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Abstract: Transient receptor potential melastatin 8 (TRPMS8) channels are well known as sensors for cold temperatures
and cooling agents such as menthol and icilin and these channels are tightly regulated by the membrane lipid
phosphoinositol-4,5-bisphosphate (PIP,). Since TRPMS8 channels emerged as promising drug targets for treating pain,
itching, obesity, cancer, dry eye disease, and inflammation, we aimed at developing a high-precision TRPMS8 channel
activator, to achieve spatiotemporal control of TRPMS8 activity with light. In this study, we designed, synthesized and
characterized the first photoswitchable TRPMS activator azo-menthol (AzoM). AzoM enables optical control of
endogenously and heterologously expressed TRPMS8 channels with UV and blue light which is demonstrated by
performing patch-clamp experiments. Moreover, AzoM facilitates the reliable determination of activation, inactivation,
and deactivation kinetics thereby providing further insights into the channel gating. Using AzoM, the specific roles of
individual amino acids for AzoM or PIP, binding and for sensitization by PIP, can be elucidated. Altogether, AzoM
represents as a high-precision pharmaceutical tool for reversible control of TRPMS channel function that enhances our
biophysical understanding of TRPMS8 channels and holds the potential to support the development of novel

\pharmaceuticals.

/

Introduction

Transient receptor potential melastatin 8 (TRPMS) channels
belong to the transient receptor potential (TRP) channel
superfamily. TRPMS8 channels are non-selective cation
channels that act as cold sensors in the somatosensory
system and are well known as sensors for the natural
cooling agent menthol® as well as for synthetic cooling
agents such as icilin.”) The importance of TRPMS (and of
the heat and pain sensor TRPV1) is underscored by the
awarding of the Nobel Prize to David Julius in 2021 for their
discovery.

Several physiological and pathophysiological roles of
TRPMS channels haven been identified so far. TRPMS
channels are expressed in unmyelinated C fibers which are
peripheral sensory neurons of small size that sense and
transduce cold stimuli,*¥ and are found in various other
tissues like prostate, bladder, urogenital tract, cardiovascular
and bronchopulmonary tissue."! Notably, the loss of TRPMS
expression in TRPMS8 gene-deficient mice is not only
correlated to an impaired cold but also to an impaired warm
sensation’® suggesting a pivotal role of TRPMS for temper-
ature sensing and thermoregulation. Moreover, TRPMS is
involved in various pathophysiological states, such as in pain
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sensation. A reduced TRPMS expression is correlated with a
reduced migraine risk and with a decreased sensation of
cold-induced pain.”” However, a hypersensitivity of TRPMS
leads to cold allodynia during pathological conditions such
as inflammation or nerve injury.®! Furthermore, alterations
in expression of TRPMS is related to different kinds of
cancer including prostate, pancreas, breast, lung, skin and
colon cancer.”) TRPMS expression is also linked to dry eye
disease,'”! overactive bladder, irritable bowel syndrome,
oropharyngeal dysphagia, chronic cough and
hypertension.""! In addition, TRPMS plays a role for obesity
and type 2 diabetes.'” Thus, TRPMS channels emerged as
promising drug targets for various pathophysiological con-
ditions, highlighting the need for potent TRPMS8 modulators
that could serve as novel treatments for TRPMS-related
diseases. To develop precise channel modulators with
specific modes of action, detailed knowledge of the
channel's regulation and ligand-binding mechanisms is
essential.

Recent advances in structural analysis using cryo-
electron microscopy (cryo-EM) have provided insights into
the binding sites for synthetic TRPMS channel activators
such as icilin, WS-12,®! 1-disopropylphosphorylnonate
(C3) or allyl isothio-cyanate (AITC)."! However, struc-
tural analysis of a TRPMS8 channel in the presence of (—)-
menthol is still lacking. Furthermore, it is well known, that
TRPMS activity largely depends on the presence of the
membrane phospholipid phosphatidylinositol 4,5-bisphos-
phate (PIP,). By analyzing reconstituted TRPMS8 channels in
planar lipid bilayers it was shown that TRPMS is functional
only in the presence of PIP,'™ and that PIP, binding
sensitizes TRPMS8 towards stimulation with cold temper-
ature or cooling agents.!"!

To further decipher the role of TRPMS8 in health and
disease, we aimed at developing a novel photoswitchable
TRPMS channel activator based on the natural cooling
agent menthol that can be switched ON and OFF with the
spatiotemporal precision of light.

Photoswitching is commonly achieved by incorporating a
photoswitchable azobenzene moiety, which enables cis-trans
isomerization through UV or blue light. Advances in photo-
pharmacology have already led to the development of
several high-precision pharmaceutical tools, allowing for
spatiotemporal control of protein function simply by switch-
ing light.l"”!

A variety of photoswitchable TRP channel ligands that
target TRPCI'2 TRPV1?'? or TRPA1™! channels have
been developed so far. These photopharmaceuticals offer an
additional advantage due to their rapid transition times from
the trans to the cis configuration, occurring within a two-
digit picosecond range, making them highly suitable for
determining the activation and deactivation kinetics of
currents.?"

In this study, we designed, synthesized and characterized
the photoswitchable menthol derivative azo-menthol
(AzoM) demonstrating its ability to reversibly control
TRPMS channel activity via light. AzoM allows precise
determination of activation and deactivation kinetics with-
out the wash-in and wash-out effects typically seen with
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bath-applied ligands. By examining changes in current
kinetics in AzoM and PIP, binding mutants, we identified
and characterized potential binding sites. Additionally, we
analyzed the influence of PIP, on current kinetics and
discovered a PIP, sensitization mutant. Overall, AzoM
provides valuable insights into the regulation of TRPMS
channel activity.

Results and Discussion

Synthesis and Characterization of Photoswitchable Azo-
Menthol

To allow for a precise and optical control over TRPMS
channels we developed a photoswitchable menthol-derived
chemical probe. Hereby, an optical switch is incorporated
via azologization of the backstrategy that entails the replace-
ment of a chemical fragment within a pharmacophore that is
structurally related to azobenzene with this chemical
photoswitch.!"8?'#] (_)_Menthol is a known TRPMS chan-
nel activator with an ECy, of 200 uM while CPS-125
exhibited an ECy, of 32 uM in the same study.” However,
the ECs, values for (—)-menthol vary strongly between 4
and 200 uM in literature.?**?"l We based our azologization
strategy on the hypothesis that the biaryl sulfonylamide
group in CPS-125P% serves as a cis-azoster and could
therefore be substituted for an azobenzene moiety without
significant loss of bioactivity. To synthesize azo-menthol
(AzoM) (Figure 1A), menthol carboxylic acid (1) was first
prepared through a literature procedure.” The menthol
carboxylic acid (1) was then converted to menthol carboxylic
acid chloride (2) with oxalyl chloride and coupled with 4-
aminoazobenzene (3) to give AzoM (Supplemental Fig-
ure 1).

AzoM allowed for cis and trans isomerization by
applying blue light or UV light, respectively (Figure 1B).
For detailed characterization of AzoM, we determined the
photostationary states (PSS), the reversibility of photo-
switching and the thermal relaxation. The PSS, which is the
equilibrium state between the trans and cis configuration at
a given illumination wavelength, was first estimated using
UV/Vis spectroscopy (Figure 1C). The maximal absorption
peak of trans-AzoM was at 359 nm and of cis-AzoM at
439 nm. The proportion of the cis isomer can be semi-
quantitatively determined.’”’ In the dark, after complete
thermal relaxation, 100 % of the trans configuration was
achieved. In order to obtain a PSS with the highest
percentage of the trans configuration the most appropriate
illumination wavelength was 525 nm resulting in 84 % trans
and 16 % cis configuration. Focusing on the illumination
wavelength of 435 nm, which is closest to the wavelength
used in patch-clamp measurements to induce the trans
configuration, we found that AzoM achieves approximately
78 % trans and 22 % cis configuration. The illumination with
365 nm resulted in 15% trans and 85 % cis configuration.
For a more precise quantitative analysis of the PSS, we used
'"H NMR spectroscopy (Supplemental Figure 2). The dark-
adapted compound was measured after thermal relaxation

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U9017 SUOLULLIOD AR 3|ged!dde sy Ag paunoh ae sajoiie YO '8sh JO sa|n. 10} Afeig1T 8u1juO 43| UO (SUORIPUOD-pUe-SLUB) /WO A3 |1 Ateiq pul|uo//:SANY) SUOIIPUOD pue SLd L 8} &3S *[t7202/2T/ez] uo Ateid i auljuo A8|im Binasueley weyseAiun Aq 6v59T20g 91Ue/200T OT/1op/wod Ao | im Aseid put|uo//sdny wouy papeojumoq ‘0 ‘€LLETZST



GDCh
~~

A
G
(COCl), (2.1 eq) \©
DMF (0.05 eq) 3(1.1eq)
OH —— _—
H CH,Cl, (0.2 M) NEt; (1.5 eq)
_A_© o CH,Cl, (0.2 M) AL O N¢N
1 2 (46%) AzoM
B c 14
— dark
o 1.2 4 525 nm
H —— 500 nm
AHN ~ 10 —— 490 nm
cis-AzoM -N 2 — 470 nm
N < 08 —— 460 nm
365nm-| 435nm- g~ —— 435nm
385nm | 525nm 5 e —— 405 nm
orkaT s 385 nm
Ed 365 nm
o 0.4
/\HN\©\ 021
=N
trans-AzoM N \
0.0 -

300 400 500 600 700
Wavelenght (nm)

D E
1.0 1o
365 nm 5,./43°C
—— 460 nm <
0.8 £ oel
~ & - Absorbance
> 5%
< £ .
06 g Ty =344.91+0.76 min
g <.
g 10
g 04 5 |37°C
2 as
2 <
g
3
02 g .. - Absorbance
00 i . i i g T, =408.69 + 0.18 min
0 25 50 75 100 o N
Time (min) ime (min

Figure 1. Synthesis and characterization of photoswitchable azo-men-
thol. (A) Synthesis of azo-menthol (AzoM) using menthol carboxylic
acid (1) that was converted to menthol carboxylic acid chloride (2) with
oxalyl chloride and coupled with 4-aminoazobenzene (3) to give AzoM.
(B) Chemical structures of AzoM in its cis and trans configuration (cis-
azo-menthol; cis-AzoM and trans-azo-menthol; trans-AzoM). (C) UV/Vis
spectroscopic analysis of AzoM. Spectral absorbance from 300 nm to
700 nm was measured at 22 °C. The dark-adapted compound was
measured after thermal relaxation for 3 days at 70°C. (D) UV/Vis
spectroscopic analysis of AzoM. Absorbance was measured at 360 nm
at 22°C. Compound was repeatedly illuminated with 365 nm and

460 nm light for 5 minutes each over a period of 110 minutes. (E) UV/
Vis spectroscopy of AzoM. The compounds were pre-illuminated with
365 nm followed by relaxation in the dark at 43°C and at 37°C. The
thermal relaxation was determined through UV/Vis analysis by
measuring the time-dependent absorption at 360 nm with

A(t) = Ay -€ = 4 c. Ay initial absorbance; ¢: maximal absorbance; 7,:
of half-life time constant. Fitted curve in orange and measured
absorbance in blue. (C—E) UV/Vis spectroscopy was done with 50 pM
AzoM in 9:1 (CD;),SO:D,0.

for 3 days at 70°C leading to full trans configuration (100 %
trans and 0 % cis configuration). Illumination of AzoM with
435nm resulted in a ratio of 69% trans and 31% cis
configuration, and illumination with 365 nm caused a ratio
of 5% trans and 95 % cis configuration.

To analyze the reversibility of photoswitching using UV/
Vis spectroscopy, AzoM was repeatedly illuminated with
alternating wavelengths of 365 nm and 460 nm for a total
time of 110 minutes at 22°C (Figure 1D). Within this period
of time no changes in maximal and minimal absorptions
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were observed suggesting that photoswitching is fully
reversible and that the compound does not degrade.
Furthermore, we analyzed the thermal relaxation rate
using UV/Vis-spectroscopy. This property refers to the
thermal transition from the cis to the trans configuration in
the dark after application of 365 nm light. The half-life time
constant (ty) for thermal relaxation was 344.9140.76 mi-
nutes at 43°C and 408.09 £ 0.18 minutes at 37°C (Figure 1E),
suggesting that complete relaxation from the cis to the trans
configuration occurs after approximately 29 hours at 43°C
or 34 hours at 37°C (50 uM solution in 9:1 (CD;),SO:D,0).

Optical Control of TRPM8 with AzoM

To ascertain the suitability of AzoM for optical control over
TRPMS channel activity, we performed patch-clamp meas-
urements in the whole-cell configuration with HEK293T
cells overexpressing TRPMS8 in the presence of 200 uM
AzoM which is equimolar to the maximally effective
concentration of the TRPMS8 activator (—)-menthol utilized
in our experiments. Switching to UV light or blue light that
establishes the active cis (cis-AzoM) or the inactive trans
(trans-AzoM) configuration caused TRPMS current density
(CD) increases or decreases at room temperature (Fig-
ure 2A-2C). Since TRPMS8 channels are cold sensors that
are strongly temperature dependent and have a temperature
coefficient Q,, of about 24 at temperatures between 18 and
25°C,”"l TRPMS was already activated at room temperature.
To suppress these cold-induced currents, the measurements
were repeated at 37 °C which resulted in largely reduced CD
amplitudes (Figure 2D-2F). However, cis-AzoM was effec-
tive at both temperatures and elicited significant TRPMS8
CD increases. In the absence of AzoM, no CD changes were
detected by light switching neither at room temperature or
at 37°C (Figures 2A, 2D and 2G). The summary of the
maximal trans- and cis-AzoM-induced CD in outward and
inward direction at +100 mV (Figure 2B and 2E) shows
significant CD increases in the presence of cis-AzoM
compared to trans-AzoM with characteristic current density
voltage (CDV) relationships (Figure 2C and 2F) indicating
that AzoM is appropriate for optical control of TRPMS
channels. Interestingly, at 37°C, when cold-induced currents
are largely diminished, the trans-AzoM-induced CD at
+100 mV are significantly reduced compared to the basal
CD in the absence of AzoM (Figure 2E). Application of
increasing concentrations of trans-AzoM at room temper-
ature resulted in stepwise reductions of the cold-induced
TRPMS currents (Figure 2I) suggesting that trans-AzoM has
a concentration-dependent inhibitory effect with an esti-
mated ICs, of about 103 pM. These findings indicate that
trans-AzoM is already bound in the binding pocket of the
TRPMS channel.

The ECs, value for cis-AzoM at 37°C was estimated at
44458 uM with a slope of 0.5+0.3 (Figure 2H). Thus,
50 uM AzoM represent the maximally effective concentra-
tion and was therefore used in all further experiments.

As a control, the TRPMS activators (—)-menthol
(200 pM) and icilin (10 uM) were applied in their maximally
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Figure 2. Optical control of TRPM8 with azo-menthol (AzoM). Whole-cell measurements of TRPM8 overexpressing HEK293T cells. (A, D)
Representative current density (CD) time courses at +100 mV in the presence (above) or absence (below) of AzoM (200 pM) measured at 23 °C
(A) and 37°C (D). lllumination with UV light (=365 nm) and blue light (A=440 nm) is indicated. (B, E, G) Summaries of maximal CD (‘Curr.
dens.’) at potentials of =100 mV at 23°C (B, G) and 37°C (E, G) in the presence (B, E) or absence (G) of AzoM. (C, F) Representative CD voltage
(CDV) relations in the presence of 200 uM trans- (trans-AzoM) and cis-azo-menthol (cis-AzoM) and before and during application of 200 yM (—)-
menthol and 10 pM icilin. Numbers over boxplots indicate number of measured cells. Black asterisks indicate significance compared to trans- or
cis-AzoM (***P < 0.001, **P < 0.01; Mann-Whitney U test), colored asterisks indicate significances between trans- and cis-AzoM, or between
menthol- or icilin-induced CD compared to basal CD in the absence of the activators (**P <0.01, ***P < 0.001; Wilcoxon matched-pairs signed-
rank test). (H) Concentration response curve to determine ECs, of cis-AzoM at 37 °C with HEK293T cells stably expressing TRPMS. (I) Concentration
response curve of cold-induced TRPM8 currents at 23 °C before and during application of increasing concentrations of trans-AzoM. (J, K) The
normalized slope conductance (NSC) (‘Norm. Gy,,") of the CDV curves which was separately calculated for inward and outward currents (left and
right graphs). The NSC is displayed as mean = SD. P values are calculated using Mann-Whitney U test compared to cis-AzoM-induced NSC. (B, E,
G, H, 1) Data are displayed as boxplots and interquartile ranges. A slow up-ramp protocol with a frequency of 2 Hz was applied.

effective concentrations. (—)-menthol elicited significantly
higher CD increases compared to cis-AzoM (Figure 2B and
2E) at 23°C and 37°C. The icilin-induced CD were
significantly higher than the cis-AzoM-induced CD only at
37°C (Figure 2E) suggesting that icilin is more effective
when cold-induced TRPMS currents are diminished. How-
ever, the icilin-induced CD increases were lower than the
(—)-menthol-induced CD (Figure 2B and 2E).

To investigate differences between the CDV curves
elicited by the TRPMS8 channel activators cis-AzoM, (—)-

Angew. Chem. Int. Ed. 2024, 202416549 (4 of 12)

menthol and icilin, we calculated the normalized slope
conductance (NSC), which is a tool for a quantitative in-
depth analysis of CDV curves. At 23°C, the slope pro-
gressions of cis-AzoM-, (—)-menthol- and icilin-induced
NSC curves mainly differs at positive potentials. At negative
potentials, the NSC only slightly differs in the range of —40
to —20 mV (Figure 2J). At positive potentials, the curve
progression of the NSC of cis-AzoM lies in between the two
other NSC curves (Figure 2J) suggesting an intermediate
channel state. At 37°C, the NSC progression of the (—)-
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menthol-induced current strongly differs from the NSC of
the cis-AzoM- or the icilin-induced currents (Figure 2K) in
particular at negative potentials, where the icilin- and cis-
AzoM-induced NSC are more similar in their curve pro-
gressions. However, at positive potentials, the NSC of the
icilin- and (—)-menthol-induced currents are more alike in
their curve progression and strongly differ from the NSC of
cis-azoM indicating that cis-AzoM elicits a distinct active
channel state. Comparing the NSC of the basal TRPMS8
currents before application of icilin or (—)-menthol with the
NSC in the presence of trans-AzoM shows only minor
differences at room temperature (Supplemental Figure 3).
However, at 37°C, the NSC of the trans-AzoM-induced
current is significantly different to the NSC of the basal
currents in the absence of any activators (Supplemental
Figure 3) corroborating the finding that trans-AzoM has an
inhibitory effect on TRPMS. Altogether, trans- and cis-
AzoM elicit distinct NSC curves that are different from the
icilin- or (—)-menthol-induced NSC curves suggesting that
all three TRPMS8 channel activators cause distinct active
channel states. In addition, the NSC analysis allowed for
determination of a distinct trans-AzoM induced inactive
channel state.
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Figure 3. Activation, inactivation and deactivation kinetics of TRPM8
currents. Whole-cell measurements of TRPM8 overexpressing HEK293
cells in the presence of 50 yM AzoM. (A) Normalized current time
courses at +100 mV determined by application of a fast up-ramp
protocol with a frequency of 50 Hz measured at 23 °C and 37°C
displayed as median + SD. lllumination with 440 and 365 nm is
indicated. (B, C) Summaries of the half-time constants for activation
(B, Th activation) @Nnd inactivation (C, Ty geactivation) at 23 °C (black) and at
37°C (red). Asterisks indicate significance compared to 23 °C
(*P<0.05, Mann-Whitney U test). (D) Normalized current time
courses at + 100 mV determined by application of a fast up-ramp
protocol with a frequency of 50 Hz measured at 23 °C and 37°C with
constant illumination with 365 nm. (E) Summaries of the half-time
constants for fast (t,;) and slow inactivation (t,,) at 23 °C (black) and
at 37°C (red). Asterisks indicate significance compared to 23°C
(*P<0.05, Mann-Whitney U test). (B, C, E) Numbers over boxplots
indicate number of measured cells. Data are displayed as boxplots and
interquartile ranges. (A, D) lllumination protocol using light of the
wavelengths A =365 nm or L=440 nm is depicted above the traces.
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Activation, Deactivation and Inactivation Kinetics of TRPM8
Currents

To find out whether AzoM is suitable to precisely determine
the activation and deactivation kinetics of TRPMS8 currents
without disturbing wash-in and wash-out effects that usually
occur when using perfusion systems, we analyzed the
TRPMS outward currents at +100 mV during photoswitch-
ing at 23°C and at 37°C (Figure 3A). As expected, the
activation and deactivation kinetics were significantly in-
creased at 37°C compared to 23°C (Figure 3B and 3 C). 1y
for the deactivation (13=73.2+154ms at 23°C and ty=
522+11.8ms at 37°C) are more than 11-fold higher than
for the activation (t3=6.6+1.6ms at 23°C and t;=3.6+
2.0 ms at 37°C). In addition, the inactivation kinetics were
estimated by analyzing the time courses of the normalized
outward currents during constant illumination with UV light
of 365 nm (Figure 3D). The inactivation kinetics is biphasic
comprising a fast followed by a slow inactivation phase
(ty=75+74s and 14,=193.4+£56.1s at 23°C; 1, =13+
1.1 s and 145, =90.9+29.2 s at 37°C) (Figure 3E).

Endogenously Expressed TRPM8 Channels can be Controlled by
Light

To avoid animal experimentation, we tested different cell
lines for endogenous TRPMS expression. We found that the
human prostate cancer cell line PC-3PY functionally ex-
presses TRPMS8 channels that can be controlled by photo-
switching (Figure 4). Whole-cell measurements with PC-3
cells in the presence of AzoM show that repeated photo-
switching from blue light to UV light results in transient CD
increases and decreases that can be blocked by the potent
and selective TRPMS blocker M8B. These findings suggest
that AzoM is also suitable for light-induced activation of
endogenously expressed TRPMS channels.

Effects of AzoM on Potential AzoM Binding Mutants

Next, we aimed at shedding light upon the binding site of
AzoM and investigating whether AzoM is useful for a
comprehensive characterization of potential AzoM binding
mutants.

3D structures in complex with (—)-menthol are still
missing. Nevertheless, the binding sites for the cooling
agents icilin,”! WS-12,” C3P% and AITCP? were shown to
be located in the voltage sensing like domain (VSLD) cavity
of TRPMS8 which is formed by the amino acids (numbers
refer to human TRPMS8; TM: transmembrane domain;
TRPd: TRP domain; i12: intracellular linker between TM4
and TMS5): Y745™! R842™* H845™¢ Y1005™" and
R1008™", The menthol-derivative WS-12 particularly binds
to Y745™! R842™* Y1005™" and R1008™, and icilin to
Y745™! R842™¢ H845™¢ and Y1005™". The cooling
agent C3 also binds to Y745™! R842™* and H845™". The
binding site of AITC differs from the icilin, WS-12 and C3
binding site and includes the amino acids M801™, W798™
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Figure 4. Endogenously expressed TRPM8 channels can be controlled
by light. Whole-cell measurements of prostate cancer cells PC-3 that
endogenously express TRPM8 channels in the presence of 50 yM
AzoM measured at 23 °C. (A, B) Representative measurement with CD
time course at 100 mV (A) and corresponding CD voltage (CDV)
relations in the presence of trans- and cis-AzoM (B) obtained by
illumination using light of the wavelengths A=365 nm or A=440 nm.
(C) Summaries of maximal CD (‘Curr. dens.’) at potentials of 100 mV
in the presence of trans-(blue dots) or cis-AzoM (violet dots) induced
by photoswitching in the presence or absence of the selective TRPM8
blocker M8B (100 nM). Black asterisks indicate significances compared
to trans- or cis-AzoM in the absence of M8B (**P < 0.01; *P < 0.05;
Mann-Whitney U test).

and Q861" Altogether, the binding sites for cooling agents
surround the C-terminal part of TM4 and are located near
the VSLD, the TRP domain and the pore domain.’>*!
Furthermore, mutagenesis approaches, summarized by Pla-
za-Cayon and colleagues,™ suggested that (—)-menthol
might interact with Y745™! 1 Q785™2 30 R842™4 37 and
Y1005™P 5% However, Yin and colleagues found that
Q785™2 interacts with a calcium ion in the same cavity®
and therefore does not directly participate in agonist bind-
ing. Besides Q785™%, the amino acids E782™2, N799™" and
D802™" also contribute to binding of calcium ions.”? This
calcium-binding site is located in the same cavity as the
binding site for the cooling agents.

Based on these previous findings, we assumed that
AzoM binds at a similar site as other cooling agents”®>" in
the VSLD cavity. To identify the potential binding site of
trans- and cis-AzoM, we performed a molecular docking
approach based on an open state model of TRPMS8™ using
trans- and cis-AzoM compared to (—)-menthol, icilin, WS-12
and C3. The following amino acids emerged as potential
binding sites for trans- and cis-AzoM and were exchanged
by performing site-directed mutagenesis as indicated:
N741A™!' Y745H™! L778A™2, D781A™2, E782A™"
Q785A™2 N799A™3 D802A™", G805A™", F839A™,
R842A™ 1.843A™* 1846V™* and Y1005F™" (Figure SA
and 5B).

All TRPMS8 mutants were analyzed performing whole-
cell measurements in the presence of 50 uyM AzoM at room
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temperature to additionally monitor the effect of the amino
acid exchanges on the cold-induced TRPMS8 currents.
Furthermore, the activation and deactivation kinetics were
determined (Figure 5 and Supplemental Figure 4). Hereby,
we proceed from the assumption that reduced cis-AzoM-
induced CD amplitudes point to a participation in AzoM
binding. In addition, we also assumed that slower activation
and/or faster deactivation kinetics indicate a role in AzoM
binding. The mutants N741A™' and L778A™2 which
occurred in the AzoM dockings, exhibited a complete
impairment of channel function without any measurable
current increases (Figure 5C and 5D). When calculating the
NSC (Supplemental Figure 5), no differences between the
NSC curves in the presence of cis- or trans-AzoM occurred,
suggesting no channel activity. Consequently, no activation
or deactivation kinetics could be determined.

While the trans-AzoM-induced CD of the mutant
Y745H™! was similar to the wildtype CD, the cis-AzoM-
induced CD was significantly reduced, pointing to a crucial
role of Y745™! for AzoM binding which is corroborated by
an about four-fold slower activation kinetics (Figure SE).
The mutant D781A™? also showed an impaired channel
function with largely reduced CD, but with slight cis-AzoM-
induced CD increases suggesting that the mutant D781A™?
is still functional (Figure SC and 5D). The deactivation
kinetics were significantly faster compared to the wildtype
channel (Figure 5F) pointing to a participation of D781™ in
AzoM binding. The mutants E782A™2 Q785A™",
N799A™" and D802A™ which are involved in Ca*" binding
in the binding pocket, showed cis-AzoM-induced CD
increases (Figure 5C and 5D). However, the mutants
E782A™2 Q785A™2 and D802A™" exhibited overall
reduced CD amplitudes, while the mutant N799A™" showed
similar CD amplitudes as the wildtype channel. The mutants
E782A™2 and D802A™® showed faster deactivation (Fig-
ure SF) and Q785A™" slower activation kinetics (Fig-
ure 5E). The mutant N799A™® showed even faster activa-
tion and deactivation kinetics (Figure SE and 5F) suggesting
that this amino acid is more likely to transduce agonist
binding into channel gating, which is referred to as gating
transduction, rather than contributing to agonist binding.
Altogether, the calcium binding mutants that were previ-
ously suggested to stabilize the icilin binding,*” define the
3D structure of the AzoM binding site thereby indirectly
influencing the AzoM binding.

The mutant G805SA™" also showed cis-AzoM-induced
CD increases with overall reduced CD amplitudes (Fig-
ure 5C and 5D) and exhibited a significantly faster deactiva-
tion kinetics (Figure S5F) pointing to a direct contribution to
AzoM binding. Calculating the NSC of the potential AzoM
binding mutants, we found that all mutants except
R842A™" exhibit different gating behavior compared to the
wildtype channel (Supplemental Figures6 and 7). The
mutants F839A™* and R842A™* were both functional
showing cis-AzoM induced CD increases with overall
reduced CD amplitudes (Figure 5C and 5D). However, in
case of F839A™* the deactivation kinetics were slower
(Figure 5F) opposing a direct participation in AzoM binding
but rather implying a role for gating transduction.
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Figure 5. Effect of AzoM on potential AzoM binding mutants. (A, B) Synopsis of results from molecular docking approach with amino acids that
are potentially involved in trans- and cis-AzoM binding. (C—F) Whole-cell measurements of HEK293T cells that overexpress TRPMS or indicated
TRPM8 mutants in the presence of 50 pM AzoM at 23 °C. (C) Summary of maximal CD (‘Curr. dens.’) at potentials of =100 mV induced by trans-

AzoM (left boxplot) or cis-AzoM (right boxplot). Black asterisks indicate significant differences compared to the wildtype (***P <0.001,

**P<0.01;

*P < 0.05; Mann-Whitney U test), colored asterisks indicate significances between trans- and cis-AzoM (**P < 0.01, ***P < 0.001; *P < 0.05,
Wilcoxon matched-pairs signed-rank test). (D) Summary of normalized CD calculated as differences between cis- and trans-AzoM-induced CD.
Asterisks indicate significant differences compared to wildtype (***P <0.001, **P < 0.01; *P <0.05; Mann-Whitney U test). (E, F) Summaries of
the half-time constants for activation (T ,civaion) @nd for deactivation (T geactivation) at 23 °C. Asterisks indicate significance compared to wildtype
(***P<0.001, **P<0.01; *P<0.05; Mann-Whitney U test). (C—F) Numbers over boxplots indicate numbers of measured cells. Data are displayed
as boxplots and interquartile ranges. A fast up-ramp protocol with a frequency of 50 Hz was applied.

In contrast, in case of R842A™ neither activation nor
deactivation kinetics were changed (Figure SE and 5F). The
NSC curve progression of R842A™* was similar to that of
wildtype TRPMS8 (Supplemental Figure 7), suggesting that
the amino acid exchange from arginine to alanine at position
842 reduces membrane expression, rather than influencing
the channel gating. Because of the unchanged activation and
deactivation kinetics, we assume no direct participation in
AzoM binding. The mutant L843A™* showed largely
increased inward CD amplitudes in the presence of trans-
AzoM and decreased cis-AzoM induced outward CD (Fig-
ure 5C). Since L843A™" exhibited slower activation as well
as faster deactivation kinetics (Figure 5E and 5F), this amino
acid might directly participate in AzoM binding. The mutant
1846V™* exhibited CD increases that were significantly
smaller than the wildtype CD (Figure 5C and 5D) and a
significantly faster deactivation kinetics (Figure 5F) suggest-
ing that 1842™* might directly contribute to AzoM binding.
Furthermore, the mutant Y1005F™ exhibited overall
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reduced CD amplitudes with only slight CD increases
induced by cis-AzoM (Figure 5C and 5D) with slower
activation and deactivation kinetics (Figure SE and 5F)
indicating that this amino acid is involved in gating trans-
duction rather than in agonist binding.

To summarize, analysis of the current kinetics in
combination with analysis of the CD amplitudes and the
NSC are pointing to a participation of the amino acids
Y745™! D781™2 G805™, L843™* and 1846™* in AzoM
binding. An overview of the suggested AzoM binding site is
displayed in Supplemental Figure 8 (Videos). Altogether,
AzoM allows for an extended biophysical analysis of
TRPMS currents encompassing not only the CD amplitudes
but also the activation and deactivation current kinetics.
Consulting the current kinetics was even possible when CD
amplitudes or rather the membrane expression of the
binding mutants were reduced. The determination of both
parameters in combination with the NSC provides additional
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insights into the function of amino acids and their role for
gating transduction or agonist binding.

Influence of PIP, on the Kinetics of TRPM8 Currents

To assess the role of PIP, for current kinetics, we manipu-
lated the intracellular PIP, levels by co-transfection of either
an active phosphatidylinositol-4-phosphate 5-kinase (PIPS-
K*"°) that increases PIP, levels or an inactive phosphatidy-
linositol-4-phosphate  5-kinase (PIPSK™"¢) that leaves
endogenous PIP, levels unchanged. To diminish high cold-
induced currents, the measurements were conducted at
37°C. Photoswitching of AzoM causes significant CD
increases at basal and increased PIP, levels (Figure 6A). In
the absence of AzoM, no current increases were monitored
(Figure 6A and 6B). Trans-AzoM and cis-AzoM-induced
CD are significantly increased in the presence of PIPSK**
suggesting that the PIPSK™" is effective and enhances
TRPMS current amplitudes. When comparing the activation
and inactivation kinetics of TRPMS8 currents at basal and
increased PIP, levels (Figure 6B and 6C), we found that
higher PIP, levels tend to cause faster activation kinetics
which are not significantly different. However, the deactiva-
tion kinetics are significantly slower in the presence of
PIP5K™'" suggesting that increased PIP, levels do not only
influence the current amplitudes but also the current
kinetics.

Next, we analyzed the role of the potential PIP, binding
mutants for TRPMS8 channel gating. The binding site for
PIP, was previously postulated to be situated within the
TRP domain, a crucial structural feature of TRP channels.
This binding site is comprised of the positively charged
amino acids K995™" R998™P and R1008™™ ) However,
recent advances in cryo-EM indicate that the PIP, binding
site is in close proximity to the interfacial cavity of TRPM8
located between TM4, the TRP domain, and the pre-S1
domain. Notably, this site includes the previously postulated
amino acid R998™8" 2331 However, the amino acids R851"?
and N852™ which are located in the linker region between
TM4 and TMS also participate in PIP, binding.

We started with the potential PIP, binding mutants
K995A™P RYO9ISA TR and R1008SAT™P which are located in
the TRP domain and that were previously identified by
mutational studies.’” However, in contrast to Rohacs and
colleagues™ we replaced the positively charged amino acids
with alanine. In addition, the amino acids R851™ and N852i2
were also exchanged with alanine. In the presence of
PIPSK*"™, the cis- and trans-AzoM-induced CD of the
mutants R851A™, N852A", R99ISA™P and R1008ATRF
were very small when measured at 37°C (Figure 6D). In
contrast, the mutant K995A™P shows significantly increased
cis- and trans-AzoM-induced CD at 37°C pointing to a
sensitization mutant. However, when performing whole-cell
measurements of TRPMS8 expressing HEK293T cells at
room temperature and analyzing the cold-induced currents
in the absence of AzoM, we found that all mutants are
functional showing TRPMS currents (Supplemental Fig-
ure 9). Analyzing the activation and deactivation kinetics of

Angew. Chem. Int. Ed. 2024, 202416549 (8 of 12)

Research Article

Angewandte

intemationaldition’y) Chemie

the mutants R851A™ and N852A™ in the presence of
PIP5K**™ at 37°C (Figure 6E and 6F), we found that both
mutants show significantly slower activation and significantly
faster deactivation kinetics, suggesting that the impaired
PIP, binding influences the current kinetics. Unfortunately,
the AzoM-induced currents of the mutants R998A™ and
R1008A™" were too small to reliably analyze the current
kinetics. Interestingly, the mutant K995A™" exhibits un-
changed activation but significantly slower deactivation
kinetics (Figure 6E and 6F), indicating that this mutant,
although not directly involved in PIP, binding according to
cryo-EM analysis,*”>* enhances PIP, binding thereby dimin-
ishing the deactivation kinetics. Altogether, K995A™"
emerged as a novel sensitization mutant that is more active
when PIP, levels are increased, suggesting that this amino
acid can foster PIP, binding by interacting with the adjacent
amino acids R851™ and N852" thereby stabilizing PIP,
binding and improving sensitivity to AzoM. The localization
of the analyzed amino acids is depicted in Figure 6G.

Discussion

In this study we demonstrate that the menthol-derivative
AzoM serves as a high-precision pharmacological tool for
optical control of TRPMS channel activity in the heterolo-
gous expression system as well as in the endogenous
expression system using prostate cancer cells PC-3P" (Fig-
ure 2 and 4). cis-AzoM causes reliable and repeatable CD
increases with an ECy, value of 4.4+5.8 uM (Figure 2G) at
37°C. However, trans-AzoM was also effective showing a
concentration dependent inhibitory effect on cold-induced
TRPMS currents at room temperature (Figure 2I) with an
ICs, of around 100 uM. These findings suggest that both
AzoM isomers bind directly in the binding pocket of the
channel, suggesting that the TRPMS channel activation and
deactivation kinetics are dependent on photoisomerization
and independent of the diffusion of the compound into the
binding pocket, since cells were pre-incubated with AzoM in
our experimental setup.

The advantage of photoswitchable channel modulators
lies within their capacity for precise temporal control of
channel function and for localized, non-invasive modulation
through the application of light of different wavelengths.
This might be particularly interesting for the treatment of
distinct areas of the body thereby avoiding systemic adverse
drug reactions. Since TRPMS channels turned out to be
novel drug targets for the treatment of several diseases such
as pain, migraine,” cold allodynia,® cancer,”) dry eye
disease,!""! irritable bowel syndrome, oropharyngeal dyspha-
gia, chronic cough, hypertension'**! as well as obesity and
type 2 diabetes,'?! high-precision pharmaceuticals with
reduced adverse drug reactions might be beneficial in the
future.

AzoM was not only useful for precise control of TRPMS8
channel activity, but also for determination of the TRPMS8
activation, deactivation and inactivation kinetics (Figures 3,
5 and 6). This was not possible before because of wash-in
and wash-out effects that usually occur, when channel
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Figure 6. Influence of PIP, on the kinetics of TRPM8 currents. (A) Summary of maximal CD (‘Curr. dens.’) at +100 mV in the presence or absence
of trans-(blue) or cis-AzoM (violet) of HEK293T cells that overexpress TRPM8 and an inactive (PIP5K™*) or active PIP5 K (PIP5K**) to enhance
intracellular PIP, levels. Black asterisks indicate significant differences compared to cells that express inactive PIP5 K (*P < 0.05; Mann-Whitney U
test), blue asterisks indicate significances between trans- and cis-AzoM (***P < 0.001; Wilcoxon matched-pairs signed-rank test). (B) Representative
time course of the normalized TRPM8 current induced by photoswitching in the presence of active and inactive PIP5 K and in the absence of
AzoM. (C) Summary of the half-time constants for activation (Ty ,civation) (Violet bars) and for deactivation (Ty geactivation) (Dlue bars) at 23 °C. Black
asterisks indicate significance between cells that express active or inactive PIP5 K (*P < 0.05; Mann-Whitney U test). Violet asterisks indicate
significant difference between T ,civation @3Nd Th deactivation- (¥¥*P < 0.001; *P < 0.05; Wilcoxon matched-pairs signed-rank test). (D) Summary of
maximal CD (‘Curr. dens.’) at +100 mV induced by trans-(blue) or cis-AzoM (violet) of HEK293T cells that overexpress TRPM8 or indicated TRPM8
mutants together with PIP5SK**“. Black asterisks indicate significant differences compared to wildtype (***P<0.001; Mann-Whitney U test), blue
asterisks indicate significances between trans- and cis-AzoM (*P < 0.05; **P < 0.01; ***P < 0.001; Wilcoxon matched-pairs signed-rank test). (E)
Representative time courses of the normalized currents of TRPM8 (black traces) and TRPM8 mutants (colored traces) induced by photoswitching
in the presence of PIP5SK**. (F) Summary of the half-time constants for activation (Ty ,cvation) (Violet bars) and for deactivation (Ty geactivation) (PlU€
bars) at 23 °C. Black asterisks indicate significance between cells that express PIP5K*™® (*P < 0.05; Mann-Whitney U test). Violet asterisks indicate
significant difference between T ,ctivation @3Nd Th deactivation- (¥*P < 0.01; ***P < 0.001; Wilcoxon matched-pairs signed-rank test). (A, C, D, F) Data are
displayed as boxplots and interquartile ranges. A fast up-ramp protocol with a frequency of 50 Hz was applied. (G) 3D structure of TRPM8 based
on PDB ID 8E4N with indicated amino acids and position of PIP,.
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activators are applied via the bath solution. Compared to
the kinetics of OptoDArG-induced TRPC6 currents at
23°C?l TRPMS exhibited similar activation kinetics and
8.7-times slower deactivation kinetics, 40-times faster fast
inactivation kinetics, and 14-times slower slow inactivation
kinetics. AzoM-induced TRPMS currents had deactivation
kinetics more than 11-times slower than activation at both
23°C and 37°C. For TRPC6, deactivation was 1.4- to 2.5-
times slower than activation with OptoDArG or OptoBI-1,
respectively.?” Both TRPMS8 and TRPC6 exhibited biphasic
inactivation, with TRPMS's fast inactivation being 18.8- to
25-times slower and its slow inactivation 2.6- to 14.8-times
slower than TRPC6.* These findings highlight photo-
pharmacology’s precision in distinguishing specific channel
properties like current kinetics.

The use of AzoM enabled the measurement of temper-
ature-induced increases in the activation, inactivation and
deactivation kinetics (Figure 3) thereby demonstrating that
AzoM is applicable for a valid and reliable determination of
TRPMS current kinetics based on the analysis of whole-cell
currents.

Furthermore, when analyzing potential AzoM binding
mutants, we found that using AzoM (Figure 5) does not only
allow for determination of the maximal trans- and cis-
AzoM-induced current densities which already provides
information about the role of particular amino acids for
AzoM-induced channel activation, but AzoM additionally
provided detailed information about the activation and
deactivation kinetics. Under the assumption that impaired
AzoM binding manifests as either slower activation or faster
deactivation kinetics or even both, we analyzed the potential
AzoM binding mutants, accordingly. The following amino
acids showed the respective changes in current kinetics and
are thus presumably directly involved in AzoM binding:
Y745™! D781™2 G805™3, 1.843™* and 1846™“. The amino
acid Y745™! is well known as binding site for cooling agents
such as icilin, C3, AITC and WS-12 and even menthol which
was demonstrated in mutational studies.’***! Our results
suggest that the amino acid D781™? that emerged from
AzoM and WS-12 docking is also involved in AzoM binding.
The amino acid G805™ was previously described as
potential icilin but not as menthol binding mutant?® and
appeared in both icilin and AzoM dockings suggesting an
overlap between the icilin and the AzoM binding site. Also,
L.843™" and 1846™" that emerged from previous menthol
dockings®™ as well as from current cis- and trans-AzoM
dockings (Figure 5A and 5B), are likely to be directly
involved in AzoM binding.

We initially used the open state model of Ficedula
albicollis TRPMS that exhibits an improved binding pocket
structure for menthol.*® This model was previously used to
calculate conformational changes of TRPV1 channels.[*!
Nevertheless, we performed additional molecular docking
approaches with AzoM using the 3D structures of human!*!!
and mouse TRPMS8™! in the closed (ligand-free) state. In
line with our earlier results, the amino acids Y745, D781 and
1846 were found to be possibly involved in AzoM binding
(Supplemental Figure 10). However, G805 and 1843 did not
occur in these dockings. Nevertheless, in principle the
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overlay of the three 3D structures in the presence of trans-
or cis-AzoM suggests a similar binding site (Supplemental
Figure 10B). By performing patch-clamp measurements and
taking into account the current kinetics as well as the NSC,
we obtained evidence that the five amino acids mentioned
above might participate in AzoM binding. Molecular
docking results should not be overrated since they depend
on the quality of the available 3D structures and should be
regarded as a first hint. Furthermore, ligand binding in the
binding pocket leads to conformational changes that are not
considered by conventional docking approaches. However,
to verify our results, future cryo-EM analysis in the presence
of AzoM is required.

When comparing our results to the predicted (—)-
menthol binding site,” we can assume, that the isopropyl
group of (—)-menthol adopts the same position in the
binding pocket as that of AzoM. Therefore, van der Waals
interactions between the “legs” of the isopropyl moiety with
L843 and I838 are likely as demonstrated by Xu et al
2020.%%) Van der Waals interactions are also achievable for
Y745. However, the described hydrogen bond between
R842 and the hydroxyl group of (—)-menthol is unlikely
because AzoM lacks the hydroxyl group of (—)-menthol and
instead possesses an amid moiety which is coupled to the
azo-benzene moiety. Altogether, the AzoM binding site is
located in the same cavity that serves for binding of other
cooling agents such as icilin and menthol (Supplemental
Figure 11; Video).

Our findings suggest that other amino acids might rather
play a role for gating transduction than for agonist binding
such as N799™3 F839™* and Y1005™". Furthermore, the
amino acids E782™2, Q785™2, N799™3 and D802™® that
are involved in Ca?* binding in the agonist binding pocket!™
caused changes of the current kinetics although not directly
involved in AzoM binding suggesting that these amino acids
might define the 3D structure of the AzoM binding site thus
indirectly influencing AzoM binding.

Furthermore, we found that the maximal cis-AzoM-,
icilin- and (—)-menthol-induced CD voltage relations at 23
and 37°C show distinct NSC curve progressions™*! suggesting
different channel gating behaviors. These findings corrobo-
rate the idea that these cooling agents which have distinct
binding properties in the VSDL domain of TRPMS can
cause distinct active channel states (Figure 2J). The NSC
analysis was also useful to analyze the trans-AzoM-induced
TRPMS currents inhibition (Supplemental Figure 3) at 23
and 37°C. We observed significant differences of the NSC
curve progression mainly at outward currents that were
most pronounced at 37 °C indicating that trans-AzoM causes
a distinct inactive channel state with different gating
behavior. In addition, NSC was helpful in analyzing binding
mutants, revealing that reduced CD amplitudes, combined
with unchanged current kinetics and NSC curve progres-
sions, indicate normal channel gating but reduced mem-
brane expression.

We observed, that increasing PIP, levels by coexpressing
PIP5K*"* compared to endogenous PIP, levels cause
increased TRPMS8 CD (Figure 6A) which is corroborated by
faster activation and slower deactivation kinetics (Fig-
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ure 6C). Interestingly, we found that K995A™* is a
sensitization mutant which is in contrast to Rohacs and
colleagues,™ that described K995 as PIP, binding site and to
Yin and colleagues,®>* who showed that K995 is not
involved in PIP, binding. The amino acid R851™ was
described as PIP, binding site,”? while N852'* was only
proposed as PIP, binding site.’¥) We found that after amino
acid exchanges to alanine the mutants R851A™ and N852A™
exhibit significantly reduced CD, slower activation and
faster deactivation kinetics, which underlines the central
role of these amino acids for PIP, binding. R851"™ and
N852™? are located in the linker region between TM4 and
TMS5 and the amino acid K995™"¢ which is located in the
TRP domain laying directly behind R851 where it presum-
ably influences PIP, binding. Since K995A™*¢ exhibits a
sensitization phenotype with increased AzoM-induced CD
and slower deactivation kinetics in the presence of high PIP,
levels, this amino acid exchange presumably stabilizes and
enhances the PIP, binding by allowing R851 and the
adjacent amino acid N852 to slightly move (Figure 6G).
Altogether, we identified a sensitizing mutant that increases
PIP, binding which allows deeper insight into the binding
and gating transduction of TRPMS channels.

Conclusions

In conclusion, AzoM is a highly effective tool for advanced
biophysical analysis of TRPMS8 channels, offering precise
spatio-temporal control over TRPMS activity. It provides
substantial advantages for the in-depth characterization of
TRPMS currents, particularly in its ability to detail current
kinetics, which surpasses traditional measurements of cur-
rent density and G/G,,. This, in turn, allows for a deeper
understanding of the channel’s gating behavior. Through
photopharmacology, we demonstrate that photoswitchable
channel activators not only offer precise regulation of
channel function but also facilitate the identification of the
specific roles individual amino acids play in gating and
ligand binding.

Supporting Information

Supporting Information to experimental details, supplemen-
tal Figures and supporting videos related to Supplemental
Figures 8 and 11 can be found in the Supporting Information
section.
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We developed azo-menthol (AzoM), the
first photoswitchable activator of the
TRPMS8 channel. AzoM enables precise
and reversible optical control of TRPMS,
facilitating detailed analysis of current
kinetics. This allows for deeper insights
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into the specific roles of individual
amino acids in channel gating, AzoM
binding, and phosphoinositol-4,5-bi-

sphosphate (PIP,) binding and sensitiza-

tion.
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