ring of pri-
midone like in the structure described herein, and a hydrogen bond
between Y921 and the pyrimidinedione that is, in this case, mediated
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Fig. 1| 3D reconstructions and atomic models of TRPM3,p0 and of TRPM3 in
the presence of antagonists. a Representative chromatogram from a single size
exclusion chromatography run of TRPM3 (left) and SDS-PAGE analysis of the peak
fraction at 6.5 minutes from the same run. b Chemical drawings of primidone,
isosakuranetin and ononetin. ¢ Overall structures of TRPM3 bound to primidone
(violet blue), isosakuranetin (violet), ononetin (wheat) and in the apo-state (mar-
ine) displayed as surface representation with one subunit shown as cylinders.
Contouration in ChimeraX is at 0.039, 0.062, 0.061 and 0.113 ¢ for primidone,
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isosakuranetin, ononetin and the apo-state, respectively. d Close-up view from the
side on the VSLD ligand binding pocket with ligands and interacting residues lining
S1-S4 shown as sticks. e Close-up views on the ligand binding sites are shown with
important interactions highlighted as dashed lines; hydrogen bonds in black; salt
bridges in pink; cation-mt stacking in green and -t stackings in cyan. Hydrophobic
contacts are not specifically marked. Residues that have been mutated in this study
are labelled in red. In d and e colors are as in ¢. Source data are provided as a Source
Data file.
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through the other heterocycle amine group, due to the different
positioning of primidone inside the VSLD binding pocket in the two
structures. Supplementary Fig. 6a (middle panel) presents direct
interactions with primidone identified in 9B28 during our reanalysis.
The positioning of the primidone molecule and the obtained network
of interactions in the ligand binding pocket is thus significantly dif-
ferent between previously published work and our primidone-bound
structure. The reason for this discrepancy remains to be found, but we
cannot identify an obvious biochemical explanation for the two dif-
ferent binding modes of primidone in the S1-S4 pocket.

The binding sites of isosakuranetin and ononetin, described
herein, overlap substantially with that of primidone (Fig. 1c-e, Sup-
plementary Fig. 8a—c). Ononetin represents a natural product found in
the spiny restharrow Ononis spinosa (Fabaceae), a plant that has been
widely used for medicinal purposes, e.g., also as an anti-inflammatory
analgesic in Russian traditional medicine”. Within the deoxybenzoin
chemical group, ononetin is an aryl ketone, with a 1-(2,4-dihydrox-
yphenyl)-2-(4-methoxyphenyl)ethanone structure. It is structurally
related to flavanones, a subgroup of flavonoids. Isosakuranetin, is a
naturally occurring O-methylated dihydroxy flavonoid (5,7-dihydroxy-
4’-methoxyflavanone), that is found in various plant sources, for
example citrus fruits. Both isosakuranetin and ononetin interact in a
very similar manner with TRPM3, in accordance with their structural
relationship (Fig. 1b-d). Indeed, their dihydroxybenzene moiety, make
hydrogen bonds with the side chains of K929 and E932 on S2 which is
part of a highly stabilized network of salt bridges, hydrogen bonds and
cation-t stacking involving the side chains of E932 (S2), D957 and
W953 (S3), R995 and D998 (S4). R1153 of the TRP domain is involved in
cation-t stacking with the dihydroxybenzene and methoxybenzene
groups and with F1150, strengthening the interaction network (Fig. le,
Supplementary Fig. 7b,c). Y888 and Y892 (S1), Y921, and L925 (S2),
1999 and V1002 (S4) as well as L1146 and F1150 (TRP) are in close
proximity and mediate hydrophobic interactions with both
antagonists.

Stereoselectivity of isosakuranetin antagonism

Isosakuranetin is a natural compound produced in the flavonoid bio-
synthetic pathway in plants, containing a single chiral center at the C-2
carbon of the flavanone backbone?. In the biosynthetic pathway, the
enzyme chalcone isomerase catalyzes the intramolecular cyclization of
chalcones to flavanones, which defines the stereochemistry of the C-2
chiral center, yielding a 100,000:1 preference for the synthesis of (25)-
flavanones over (2R)-flavanones®*°. Accordingly, in publications
describing its effects on TRPM3 as well as in curated databases such as
the IUPHAR/BPS guide to pharmacology, isosakuranetin is consistently
depicted as the (5)-enantiomer (IUPAC name: (25)-5,7-dihydroxy-2-(4-
methoxyphenyl)-2,3-dihydrochromen-4-one) (see also discussion).
When scrutinizing the cryo-EM-data obtained in the presence of
commercially available, plant-derived isosakuranetin, we were sur-
prised to see that the high-resolution EM density in the binding pocket
corresponded to the (R)-enantiomer as judged from the high quality
and shape of the density and from the fitting statistics (Fig. 2a, Sup-
plementary Fig. 9). We therefore examined the chiral purity of several
batches of commercial isosakuranetin using chiral HPLC, and con-
sistently observed two peaks corresponding to the (R)- and (5)-enan-
tiomers, indicating that the product is sold as a mixture of enantiomers
(Fig. 2b), see also discussion. Following purification, we compared the
antagonist efficacy of the original racemic mixture of isosakuranetin
with the two separated enantiomers using a jRCAMP1b-based calcium
imaging assay (Fig. 2c). In this assay, cells were pre-incubated with
different concentrations of racemic isosakuranetin or its pure enan-
tiomers, followed by a test stimulus using PS (50 uM). Finally, cells
were exposed to the ionophore ionomycin in the presence of excess
extracellular Ca®* (20 mM), to obtain saturation of the jJRCAMPI1b signal
for normalization (Fig. 2c). Note that non-transfected HEK293 cells did

not show any detectable changes in jJRCAMP1b fluorescence in the
presence of any of the TRPM3 ligands tested in this study (Supple-
mentary Fig. 10). For isosakuranetin, we found it to inhibit TRPM3 with
an ICsq value of -1 pM. Surprisingly, the naturally produced (5)-enan-
tiomer, generally considered to be a potent TRPM3 antagonist, was
largely ineffective, with less than 40% inhibition at the highest tested
concentration (100 uM). In contrast, potent inhibition was obtained
with the (R)-enantiomer, with an ICs of ~0.5 puM. Taken together, these
results indicate that the commercially available, plant-derived iso-
sakuranetin is actually a mixture of enantiomers, and that, contrary to
what was generally assumed, the (R)- but not the (5)-enantiomer is
responsible for the antagonistic effect at TRPM3. These measure-
ments, together with the clearly resolvable (R)-isosakuranetin in our
cryo-EM structure (Fig. 2, Supplementary Fig. 9), provide compelling
evidence for the specific interaction of this enantiomer with the
channel.

Stereoselectivity of CIM0216 agonism and potentiation
CIMO0216 (2-(3,4-Dihydroquinolin-1(2H)-yl)-N-(5-methyl-1,2-oxazol-3-yl)
—2-phenylacetamide) potently activates TRPM3 and also acts as a
potentiator of PS-induced channel activation. In a recent study, based
on an incompletely resolved EM density and molecular dynamics
simulations, a binding pose for CIM0216 was proposed in the S1-S4
pocket, partly overlapping with the binding site for primidone®. It is
important to note that CIM0216 used in the literature, including the
study by Yin et al.”, is a racemic mixture of (R)-CIM0216 and (S)-
CIMO0216. The (relative) potency of the two enantiomers has not been
reported, nor is it known whether only one or both enantiomers
contributed to the EM density detected in this previous work®. To
address this, we prepared pure (R)-CIM0216 and (5)-CIM0216 (Sup-
plementary Fig. 11), and tested the two enantiomers along with the
racemic CIMO0216 for their agonistic activity on TRPM3 using the
jRCAMP1b-based calcium imaging assay. These experiments revealed
that (R)-CIM0216 is a potent and full agonist of TRPM3, with an ECs, of
~530£14 nM, whereas (S)-CIM0216 is much less potent, showing
detectable responses only at concentrations >3 pM (Fig. 3a,b). Racemic
CIMO0216 also evoked robust responses starting already at sub-
micromolar concentrations, and with an ECsy value about 2-fold
higher than for (R)-CIM0216 (1.33+ 0.13 uM). To evaluate the poten-
tiating effect of the different CIM0216 enantiomers, application of the
compounds at different concentrations in the jRCAMP1b-based cal-
cium imaging assay was followed by an invariant stimulation with PS
(50 pM), and the enhancement of the amplitude of the final increase in
fluorescence compared to vehicle was calculated. At concentrations
that did not evoke a detectable response, racemic CIM0216 as well as
the two enantiomers potentiated the response to PS, but with different
potency. (R)-CIM0216 enhanced PS responses with an ECsq of
46 + 5 nM, whereas (5)-CIM0216 was much less potent, with an ECso of
710 +120 nM (Fig. 3a,c). For racemic CIM0216 we obtained an inter-
mediate ECso of 75+ 10 nM. Overall, these findings indicate that both
the agonist and the potentiator activity of CIM0216 are primarily
mediated by (R)-CIM0216, suggesting that this enantiomer may have a
higher affinity for TRPM3 in the binding pocket. The binding pose
proposed in recent structural work®”, which for undisclosed reasons
was modelled using the (5)-CIM0216 enantiomer, therefore needed to
be revisited.

To obtain improved structural insights into the binding of ago-
nists and events that lead to channel opening, we performed cryo-EM
single-particle analysis of mouse TRPM3 samples in the combined
presence of pure (R)-CIM0216, PS and the lipid phosphatidylinositol-
(4,5)-biphosphate (PI(4,5)P,) at ambient temperatures. The final 3D
reconstruction of TRPM3 in presence of agonists (TRPM3,c0) was
resolved to 3.07 A, and allowed us to identify clear EM densities cor-
responding to (R)-CIM0216 and PS (Fig. 3e,f, Supplementary Figs. 2-4,
Supplementary Table 1). Whereas the binding pose for PS matches well
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jRCAMPID fluorescence in cells expressing WT human TRPM3, showing the effect
of application of various concentrations of racemic isosakuranetin and its two
enantiomers or vehicle (black traces) on responses evoked by PS. At the end of the
experiment, a saturating ionomycin response was evoked for normalization.

d Concentration-inhibition curves for racemic isosakuranetin and the two enan-
tiomers. Each data point represents the mean + SEM from 4 biological replicates
(individual wells). Source data are provided as a Source Data file.

with the site 1 in the recently described structure” (Supplementary
Figs. 7e and 12a-c), our results point at a very different orientation of
(R)-CIM0216 in the binding pocket. In particular, we find that the
5-methylisoxazole moiety of (R)-CIM0216 points towards the extra-
cellular side, making a -t stacking with residue Y892 (S1) and multiple
hydrophobic contacts with the side chains of residues Y895 of S1 and
Y921, 1922 and L925 of S2, respectively; the phenyl moiety points
sideways, and is sandwiched between residues in S1 (Y888), S2 (L925,
E928) and the TRP domain (R1153). R1153 of the TRP domain builds a
cation-tt stacking with the phenol group of CIM0216 and is positioned

through E928; the tetrahydroquinoline moiety mediates cation-mt
stacking with R995 (S4) and hydrophobic interactions with multiple
residues in S1(Y892) and S4 (R995, D998, 1999) as well as in the post-S6
helix TRP domain (F1150). R995 is positioned through a network of
interactions involving cation-Tt interactions with W953 and salt bridges
as well as hydrogen bonds with D957, K929 and D998 (Fig. 3g, Sup-
plementary Figs. 7d and 12d). TRPM3,0 adopts a very similar fold as
TRPM3,po characterized by minor conformational changes with
r.am.s.d values of less than 0.6 A in average, suggesting a non-
conducting conformation (Supplementary Figs. 5¢,d and 12e-g).
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Fig. 3 | Stereoselectivity and structural basis of CIM0216 agonistic action.

a Normalized fluorescence traces showing changes in jJRCAMPIb fluorescence in
cells expressing WT TRPM3 upon stimulation with various concentrations of
racemic CIM0216 and its two enantiomers or vehicle (black traces) followed by a
stimulation by PS (50 pM). At the end of the experiment, a saturating ionomycin
response was evoked for normalization. b Concentration-dependent activation
curves showing the response to racemic CIM0216 and its two enantiomers, nor-
malized to the maximal response at the end of the PS-stimulus. Each data point
represents the mean + SEM from 4 biological replicates (individual wells). Full lines
represent fits of the modified Hill function. ¢ Concentration-dependent potentia-
tion by racemic CIM0216 and its two enantiomers. Potentiation was determined
from the normalized fluorescence at the end of the PS-stimulus in the presence of
racemic CIM0216 and its two enantiomers compared to vehicle. Each data point

represents the mean + SEM from 4 biological replicates (individual wells).

d Chemical structure of (R)- and (5)-CIMO0216. e Surface representation of TRPM3 in
green in the presence of R-CIM0216, PS and PI(4,5)P2, obtained at ambient tem-
perature, with one subunit shown as cylinders. The CIM0216 binding site is high-
lighted with a box. Contouration in ChimeraX is at 0.053 o. f Close-up view on the
binding site of (R)-CIM0216 together with the cryo-EM density. The protein is dis-
played in cartoon representation with residues shown as sticks. Contouration of the
map in ChimeraX is at 0.165 0. g Residues that coordinate (R)-CIM0216 are shown as
sticks and labelled. Interactions with (R)-CIM0216 are shown as dashed lines;
hydrogen bonds in black; salt bridges in pink; cation-mt stacking in green and -1t
stacking in cyan. Hydrophobic contacts are not specifically marked. Residues that
have been mutated in this study are indicated in red. Source data are provided as a
Source Data file.
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Functional characterization of the common ligand

binding pocket

From the available cryo-EM structures of TRPM3, it is apparent that the
antagonists (R)-isosakuranetin, ononetin and primidone, and the syn-
thetic agonist and potentiator (R)-CIM0216 show partly overlapping
binding poses with the channel, in a common binding pocket located
between transmembrane domains S1-S4 and the TRP domain (Figs.
1 and 3). Compared to the central position of primidone, both (R)-
isosakuranetin and ononetin are extending further towards the cyto-
solic side, whereas the methylisoxazole moiety of (R)-CIM0216 points
further upwards towards the extracellular side (Supplementary Fig. 8).

To obtain a better understanding of the importance of specific
ligand-amino acid interactions in this cavity on channel activity, we
mutated residues surrounding the common binding pocket, and tes-
ted the impact of these mutants on the concentration-dependent
effects of the different ligands in the JRCAMP1b-based calcium imaging
assay. For these functional experiments, we used the human TRPM3
consensus clone (NM_001366145.2), allowing direct juxtaposition of
the structural data with human disease-associated variants" (Supple-
mentary Fig. 13; Supplementary Table 3). Residues were initially
mutated to alanines; in cases where this led to a poorly functional
channel we also introduced conservative mutations (e.g., K929R and
R1153K). In total, we probed the functional effects of mutagenesis at 18
unique residues in the ligand-binding pocket, and found that sizable
agonist responses could be measured for mutations at 13 residues
(Supplementary Fig. 14). For the mutants, calcium signals were mea-
sured during a 10-minutes exposure to a range of concentrations of the
different ligands ((R)-CIM0216, primidone, isosakuranetin, ononetin
and PS), followed by an invariant test stimulation with PS (50 pM) and a
final ionomycin control stimulus for normalization (Fig. 4a; Supple-
mentary Figs. 10 and 15). Note that for these experiments, we initially
used commercial isosakuranetin, which in our analyses contained ~39%
of the active (R)-enantiomer (Fig. 2). Where indicated, specific pure
isosakuranetin enantiomers were used.

For wild type (WT) TRPM3, PS evoked concentration-dependent
responses with an ECso value of 5.8+2.5 pM, in line with earlier
studies™* (Supplementary Fig. 16). In agreement with the notion that
the PS binding site (Site 1) is located on the extracellular side of the
channel (Supplementary Fig. 12a-c), away from the ligand binding
pocket, we found that most mutants showed relatively normal
responses to PS, with ECso values ranging between -1 and 15 pM
(Supplementary Fig. 16). In WT, as outlined above, (R)-CIM0216 acti-
vated WT TRPM3 and potentiated the PS response with ECsg values of
~500 and ~50nM (see Fig. 3c), whereas isosakuranetin caused a
concentration-dependent inhibition of the test response to PS (50 pM)
(Fig. 2c, d). Similarly, primidone and ononetin inhibited the PS
response with ICsq values of 3 and 4 uM (Fig. 4a,b), respectively, in line
with earlier studies™

In accordance with the structural insight for the interactions with
each of the ligands described above, mutations at most residues
flanking the ligand binding pocket (see Figs. 1e and 3g for an overview
of the mutated residues in this study) caused marked and distinct
alterations of the ligand response profile, examples of which are shown
in Fig. 4a and Supplementary Fig. 15. First, two mutations (Y888A and
F1150A) largely eliminated the agonistic effects of (R)-CIM0216,
showing no detectable increase in Ca*" at the highest tested con-
centration (30 pM). Notably, for Y888A (R)-CIM0216 still caused a
concentration-dependent potentiation of the PS response, with an
ECso value of 1.2 uM, whereas for F1150A, we measured neither acti-
vation nor potentiation, but observed a concentration-dependent
decrease of the basal fluorescence (Fig. 4a). These findings indicate
that these two residues, which interact with the tetrahydroquinoline
(F1150 and Y888) and phenyl (Y888) moieties of (R)-CIM0216 (Fig. 3g
and Supplementary Fig. 7d), are not absolutely essential for the bind-
ing of the ligand to the pocket, but crucially determine the effect

downstream of ligand binding. Oppositely, several mutations caused a
significant, >5-fold reduction in ECso for (R)-CIM0216, indicative of an
increased sensitivity for the ligand, such as Y921A, D998A and V1I002A
(Fig. 4a-c; Supplementary Fig. 15). Notably, the side chain of Y921
points towards the ligand binding pocket in the APO and antagonist-
bound structures, but when (R)-CIM0216 is bound it rotates outwardly,
avoiding a clash with the 5-methylisoxazole moiety of the ligand
(Fig. 3g, Supplementary Figs. 8c and 17). Such outward rotation would
not be necessary to accommodate (R)-CIM0216 in the Y921A mutant. In
addition, several mutations significantly reduced the inhibitory
potency of the tested antagonists (Fig. 4; Supplementary Fig. 15). These
included mutations that largely abolished the inhibitory effect of all
three antagonists, such as 1999A and F1150A (Fig. 4a,b,d), corrobor-
ating the interactions between these residues and all three antagonists
in the cryo-EM structures in the central part of the binding pocket.
Other mutations had a more specific effect on antagonist action.
K929R and L1146A largely abolished the inhibitory effect of iso-
sakuranetin, but only mildly affected inhibition by primidone
(Fig. 4a,b,d; Supplementary Fig. 15). These effects are in line with the
cryo-EM structures showing that isosakuranetin is positioned lower
(i.e., closer to the cytosolic side) in the binding pocket, where it can
interact with K929 and L1146, whereas the smaller primidone molecule
does not reach far enough towards the cytosolic side to interact with
L1146 or form equally strong bonding with K929 (Supplementary
Fig. 8). Oppositely, Y921A strongly reduced the inhibitory potency of
primidone, whereas inhibition by isosakuranetin was only mildly
affected (Fig. 4d; Supplementary Fig. 15). In the cryo-EM structures,
Y921 is situated in the upper part of the binding pocket, where it forms
a hydrogen bond with the pyrimidinedione ring of primidone with its
phenol ring, while not directly interacting with the lower positioned
isosakuranetin (Fig. 1e and Supplementary Fig. 8c). The impact of these
mutations on the inhibitory effects of ononetin were mostly inter-
mediate to those on isosakuranetin and primidone. Figure 4c,d sum-
marizes the effects of the different mutations on ligand potency, as the
fold-change in ECso values for activation by (R)-CIM0216 or in ICso
values for the antagonists, as compared to the ECso/ICsq values for WT.
Taken together, the results from the mutagenesis studies corroborate
the ligand binding modes for antagonists and (R)-CIM0216 determined
using cryo-EM.

Specific ligand-channel interactions dictate the functional out-

come of ligand action

When analyzing the results obtained with mutations Y888A and F1150A
(Fig. 4a,d), we observed unexpected effects for some of the tested
ligands. In the case of Y888A, we found that isosakuranetin, instead of
antagonizing responses to PS, acted as a robust, concentration-
dependent agonist, with an ECsy value of 3 uM. Notably, when we
tested the two isosakuranetin enantiomers separately, we found that
(§)-isosakuranetin, which is inactive on the wild type channel, acts as a
potent agonist of the Y888A mutant (ECso~ 600 nM), while (R)-iso-
sakuranetin partially inhibits the mutant channel, albeit with a lower
potency than for the wild type channel (Fig. 5). Interestingly, in the APO
structure we observed two rotamers for Y888, with one where the
tyrosine side chain points towards the center of the ligand binding
pocket, and the other where it is rotated away from the center (Sup-
plementary Fig. 18). In the structures where the ligand binding pocket
is occupied by (R)-CIM0216, primidone, isosakuranetin or ononetin,
only the latter rotamer is observed (Figs. 1e, 3g and Supplementary
Fig. 18b), preventing a clash between the tyrosine side chain and the
ligands. To further explore the importance of Y888 for channel gating
and ligand responses, we tested the effect of additional aromatic and
non-aromatic substitutions at this position. Substituting tyrosine by
the polar, non-aromatic amino acid serine (Y888S) had mostly similar
effects as seen for Y888A: the mutation fully abrogates the inhibitory
effect of primidone and the agonistic effect of (R)-CIM0216, preserves
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Fig. 4 | Mutations in the ligand-binding pocket differentially affect the effects
of ligands. a Normalized fluorescence traces showing changes in jJRCAMP1b
fluorescence in cells expressing WT TRPM3 and the indicated mutants upon
addition of various concentrations of the indicated ligand ((R)-CIM0216, primidone,
isosakuranetin and ononetin) or vehicle (black traces) followed by a stimulation
with PS (50 mM). At the end of the experiment, a saturating ionomycin response
was evoked for normalization. b Concentration-response curves for activation by
(R)-CIMO0216 or inhibition by primidone, isosakuranetin and ononetin for the indi-
cated mutants. Each data point represents the mean + SEM from 4 biological
replicates (individual wells). ¢ Summary of the effects of the indicated mutants on
the agonistic effect of (R)-CIM0216. Indicated values are the ECsq values for the
respective mutants normalized to the ECsq values obtained for WT TRPM3. Each

[Ononentin] (uM)

data point represents the mean + SEM of 4 individually determined ECs, values,
where each ECsq value is obtained by fitting a concentration-response curve to 8
data points (individual wells) obtained at a range of concentrations. Indicated on
top is whether (R)-CIM0216 potentiates or inhibits PS responses, or has no effect.
d Same as (c), but for the inhibitory effect of the antagonists primidone, iso-
sakuranetin and ononetin. Indicated values are the ICs, values for the respective
compounds and mutants normalized to the ICsq values obtained for WT TRPM3.
Each data point represents the mean + SEM of 4 individually determined ICso
values, where each ICsq value is obtained by fitting a concentration-response curve
to 8 data points (individual wells) obtained at a range of concentrations. Source
data are provided as a Source Data file.

(R)-CIM0216-induced potentiation of the PS response and reduces the
inhibitory potency of ononetin. With regards to isosakuranetin, the (5)-
enantiomer acted as an agonist and (R)-isosakuranetin as an antagonist
for Y888S (Fig. 5a,c,d). No agonistic effects were seen for (5)-iso-
sakuranetin upon mutation of Y888 to cysteine or the aromatic resi-
dues histidine or phenylalanine (Fig. 5a,d). The polar aromatic amino
acid histidine (Y888H) conserved activation and potentiation by (R)-
CIM0216 and inhibition by (R)-isosakuranetin and ononetin, albeit with
reduced potency, but abolishes the antagonistic effects of primidone.
The non-polar aromatic amino acid phenylalanine (Y888F), largely
conserved the inhibitory effects of (R)-isosakuranetin and primidone,
as well as the agonist and potentiating effects of (R)-CIM0216 its ago-
nist effects (albeit with higher 1Cso/ECsq values).

In the case of F1150A, we found that (R)-CIMO0216, instead of
evoking a calcium response, caused a concentration-dependent
reduction in the basal jRCaMP1b fluorescence, indicative of inhibi-
tion of the channel’s basal activity (Fig. 4a). Moreover, at the highest
concentrations (10 and 30 pM), we also observed a partial inhibition of
the subsequent response to 50 uM PS (Fig. 4a). To investigate this
inhibitory effect further, we performed experiments where cells were
first stimulated with a sub-maximal concentration of PS (3 uM), and
subsequently exposed to (R)-CIM0216 at concentrations between
30 nM and 30 pM. For WT, PS evoked a robust response, followed by a
concentration-dependent further activation by (R)-CIM0216, with an
ECso of 53 + 5 nM (Fig. 5e,f), similar to the potentiating effect described
in Fig. 3. In contrast, for F1150A, (R)-CIM0216 caused a concentration-
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Fig. 5 | Mutating residues Y888 and F1150 affects the directionality of ligand
action. a Representative jJRCAMPIb fluorescence assays showing the effect of
racemic isosakuranetin and the (R)- and (5)-enantiomers on mutations at residue
Y888. b Concentration dependence of the inhibitory effect of racemic iso-
sakuranetin at WT and the indicated Y888 mutants. Note that Y888A was not
inhibited. Each data point represents the mean + SEM from 4 biological replicates
(individual wells). ¢ Concentration dependence of the inhibitory effect of (5)-iso-
sakuranetin, showing inhibition of all tested Y888 mutans. Each data point repre-
sents the mean + SEM from 4 biological replicates (individual wells).

d Concentration dependence of agonistic effect of (R)-isosakuranetin, which acts as

an agonist at Y888A and Y888S, but not at other Y888 mutants. Each data point
represents the mean + SEM from 4 biological replicates (individual wells).

e Representative jRCAMPI1b fluorescence assays showing the concentration-
dependent effects of (R)-CIM0216 on the response of WT and F1150A to a sub-
maximal concentration of PS (3 pM). f Summary of the concentration dependence
of the effects of CIM0216 enantiomers on the response of WT and F1150A to PS
(3 pM), showing potentiation for the former and inhibition for the latter. Each data
point represents the mean + SEM from 4 biological replicates (individual wells).
Source data are provided as a Source Data file.

dependent inhibition of the PS-evoked calcium signal, with an ICso
value of 9.4 + 6 uM (Fig. 5e,f). Notably, (5)-CIM0216 did not show any
detectable activation nor inhibitory effect on F1150A (Fig. 5f).

These findings reveal that subtle changes in the binding pocket
and the stereochemistry of the ligands not only affect the ligands’
potency but also change the directionality of their effects, turning an
agonist into an antagonist or vice versa.

Patient mutations affecting the ligand binding pocket
Gain-of-function variants in the TRPM3 gene underly a spectrum of
neurodevelopmental disorders, with developmental delay/intellectual

disability and epilepsy as dominant phenotypic features”™™. Since
increased TRPM3 channel activity likely underlies the neurological
symptoms, experimental treatment with primidone has been initiated
for several patients, generally leading to a noticeable improvement in
development and electrophysiological parameters®*. We identified
two individuals with epilepsy and EEG anomalies, who were found to
be heterozygous for two different, previously undescribed de novo
variants in the TRPM3 gene, namely 1999S and F1150S. Figure 6a,b
provides an overview on the location of these and previously identified
gain-of-function patient mutations. A brief clinical summary of the two
new patients can be found in Supplementary Table 4. While the
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Fig. 6 | De novo mutations in patients with epilepsy affecting the ligand-
binding pocket. a Plot of known (orange) and undescribed (pink) disease-causing
variants in patients with epilepsy and neurodevelopmental disorders onto the
structure. Only one subunit is shown in cartoon mode and side chains for the
residues at the gain-of-function mutant position are shown as sticks. Gain-of-
function mutants refer to the numbering in the human TRPM3a2 isoform. b Close-
up view of a). The identified mutations, 1999S and F1150S, contribute to the ligand-
binding pocket. Close-up view on 1999 and F1150 (right). A Ti-Tt stacking between
F1150 and F885 would be abrogated in the F1150S mutant. The 1999S mutation
could form a hydrogen bond between its serine side chain hydroxyl group and the
main chain carbonyl oxygen of L996, potentially affecting the stability of the S4
helix by inducing a kink. ¢ Representative jRCAMPIb fluorescence assays showing
the effect of primidone in cells expressing 1999S and F1150S, either alone orin a1-

Time (s) Time (s)

to-1 ratio with WT TRPM3. d Concentration dependence of the inhibitory effect of
primidone on the PS response for the conditions shown in (c). Each data point
represents the mean + SEM from 4 biological replicates (individual wells). The
dotted line indicates the concentration-response curve for WT TRPM3.

e Concentration dependence of the effect of primidone on the basal fluorescence
for the conditions shown in (c). Each data point represents the mean + SEM from 4
biological replicates (individual wells). f Representative traces showing the effects
of other ligands (isosakuranetin, (R)-CIM0216 and ononetin) on 1999S and F1150S.
Note the severely affected inhibition by isosakuranetin and ononetin, the insensi-
tivity of F1150S for CIMO0216, and the activation of F1150S by isosakuranetin.
Concentration-response curves for these ligands are shown in Supplementary

Fig. 20. Source data are provided as a Source Data file.

treating physicians considered initiating treatment with primidone, we
realized that the specific disease-associated variants affect residues in
the ligand binding pocket, at sites where alanine mutations (1I999A and
F1150A) had an important impact on ligand effects. In particular, for
both mutations to alanine we observed abolished effects of all three
antagonists (Fig. 4a,b,d). (R)-CIM0216 caused an inhibition of F1150A,
but showed a normal agonistic response at 1999A (Fig. 4a,b,d, Fig. 5e,f).
We therefore evaluated the activity and ligand responses of both
clinical variants.

Similar to other disease-associated TRPM3 variants, 1999S and
F1150S exhibited gain-of-function characteristics, reflected in lower
ECso values for PS activation (Supplementary Fig. 16). Moreover, cells
expressing the disease variants (as well as the cognate 1999A and
F1150A mutants) showed higher basal jRCAMPIb fluorescence levels

compared to WT (Supplementary Fig. 19), indicative of enhanced basal
activity as seen in other disease-associated TRPM3 variants®. Impor-
tantly, 1999S and F1150S severely affected the channel’s sensitivity to
primidone, causing a>100-fold increase in ICsq, and less than 50%
inhibition of the PS-induced response at the highest tested con-
centration (300 pM; Fig. 6¢,d). To mimic the condition of the patients,
which are heterozygous for the mutations and thus likely express
comparable levels of wild type and mutant subunits, we performed
experiments where we co-expressed WT and mutant TRPM3 in a 1-to-1
ratio. Under this condition, we still observed a robust reduction in
sensitivity to primidone inhibition, with ICso values of 85.2+9.1 pM
and 222 +15 pM for 1999S/WT and F1150S/WT, respectively (Fig. 6¢,d).
As such, treatment of patients carrying these mutations with primi-
done, which is currently the only available targeted therapy for
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patients with TRPM3-related neurodevelopmental disorders, may not
be as effective as in patients that have gain-of-function variants outside
the ligand binding pocket. Interestingly, primidone also caused a
concentration-dependent reduction of the non-stimulated jRCAMP1b
fluorescence for both 1999S and F1150S (Fig. 6c), similar to the
observations made for 1999A and F1150A (Fig. 4a), indicating that these
channels show increased basal channel activity that can be inhibited by
primidone. Estimated ICso values for the reduction of basal activity
were 66.1+3.6 uM and 23.4 + 4.9 pM for 1999S and F1150S, and 5.4 +1.1
KM and 3.5+0.3 pM for 1999S/WT and F1150S/WT respectively
(Fig. 6d,e).

We further tested the effects of the other ligands on the two
disease mutants (Fig. 6f; Supplementary Fig. 20). F1150S was insensi-
tive to (R)-CIM0216 (i.e,, no detectable activation, potentiation or
inhibition), which contrasts to 1999S and other disease-associated
mutations (e.g., VI002M, P1102Q), which exhibit robust activation by
CIMO0216" (Fig. 6f; Supplementary Fig. 20). This is also in noticeable
contrast to F1150A, where (R)-CIM0216 acts as a concentration
dependent inhibitor (Fig. 4a; Fig. 5e,f). In addition, both 1999S and
F1150S showed a strongly reduced sensitivity to inhibition by ononetin
and isosakuranetin (Fig. 6f; Supplementary Fig. 20). Notably, for
F1150S we even observed activation by isosakuranetin at concentra-
tions =10 pM (Fig. 6f), which we did not observe for F1150A. Finally, we
also compared the sensitivity to isosakuranetin, ononetin and (R)-
CIMO0216 of cells co-expressing WT and the two disease-associated
mutants in a 1-to-1 ratio with cells expressing only WT or only mutant
channels (Supplementary Fig. 20). Interestingly, we found that cells
expressing a mixture of WT and disease-associated mutant subunits
had a strongly reduced sensitivity to isosakuranetin and ononetin, with
less than 50% inhibition of the PS response at the highest tested
antagonist concentrations (Supplementary Fig. 20). This indicates that
the disease-associated mutants have a dominant negative effect on
antagonist action, suggesting that heteromultimeric channels con-
sisting of both WT and mutant subunits have a strongly reduced
antagonists sensitivity. Oppositely, cells expressing a one-to-one mix-
ture of WT and the (R)-CIM0216-insensitive F1150S mutant showed WT-
like responses to (R)-CIM0216, which suggests that heteromultimeric
channels consisting of both WT and F1150S subunits have WT-like (R)-
CIMO0216 sensitivity. Taken together, these findings indicate that
disease-associated variants affecting the ligand binding pocket of
TRPM3 have a strong impact on the effect of ligands.

Discussion

In this study, we provide important insights into a ligand-binding
pocket in TRPM3, located in the VSLD and lined by residues from S1-S4
and the C-terminal TRP box. Based on high-resolution cryo-EM struc-
tures of TRPM3 in the apo state and in complex with different
antagonists (primidone, (R)-isosakuranetin, ononetin) and with the
agonist and potentiator (R)-CIM0216, we obtained a detailed picture of
the interaction mode of these ligands within the ligand-binding spe-
cific residues in the channel. We found primidone to be located at the
center of the VLSD binding pocket. Compared with the model pub-
lished in a recent study®, primidone is tilted by 45° around the axis of
the phenyl group and coordinated through an extensive network of
residues that form additional and different contacts. Hence, the
binding pose deviates significantly compared to the previously pub-
lished data® (Fig. 1 and Supplementary Figs. 6 and 7). The observed
discrepancies regarding the primidone binding site could be attrib-
uted to a less defined and potentially ambiguous density in the pri-
midone binding pocket of 9B28 (Supplementary Fig. 6b,e) despite very
similar reported overall resolutions.

Primidone has been evaluated in small scale clinical studies for the
treatment of TRPM3 gain-of-function mutants where it could attenuate
electroencephalographic abnormalities. Hence, this compound could
serve as starting point for the rational design of more potent inhibitors

with better controlled side-effects. A thorough understanding of the
precise interactions in the ligand-binding pocket is thus critical for
such progress in particular because of the promiscuous binding
pocket of TRPM3 where minimal structural differences between
ligands may result in agonistic or antagonistic effects. In comparison,
the binding poses of (R)-isosakuranetin and ononetin show overlap
with that of primidone, but these larger molecules, which exhibit a
higher apparent affinity for the channel, make additional interactions
extending further towards the cytosolic side, namely with E928 and
E932 (S2), V1002 (S4) and L1146 (TRP domain). (R)-CIM0216 also
occupies the center of the binding pocket, with its 5-methylisoxazole
moiety pointing much further upwards towards the extracellular side
compared to the antagonists (Supplementary Fig. 8). We performed a
comprehensive functional analysis of point mutations in the ligand
binding pocket on the potency of the different ligands (ICso/ECso),
confirming the significance and specificity of different residues for
ligand-induced channel modulation.

A key insight from our study is the highly stereoselective action of
isosakuranetin and CIM0216 on TRPM3. Previous publications and
curated online pharmacology resources attributed the antagonistic
effect of isosakuranetin on TRPM3 to the (5)-enantiomer®*, which is
the expected enantiomer produced in the highly stereoselective fla-
vonoid biosynthetic pathway in plants**°. In contrast, our structural
and functional data demonstrate that it is in fact (R)-isosakuranetin that
potently inhibits TRPM3, while the (5)-enantiomer is largely inactive on
the wild-type channel. Intriguingly, the (5)-enantiomer acts as a potent
agonist of the Y888A and Y888S mutants. Our findings indicate that
commercially available, plant-derived isosakuranetin from different
sources is composed of (R)- and (5)-isosakuranetin. This may seem at
odds with the stereoselectivity of the biosynthetic pathway in plants
producing primarily (2S) flavanones. Possibly, epimerization of (5)-
isosakuranetin may occur after its chemical synthesis or its production
in the plants or during the purification process. These findings also
imply that most -if not all- previous in vitro and in vivo studies that
involved isosakuranetin as a TRPM3 antagonists used a mixture of (R)-
and (S)-isosakuranetin. Notably, in studies on the role of TRPM3 in
pathological pain, both TRPM3-dependent and TRPM3-independent
analgesic effects of isosakuranetin have been reported. Even if the
TRPM3-independent molecular targets of isosakuranetin and their
stereoselectivity are currently unknown, the use of pure (R)-iso-
sakuranetin may be advantageous in future studies to obtain higher
efficacy at lower doses, possibly with reduced side-effects.

Our results also reveal the stereoselectivity and binding mode of
the potent synthetic agonist and potentiator CIM0216. Whereas this
compound, which contains one chiral center, has previously only been
used as a racemic mixture, we performed a SFC chiral chromatography
to separate both enantiomers and assigned their absolute (R)- and ()
configuration using a vibrational dichroism circular analysis. We found
that the agonistic and potentiator effects of racemic CIM0216 are
primarily driven by (R)-CIM0216, and that the potency of (5)-CIM0216 is
>20-fold lower than that of (R)-CIM0216. Moreover, by using the pure
(R)-enantiomer during the cryo-EM structural determination, we were
able to obtain a high-resolution EM density for (R)-CIM0216, which
allowed us to model the binding pose of the most active enantiomer in
the VSLD with high fidelity. This binding pose differs substantially from
a previously proposed model, which was based on a low-resolution
cryo-EM structure of 3.8 A (obtained using racemic CIM0216) and all-
atom molecular dynamics simulations that assumed the inactive (§)-
enantiomer®, In contrast to that model, we find that (R)-CIMO0216 is
positioned higher up in the VSLD, with the 5-methylisoxazole moiety
pointing towards the extracellular side. More specifically, the
5-methylisoxazole moiety of (R)-CIM0216 fills the space that is occu-
pied by the phenol side chain of tyrosine 921 in the APO and
antagonists-bound structures, leading to an up- and sidewards rota-
tion of the side chain of tyrosine 921. We speculate that this motion
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may contribute to channel activation and/or potentiation induced by
(R)-CIMO0216 binding. Notably, substituting an alanine for tyrosine 921
(mutant Y921A) shifted the concentration-activation curve for (R)-
CIM0216 towards lower concentrations, further highlighting the
importance of this residue for channel (R)-CIM0216 activity.

An overall conclusion of our study is that the ligand binding
pocket in the VSLD of TRPM3 exhibits a high degree of ligand pro-
miscuity. Indeed, the same cavity forms the interaction site for both
activating and inhibitory ligands, and apparently subtle changes to
ligand or binding pocket can change the directionality of the effect of
ligand binding on channel gating. This is exemplified by the mutation
F1150A, which turned (R)-CIM0216 into an antagonist, reducing basal
channel activity and PS-evoked responses, and by mutations Y888A,
Y888S and F1150S, which caused (S)-isosakuranetin to act as a
concentration-dependent agonist. These findings indicate that muta-
tions at these residues not only influence binding of the ligands to their
binding site, but also affect the conformational changes that couple
ligand binding in the VSLD to channel gating. The promiscuity and
stereoselectivity of the ligand binding site adds a layer of complexity to
structure-aided design approaches to develop novel pharmacological
tools targeting TRPM3. Indeed, based on available data it is difficult to
predict whether compounds that bind to the ligand binding pocket will
promote or antagonize channel opening, and subtle changes in ligand
or channel can potentially affect the directionality of the effect. This
duality of the binding pocket requires further studies to be entirely
understood, such as a structure of the fully conductive state, but it is
already clear that this genuine feature has to be taken into account for
the rational design of novel drugs and for the treatment of patholo-
gical gain-of-function mutant carriers. The promiscuity of the VSLD
binding pocket is somewhat reminiscent of TRPV1, where e.g., two
different lipid ligands in the VSLD can have opposing effects*, being
either agonistic or antagonistic. In order to directly compare these
behaviors and understand if channel opening involves similar changes
in the VSLD between the two TRP channels, more structural data from
TRPM3 and mutants thereof would be needed. Importantly, these
structures must also capture the conductive conformation to be able
to interpret the impact of mutants and the different ligands correctly.
Nevertheless, the promiscuity of the VSLD’s of the two channels sug-
gest a very thin line between agonistic and antagonistic effects by
ligands in this channel family where typically a multitude of input cues
shapes the response.

In recent years, it has been established that rare gain-of-function
variants of TRPM3 underlie a spectrum of neurodevelopmental dis-
orders in humans. At this point, about a dozen different mutations -
mostly de novo - have been reported in patients, invariably leading to a
dominant gain of channel function phenotype when expressed in
heterologous expression systems. Primidone, which inhibits wild type
TRPM3 with an ICsq value of -3 uM in our assay (values in the literature
range between 0.6 and 5 pM)'*">*>**, can provoke substantial inhibition
of TRPM3 function at typical therapeutic plasma levels (-20 uM)
measured in patients using this clinically approved drug for indications
such as epilepsy or essential tremor®. Currently, several patients with
neurodevelopmental disorders due to TRPM3 gain of function muta-
tions are being treated off-label with primidone, with highly encoura-
ging improvements regarding neurodevelopment and seizure
control'?, In this study, we described two missense TRPM3 variants in
two patients with epilepsy, introducing amino acid substitutions at
critical residues in the ligand binding site, namely 1999S and F1150S.
Both mutations cause a clear gain-of-channel function, as evidenced by
increased basal activity and reduced ECsq values for activation by PS.
The substitution of 1999 by a serine may create polar interactions with
close-by residues or cause a kink in the S4-helix, while the F1150S
mutation on the other hand would abrogate a -1t stacking network
that we observe between F1150, F885 and W886 presumably leading to

a destabilization in this region (Fig. 6B, right). Notably, alanine muta-
tions at these positions (1I999A and F1150A) also resulted in increased
basal activity, indicating that amino acid substitutions at these critical
residues promote a channel configuration that has a higher propensity
to open. Importantly, these disease mutations not only cause a gain of
channel function, but also severely affect the antagonist action of
primidone. To mimic the heterozygous condition of the patients, we
also tested ligand sensitivity in cells co-expressing WT and mutant
subunits in a one-to-one ratio. For primidone, this yielded a strong
suppression of the drug’s antagonistic action, with ICso values =100
UM for both, the 1I999S/WT and F1150S/WT combinations. Likewise, the
antagonistic effects of isosakuranetin and ononetin were largely sup-
pressed in cells co-expressing WT and disease mutant subunits. If we
assume that WT and mutant subunits express at similar levels and that
tetrameric channels are formed in a random manner, we can calculate
that the large majority (87.5%) of the channels under these conditions
are heterotetrameric combinations of WT and mutant subunits, with
only 6.25% homotetrameric WT and 6.25% homotetrameric mutant
channels (see methods for more details). The stark reduction of
antagonist action under these conditions indicates that hetero-
tetrameric channels have a strongly reduced sensitivity to antagonists,
which suggests that more than one antagonist molecule must bind to
the channel to obtain full inhibition. These findings need to be taken
into account when planning pharmacotherapy for these patients, as
primidone levels obtained with regular treatment regiments are unli-
kely to have the desired clinical effect, in contrast to the beneficial
effects found in patients carrying TRPM3 gain-of-function variants
affecting other regions of the channel. Further work is needed to
establish that the TRPM3 subunit stoichiometry in patient cells mat-
ches with what we measured in our heterologous expression system.

Like in previous structural work on TRPM3**%, the obtained cryo-
EM structures all show the pore in the closed state, even when the
structure was obtained in the combined presence of PS, PI(4,5)P, as
well as the potent agonist and potentiator (R)-CIM0216, and at room
temperature. Therefore, our structures do not reveal the specific
conformational changes associated with channel opening/closing fol-
lowing ligand binding in the VSLD domain. Interestingly, the
antagonist-bound structures reveal specific polar interactions between
residues lining the VSLD with the probed antagonists while for the
agonist and potentiator (R)-CIM0216, we find largely non-polar side
chains that mediate hydrophobic contacts (Supplementary Fig. 7).
Based on the type of interactions, (R)-CIM0216 could act as a molecular
lubricant in the binding pocket facilitating movements towards chan-
nel opening, while the antagonists that make numerous, strong polar
interactions inside the VSLD could function as a molecular glue to
prevent the conformational changes required during channel activa-
tion. Possibly, the absence of a supporting bio-membrane and of a
specific transmembrane potential (TRPM3 is activated upon depolar-
ization to potentials >+0 mV) may result in an abundance of particles
containing a non-conducting conformation of the channel and thereby
leave the exact mechanism of activation obscured.

Methods

TRPM3 cloning, expression and purification for structural work
The coding sequence of murine TRPM3 (NCBI Reference Sequence:
NP_001030319.1), truncated at amino acid residue 1344, was cloned
into a modified pcDNAS/FRT/TR expression vector (Invitrogen/
Thermo Scientific). To do so, the entire expression cassette of
pcDXC3GMS (Addgene #49031) containing a C-terminal SBP-tag was
excised with Hindlll and Apal and ligated into Hindlll/Apal-digested
pcDNAS/FRT/TR to generate p5STO-CSBP. Thereafter, Sapl-flanked PCR
products of TRPM3 were ligated into pSTO-CSBP by FX cloning®.
Tetracycline-inducible stable cell lines were obtained following the
manufacturer’s instructions (Flp-In T-REx293 cell manual, Invitrogen/
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Thermo Scientific, R78007) and as described earlier”, after a co-
transfection of Flp-In T-REx293 cells with pOG44 and p5TO-CSBP-
TRPM3 and following a selection at 100 ug/ml hygromycin-B. Single
colonies were picked, isolated and grown at 50 ug/ml hygromycin-B for
a minimum of four passages. Well expressing clones were identified by
screening of purified TRPM3 on an Agilent 1260 HPLC by SEC with a
Superose6 increase 5/150 column (Cytiva) and SDS-PAGE. Expression
of TRPM3 was induced at a confluency of 60-80% with Dulbecco’s
Modified Eagles Medium (DMEM, Sigma) containing 10% fetal bovine
serum (TICO Europe) and 3 ug/ml tetracycline. 24 hours after induc-
tion, 5-10 mM butyrate was added to boost protein expression. After a
total of four days, the cells were harvested by centrifugation and fro-
zen in liquid N2.

All subsequent purification steps were performed on ice. Frozen
cell pellets were thawed and extracted with a buffer containing 50 mM
Bicine pH 8.5, 200 mM NaCl, 10% glycerol, 1.5-2% glycodiosgenin
(GDN) and protease inhibitors (cOmplete, Roche) for 1hour. Aggre-
gates and cell debris were removed by ultracentrifugation for
30 minutes at 130,000 g,, using a Beckman 45Ti rotor. The resulting
supernatant containing TRPM3 was incubated with streptavidin resin
(Thermo Scientific) for 1.5 hours. Unbound proteins were washed off
using wash buffer (30 mM Hepes pH 7.5, 150 mM NaCl, 6% glycerol,
0.0063% GDN) and bound TRPM3 was eluted with wash buffer con-
taining 10 mM biotin. Subsequently, the eluted protein was con-
centrated to 100 ul using a 100 kDa cut-off concentrator (Amicon) and
injected to a Superose6 increase 5/150 column (Cytiva) equilibrated
with 10 mM Hepes pH 7.5, 150 mM NaCl and 0.0063% GDN. The peak
fractions obtained at a flow of 0.25 ml/min were collected and con-
centrated to 0.1-0.3 mg/ml.

Preparation of cryo-EM grids

Graphene grids were prepared in-house using Trivial Transfer Gra-
phene (ACS Material) or Graphene Easy Transfer (Graphenea) mono-
layer graphene sheet following a protocol introduced by Ahn et al’.
For this, Quantifoil R 2/1 Au 300 or 400 mesh or Quantifoil R1.2/1.3 Au
300 mesh grids were utilized. Briefly, grids were transferred on a 3D-
printed graphene transfer tool* immersed in the water in the Petri
dish. The 2.5x2.5cm PMMA/graphene pad was floated and carefully
matched with the grids. The transfer tool was slowly lifted to coat the
grids and dried in an oven preheated to 100 °C for one hour. Subse-
quently, individual grids were detached with a scalpel. PMMA was
removed by immersing the grids in acetone (50 °C, 30 min, repeated
three times with mild stirring) followed by baking in the oven (pre-
heated; 200 °C, 6-7 h). Graphene-coated PMMA-free graphene grids
were stored in a desiccator and used within two months after their
production. Grids were treated by glow discharging for 10-15s at
0.3-0.35 mbar and with an applied current of 2.5-3 mA using an ELMO
system (Cordouan technologies). 3 pl of TRPM3 in the apo- state or
mixed with primidone (100 uM) were loaded on the glow-discharged
graphene grid, blotted immediately from the back side for 2s at
ambient temperatures and 90% relative humidity and flash frozen in
liquid ethane using a Cryoplunge 3 System (Gatan). A volume of 2 or
3 pl of TRPM, mixed with 10 puM isosakuranetin or ononetin, or incu-
bated with a combination of agonists (10 pM (R)-CIM0216, 250 pM
PregS, 100 pM PI(4,5)P, extracted from porcine brain), was applied to
the graphene grid and blotted immediately from the back side for
2.6-3.3s. The chamber contained 90% relative humidity and was
cooled to 6 °C in the case of the antagonists or kept at 20 °C in case of
the agonist sample before flash freezing in liquid ethane using an EM
GP2 plunger (Leica). All antagonists were incubated on ice with TRPM3
for about 20-40 min and plunged at 6 °C, while the agonists were
mixed with the protein for 30 min on ice and incubated for 2 min at
30 °C prior to plunging at 20 °C. Grids were stored in liquid nitrogen
before imaging.

EM data acquisition

Images were collected at 300 kV on a CRYO ARM 300 (JEOL) electron
microscope at a nominal magnification of 60,000 and corresponding
pixel size of 0.69-0.71A. The images were recorded using a K3
detector (Gatan) operating in correlative-double sampling (CDS)
mode. The energy filter slit was centered on the zero-loss peak with a
slit width of 15 eV. 60 frames per movie were collected using SerialEM
(SerialEM 4.1 beta 24 and 26, SerialEM 4.1.8, SerialEM 4.2 beta 8)*” at an
exposure time of 2.796 s, total dose of about 62 e-/A2 and a nominal
defocus range of 0.6-1.6 um using a 3 x 9 or 5 x 9 multi-hole and multi-
shot pattern for R1.2/1.3 or R2/1 grids, respectively®. A total of 6163,
11,614, 8155, 7812 and 18,427 movies were collected for TRPM3 in the
apo state, with primidone, isosakuranetin, ononetin or with agonists
(CIMO0216, Pregs, PI(4,5)P2), respectively.

Image processing and 3D reconstruction

Data pre-processing was performed in cryoSPARC Live. Motion cor-
rection was done using Patch Motion correction and the contrast
transfer function (CTF) of the resulting dose-weighted averages was
estimated using CryoSPARC CTF estimation®. All subsequent proces-
sing steps were performed in CryoSPARC v.4.5.3%. If required, manual
curation was performed to exclude bad images. Picking was done with
blob, Topaz and/or template picker using templates generated from
published density of TRPM3 (EMD-28031)** or from selected class
averages obtained after 2D classification. Initial processing was done
using 4x binned particles (several rounds of 2D classification, ab initio
modeling and hetero-refinement). Particles representing best classes
were first binned twice, re-extracted and subjected to heterogenous,
homogeneous and non-uniform refinement jobs, later particles were
re-extracted without binning for the final reconstructions such as
homogenous and non-uniform refinement jobs (see Supplementary
Figs. 1 and 2 for an accurate description).

Model building and refinement

For model building of TRPM3ono, the previously published cryo-EM
structure of TRPM3 (PDB ID: 8DDS)** was rigid body fitted into the
experimental cryo-EM map of TRPM3ono and refined in Coot
v.0.9.8.2*°, Using our cryo-EM density as a guide, regions that were not
present in the previously published structure were either built de novo
or taken from ColabFold” models of fragments, typically corre-
sponding to rigid bodies in the structure. The resulting model was
used as a custom template in ColabFold to relax amino acid side chain
positions using AMBER molecular dynamics simulations. Stretches not
visible in the density map were removed from the top ranked relaxed
model. Further refinements were performed iteratively in Coot,
ISOLDE* and Phenix (v.1.21-5207)* using a composite map of
TRPM3opno obtained in Phenix from a locally refined map (N-terminus)
and a consensus map from a homogenous refinement job, both filtered
by local resolution.

The final model of TRPM3no Was used as a starting point to build
the atomic models for TRPM3[50' TRPM3APO' TRPM3PRM' and
TRPM3,co using the respective final maps (non-uniform and
DeepEMhancer** maps). For this, the model of TRPM3gno Was first
rigid-body fitted into the respective cryo-EM densities and side chains
were adjusted accordingly. Residues not visible in the respective
densities were removed, and residues were built de novo where the
density allowed it. Refinements were done iteratively in Coot and
Phenix until reaching good or excellent statistics. Initially, only TRPM3
monomers were refined while at later time points, monomers were
assembled to tetramers for a last refinement step in Phenix. Restraints
for ligands were generated from smiles codes using eLBOW from the
Phenix suite or were retrieved in Coot from the monomer library in the
case of phospholipids, cholesterol and detergent molecules. Com-
pounds were initially fitted in the corresponding density using Coot
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and then refined in Phenix. In the case of isosakuranetin, the (S)-
enantiomer was not fitting well into the density. On the other hand, the
(R)-enantiomer, in particular regarding its dihydroxy-flavanone por-
tion, snuggly matched the shape and bending of the density inside the
S1-S4 binding pocket, see Supplementary Fig. 9. In the case of
TRPM3,co the PI(4,5)P2 molecule could not be modelled due to
absence of an unambiguous density at the known PI(4,5)P2
binding site.

Figures to display atomic models and cryo-EM maps were pre-
pared using Pymol 3.1.1 and ChimeraX-1.8. Interactions between
TRPM3 and the ligands were analyzed using Pymol 3.1.1, the Protein-
Ligand Interaction Profiler (PLIP) server* and LigPlot+*. The TRPM3
pore was analyzed using the HOLE2 software*’. Alphafold3*® was used
to predict the P-S6 loop. Chemical drawings were prepared using the
ligand builder in Coot, or using the chemical sketch tool implemented
in RCSB, by Marvin JS in Chemaxon*’.

Cell culture and transfection for physiological measurements
HEK293T cells (CLS Cat# 300192/p777_HEK293, RRID:CVCL_0045)
were grown in DMEM culture medium and were maintained at 37 °C
with 10% CO,.

For single-cell imaging experiments, cells were grown in six-well
plates and, upon reaching ~-50% confluency, transfected with 2 ug of
wild-type or mutant hTRPM3-GFP construct cloned in the pPCAGGSM2
vector” using TransIT-LT1 transfection reagent followed by overnight
incubation. Cells where then harvested and reseeded on 24-mm glass
coverslips for use within 4-8 hours.

For 96-well-based calcium assays, HEK293T cells grown in T25
flasks were co-transfected with 6pg of wild-type or mutant
hTRPM3-GFP DNA cloned in the pCAGGSM2 vector" and 6 pg of the
genetically encoded calcium indicator jJRCAMPI1b, using TransIT-LT1
transfection reagent (Mirus Bio, Madison, WI, USA). Following a 24-h
incubation, cells were harvested and seeded at 100,000 cells/well into
Poly-L-Lysine-coated 96-well black-wall/clear-bottom plates (Greiner
Bio One, Frickenhausen, Germany), and cultured overnight before
fluorescence recording. All mutants were obtained by the standard
PCR overlap extension method, and the accuracy of all mutant
sequences was verified by sequencing of cDNA constructs.

In the case of the disease-associated mutants 1999S and F1150S,
we also performed experiments where we co-expressed WT and
mutant in a one-to-one ratio, by mixing 3 pg of wild-type with 3 pg of
mutant cDNA with 6 pg of the genetically encoded calcium indicator
jRCAMPID. If we assume that tetrameric channels are formed in a
random manner, which is reasonable considering that these mutants
are far away from the subunit interfaces, the faction (F;) of channels
containing i mutant subunits (where i is between O and 4) is given by:

4 i —i
Fi= <l> *f mue ><fWT4 D

where f,... and fyr are the fractions of mutant and WT subunits,
respectively’®. We further assume that WT and mutant subunits
express at similar levels (f,,,..=fur=0.5), which is supported by the
observations that (1) the fraction of transfected cells (assessed based
on GFP expression) and (2) the amplitude of the saturating PS-evoked
calcium response was similar in cells expressing either only WT, only
mutant, or WT and mutant in a 1-to-1 ratio. Under these assumptions,
we can calculate using Eq. 1 that cells co-expressing WT and mutant in a
1-to-1 ratio contain 6.25% homotetrameric WT channels, 37.5%
channels with 2 WT and 2 mutant subunits, 25 % channels with 1 WT
and 3 mutant subunit, and 6.25% homotetrameric mutant channels.

Well-based calcium imaging
To obtain concentration-response curves for ligand action at wild type
and mutant TRPM3, 96-well plated containing HEK293T-cells co-

expressing the channel and jRCAMP1b were washed and filled with
extracellular solution containing 150 mM NaCl, 6 mM KCI, 2 mM CaCl,,
1.5 mM MgCl,, 10 mM HEPES, 10 mM Glucose (pH 7.4 with NaOH), and
placed in the Hamamatsu FDSS/uCell kinetic plate imager. jRCAMP1b
fluorescence (excitation: 560 nm; emission: 590 nm) was monitored at
0.5 Hz, while TRPM3 ligands at a range of concentrations were auto-
matically pipetted into the wells from preloaded compound plates. At
the end of the experiments, all wells were stimulated with a solution
containing the calcium ionophore ionomycin (to a final concentration
of 20 uM) and 20 mM CaCl,, to produce saturation of the jRCAMP1b
fluorescence for normalization. All data are expressed as AF/
Fonormalized» Where AF represents the change from baseline and
Fo,Normalized the normalized baseline fluorescence. Experiments were
performed at room temperature (22 + 2 °C).

Cell-based calcium imaging

Changes in intracellular calcium concentration were monitored using
ratiometric Fura-2-based fluorimetry. Cells were loaded with 2 uM
Fura-2-acetoxymethyl ester (ION Biosciences) for 30 min at 37°C.
Fluorescence was measured during alternating illumination at 340 and
380 nm using either a Cell™ (Olympus) or Eclipse Ti (Nikon) fluores-
cence microscopy system, and absolute calcium concentrations were
calculated from the ratio of the fluorescence signals at these two
wavelengths (R = F340/Fsg0) as [Ca®"];i=Km X (R = Rmin)/(Rmax — R),
where K, Rmin and Rp,ax were estimated based on calibration experi-
ments with known calcium concentrations. The standard extracellular
solution contained (in mM): 150 mM NaCl, 6 mM KCI, 2mM CacCl,,
1.5 mM MgCl,, 10 mM HEPES, 10 mM Glucose (pH 7.4 with NaOH).
When indicated, the standard extracellular solution was rapidly
exchanged by solution containing the indicated concentration of
TRPM3 (ant)agonists via a gravity-driven perfusion system.

Patient recruitment and informed consent

The two patients carrying previously undescribed variants in TRPM3
were referred to J.V. and T.V., whose research group functions as an
international reference center for the functional analysis of TRPM3
variants of uncertain significance. These functional assays, which do
not involve the use of patient-derived biological material and rely
solely on the specific DNA sequence change in TRPM3, are performed
routinely and pro bono to support diagnostic clarification, inform
clinical management, and advance understanding of TRPM3-related
neurological disorders. The authors obtained explicit written informed
consent from the parents of the two patients for the publication of
anonymized clinical information in peer-reviewed scientific journals. In
accordance with European GDPR regulations, further ethical approval
was not required for the in vitro functional studies and the processing
of non-identifiable data presented in this study.

Data analysis and statistics

Data analysis was performed using custom-written routines in Igor Pro
(v.9; Wavemetrics); figure assembly and statistical testing were per-
formed using Origin 2023B (OriginLab). One-way ANOVA with a Tukey
post-hoc test was used to compare the effect of multiple mutations on
TRPM3 ligand responses. P< 0.05 was considered as statistically sig-
nificant. Concentration-response curves were fitted with a modified
Hill-function of the form:

o M - M
Activation (%) = 7% or Inhibition (%) = 7‘,12( )
ECso 1+ =0
[tigand] [ligand]
Materials

Pregnenolone sulfate (PS), primidone, ononetin, and ionomycin were
obtained from Sigma-Aldrich. Isosakuranetin was purchased from
Extrasynthese, Merck, Carl Roth GmbH and Sigma. The Chemical
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Abstracts Service Registry number provided by Extrasynthese, Merck
and Carl Roth GmbH was CAS No. 480-43-3, which refers to (25)-iso-
sakuranetin. Sigma-Aldrich provides plant-derived isosakuranetin with
CAS No. 26207-61-4, which indicates no specific stereochemistry in the
structure. (25)-isosakuranetin and (2 R)-isosakuranetin were separated
from racemic isosakuranetin using chiral HPLC.

Racemic CIM0216 was obtained from CISTIM, and separated
using chiral SFC to obtain pure (R)-CIM0216 and (5)-CIM0216. The
following primers have been used for cloning of truncated murine
TRPM3a2:

F_mTrpM3a2-Sapl TAA TAG CTC TTC GAG TGG CAA GAA GTG
GAG GGA TGC GGG CG

R_mTrpM3a2-Sapl TAT TAG CTC TTC ATG CGT TGT GCT TGC
TTT CAA AGC TAT GAA AGG.

Chiral separation and chiral analyses

The chirality of commercially acquired isosakuranetin was analyzed
with a Waters Acquity UPLC H-Class UPLC system equipped with a
ChiralPack IG (150 x4.6 mm)x3 um chiral column. Methanol was used
as isocratic eluent with a flow of 1 ml/min. UV detection was performed
with an ACQUITY UPLC PDA eLambda Detector (200-420 nm).

Chiral separation of isosakuranetin (BLD Pharmatech Ltd, refer-
ence: BD135396) for functional studies was carried out on an HPLC
system combining a Waters 2489 UV/Visible Detector, a Waters 2545
Binary Gradient Module, a System Fluidics Organizer, a 515 HPLC
Pump, a Waters 2767 Sample Manager and a Waters MS3100 Mass
detector. The chiral column used was a ChiralPack IG (250 x20 mm)x5
um using methanol as isocratic eluent with a flow of 20 ml/min. UV
detection was performed at 290 nm. The chiral separation by HPLC of
78 mg afforded (R)-isosakuranetin yielded two enantiomers, whose
optical rotation was measured using a polarimeter (KRUSS P3000).
Based on the optical rotation, these were identified as (R)-iso-
sakuranetin (24 mg; [a]p = +75°; ee (enantiomeric excess)= 99.7%) and
(S)-isosakuranetin (27 mg; [a]lp=-70° ee = 98.4%), where the latter
enantiomer has an [a]p value that corresponds to the reported optical
rotation data of (S5)-isosakuranetin®.

Chiral separation and chiral analysis of CIM0216 was performed
using Supercritical Fluid Chromatography (SFC) on a Waters Thar SFC-
80 system composed of a binary pump for delivering CO, and modi-
fier, an injection module, a diode array detector and a fraction col-
lection module. For separation of racemic CIM0216, we used a (R,R)
Whelk -01 (250 x30 mm)x5 um chiral column with a mixture of 25%
methanol and 75% CO, as isocratic eluent, using a flow rate of 90 g/min
(Back pressure: 100 bar; Temperature: 30 °C). Using these settings, the
separation of 650 mg racemic CIM0216 yielded 168 mg of a first
enantiomer (CIM0216-Enl; [a]p = +93° at 4.1 g/l in MeOH) and 192 mg
of a second enantiomer (CIM0216-En2; [a]p=+105° at 4.2g/l in
MeOH) (Supplementary Fig. 11a). To analyse the purity of the two
enantiomers, we performed analytical SFC using a (R,R)Whelk -01 (250
x4.6 mm)x5 um chiral column with a mixture of 25% methanol and 75%
CO, as isocratic eluent, using a flow rate of 3 g/min (Back pressure:
100 bar; Temperature: 30 °C), and performed UV detection at 214 nm.
CIMO0216-En1 eluted at 3.06 min versus 3.62 min for CIM0216-En2; the
calculated ee values were 94.8% and 97.6 for CIM0216-Enl and
CIMO0216-En2, respectively (Supplementary Fig. 11b). To identify the
absolute configuration of CIM0216-Enl and CIMO0216-En2 we per-
formed Vibrational Circular Dichroism (VCD) analysis. Each enantio-
mer was dissolved in CDCl; (10 mg in 50 uL), and the solution was
transferred to a BaF, cell. VCD spectra were acquired using a JASCO
FVS-6000 VCD spectrometer. The two spectra were compared with
the computationally predicted spectrum of (R)-CIM0216 (https://doi.
0rg/10.1186/s13321-023-00706-y), which was calculated as the
Boltzmann-weighted average of five low-energy conformers (within
3-5 kilocalories per mole, kcal-mol~1) calculated using GMMX (Global

Minimum Molecular eXplorer; part of the PCModel suite; Serena
software, Bloomington, Indiana). Within the wavenumber range
between 1000 cm™ and 1600 cm™, the characteristic positive peaks
around 1500 cm™ and 1280 cm™, and negative peak around 1170 cm™
in the predicted spectrum of (R)-CIM0216 matched with those mea-
sured for CIM0216-En2 (Supplementary Fig. 1ic). Based on these
findings, we refer to CIM0216-Enl as (5)-CIM0216 and to CIM0216-En2
as (R)-CIMO0216.

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

Data availability

Atomic models have been deposited in the Protein Data Bank (PDB),
and cryo-EM maps, corresponding half maps and masks can be found
at the Electron Microscopy Data Bank (EMDB). The atomic models
have been deposited with accession codes 9QHN (TRPM34p0), 9QHO
(TRPM3pga), 9QHP (TRPM3is0), 9T9U (TRPM3ono) and 9QHQ
(TRPM3,c0; in the combined presence of R-CIM0216, PS and PI(4,5)
P,). The corresponding maps can be accessed under EMD-53174
(TRPM34po), EMD-53175 (TRPM3pga), EMD-53176 (TRPM3,50), EMD-
53173 (consensus), EMD-55736 (local refinement) and EMD-55737
(composite) (TRPM3ono) and EMD-53177 (TRPM3,c0). Source data
are provided with this paper.
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