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1. Abstract 

Monoterpenes are major constituents of plant-derived essential oils and have long been widely 

used for therapeutic and cosmetic applications. The monoterpenes menthol and camphor are 

agonists or antagonists for several TRP channels such as TRPM8, TRPV1, TRPV3 and TRPA1. 

However, which regions within TRPV1 and TRPV3 confer sensitivity to monoterpenes or 

other synthesized chemicals such as 2-APB are unclear.  In this study I identified conserved 

arginine and glycine residues in the linker between S4 and S5 that are related to the action of 

these chemicals and validated these findings in molecular dynamics simulations. The 

involvement of these amino acids differed between TRPV3 and TRPV1 for chemical-induced 

and heat-evoked activation. These findings provide the basis for characterization of 

physiological function such as thermal sensation, nociception and disease. In addition, the 

structural basis for promiscuous action of monoterpenes on TRPV3 and TRPV1 in this study 

will provide the better understanding about biophysical properties of ion channels to target for 

drug design.  
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2. Introduction 

Organisms use sensors such as transient receptor potential (TRP) ion channels to adapt to 

environmental changes. Members of the TRP ion channel family play important roles as 

polymodal sensors to detect and respond to changes in temperature, pH, voltage, osmolarity, 

and exogenous molecules involved in taste, smell, and pheromone responses1.  Channels in this 

family include TRP vanilloid 1 (TRPV1), TRP vanilloid 3 (TRPV3) and TRP melastatin 8 

(TRPM8) that are all crucial for sensing temperature and natural compounds2,3.  TRPV1 is 

physiologically important for thermal and chemical nociception in sensory neurons and is 

activated by capsaicin, toxins, pH, and temperature in the noxious range (>42 °C).  The third 

member of the TRPV subfamily, TRPV3, is also a heat sensor.  TRPV3 is expressed in various 

tissues and organs, but the most intensive expression is in skin epithelial cells.  TRPV3 is 

believed to be responsible for sensation of warm temperature ranging from 35-39 °C4, but has 

also been reported to be initially activated by noxious heat (>50 °C) and sensitized to activation 

in response to warm temperature5.  Chemical agonists of TRPV3 include spice extracts that 

contain monoterpenes such as menthol, camphor and carvacrol, synthetic agents (including 2-

aminoethoxy diphenylborate, 2-APB) and unsaturated fatty acids6.  Whereas many TRPV 

subfamily members act as heat sensors, the TRPM8 channel is known to be involved in 

sensations induced by cool temperatures (<22 °C) and menthol3,7.  TRMP8 is highly expressed 

in sensory neurons of trigeminal and dorsal root ganglia as well as in the prostate epithelium8. 

PIP2 regulates TRM8 activity and PIP2 depletion can desensitize the channel.  

      The six TRP subfamilies (TRPC, TRPV, TRPM, TRPA, TRPP, and TRPML) all have a 

tetrameric assembly consisting of putative six transmembrane secondary structures (S1-S6) 

with intracellular N and C termini.  Each subunit has a re-entrant loop with a pore loop (P) 

comprising 1-2 small pore helices (H1/H2) that is located between S5 and S6 (S5-P-S6).  The 

S1-S4 and S5-P-S6 are connected by the S4-S5 linker.  The structures of several TRP channels 
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were recently extensively clarified by cryo-EM single-particle analysis9-12.  The combination 

of cryo-EM microscopy with nanodisc technology allowed the efficient determination of the 

location of annular and regulatory lipids10,13,14,15.  Lipids in cellular membranes are important 

regulators that can functionally modulate many TRP channels by direct or specific interactions, 

especially in the case of phosphatidylinositides (PIP2) and cholesterol.  Gao et al. reported in 

2016 that a binding pocket in the S4-S5 linker region for vanilloid ligands is shared with that 

for PIP2.  Tightly bound PIP2 works as a co-factor that stabilizes TRPV1 in its resting state by 

serving as a competitive vanilloid antagonist and a negative allosteric modulator9,10.  In a recent 

study, Singh et al. observed two non-protein densities, presumably representing lipids, in each 

subunit of the TRPV3 tetramer.  The pockets for lipids are located in the intracellular half of 

S1-S4 domains and C-terminus of the TRP domain, which are analogous to the pocket for 

putative lipids in other TRPV channels11.  Lipid location and function were also clarified in 

recent studies of the TRPM8 structure13,14.  Yin et al. reported in 2019 that for TRPM8 PIP2 can 

effectively control conformational transitions associated with gating and enhance the potency 

of agonist binding12,13. 

     Menthol, a natural non-reactive cooling compound that has three asymmetric carbon atoms 

and a molecular formula of C10H20O, is widely used in oral hygiene products, cosmetics, 

pesticides and pharmaceuticals, and is also used as a flavoring agent in foods.  The major 

form of menthol found in nature is (−)-menthol (l-menthol), which is frequently studied since 

it has better cooling properties than other isomers16,17.  Menthol is a well-known TRPM8 

activator, and is required for cool thermosensation in vivo3,7.  Menthol can also activate TRPV3 

and has bimodal effects on mouse TRPA118,19.  Moreover, several amino acids were shown to 

be involved in the binding site of menthol in mouse TRPM8 (Y745 in S1, R842 in S4 and 

Y1005 in TRP domain)20,21 and human TRPA1 (S873 and T874 in S5)22.  Furthermore, it was 

previously reported that menthol inhibits capsaicin-activated human TRPV1 activity23, 
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indicating that it shows promiscuous actions toward several TRP channels.  However, no 

consensus has been reached regarding menthol binding sites, especially for TRPV3.  

    Other structurally-related monoterpenes such as camphor, carvacrol and 1,8-cineol can 

also regulate several TRP channels in different ways.  For example, camphor activates 

mammalian TRPV1 and TRPV3, but inhibits rat TRPA120. Interestingly, some studies 

indicated that these natural compounds can insert into biological membranes where they can 

cause significant alterations in numerous physico-chemical characteristics of lipid 

bilayers24-27.  A central question arises about whether the effects of these small and 

hydrophobic compounds are mediated directly, via direct interaction with ion channels 

integrated in the membrane, and/or indirectly through alterations in the physico-chemical 

characteristics of lipid membranes that have indirect effects on channel function.  

    I have characterized the pharmacological effects of menthol and other structurally- related 

monoterpenes on several TRP channels including TRPV1, TRPV3 and TRPM8.  I show for 

the first time an agonistic effect of menthol on TRPV1.  I also identified two amino acids in 

the S4-S5 linker that are involved in the agonistic effect of menthol on TRPV1 (R557K and 

G563S) and TRPV3 (R567K and G573S). 
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3. Materials and Methods 

Construction of mutant mouse TRPV1, TRPV3 or TRPM8  

TRPV3 or TRPM8 point mutants were constructed using a PrimeSTAR mutagenesis Basal kit 

according to the manufacturer’s recommendations (Takara Bio Inc., Shiga, Japan).  TRPV1 

point mutants were constructed using PrimeSTAR GXL DNA polymerase (Takara Bio Inc., 

Shiga, Japan).  Point mutations were introduced by PCR using mouse TRPV1–pcDNA3, 

TRPV3–pcDNA3, and TRPM8–pcDNA5/FRT as templates with oligonucleotide primers 

(Table 1) containing the intended mutations.  The amplified PCR products consisting of 

PcDNA3 vectors containing rat TRPV1 or mouse TRPV3 and pcDNA5/FRT vectors 

containing mouse TRPM8 that were transformed into Escherichia coli and then purified using 

standard procedures. The entire TRPV1, TRPV3, and TRPM8 coding sequences were 

determined to confirm that only the intended mutations were introduced. 

 

Cell culture 

Human embryonic kidney-derived 293T (HEK 293T) cells were maintained at 37 °C and 5% 

CO2 in Dulbecco's modified Eagle's Medium (WAKO Pure Chemical Industries, Osaka, Japan) 

containing 10% fetal bovine serum (Biowest SAS, Nuaillé, France), 100 units ml−1 penicillin 

(Invitrogen Corp.), 100 µg ml−1 streptomycin (Invitrogen Corp.), and 2 mm GlutaMAX 

(Invitrogen Corp.).  For patch-clamp recordings, 1 µg mouse TRPM8 in pcDNA5/FRT, mouse 

TRPV1 or mouse TRPV3 in pcDNA3 vector and 0.1 µg pGreen Lantern 1 cDNA were 

transfected to HEK293T cells cultured in 35 mm dishes using Lipofectamine Plus Reagent 

(Invitrogen Corp.).  After incubating for 3-4 h, the cells were reseeded on coverslips and further 

incubated at 33 °C for mouse TRPV3 or 37 °C for mouse TRPV1 or mouse TRPM8 in 5% 

CO2. Patch-clamp recordings were performed 1 day after transfection. 
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Chemicals 

l-menthol, capsaicin, and 2-aminoethoxydiphenyl borate were purchased from Sigma-Aldrich 

(St. Louis, MO, USE) and camphor was purchased from WAKO chemicals (Tokyo, Japan).  2-

APB was dissolved in DMSO for stock solutions (1 M) and camphor or l-menthol was 

dissolved in ethanol as a stock solution (3 M) and diluted to the final concentration using bath 

solution.  

 

Electrophysiology 

For whole-cell experiments, the experimental solutions were: bath solution: 140 mM NaCl, 

5 mM KCl, 2 mM MgCl2, 5mM EGTA, 10 mM HEPES and 10 mM glucose at pH 7.4 

adjusted with NaOH; pipette solution: 140 mM CsCl, 5 mM EGTA; and 10 mM HEPES at 

pH 7.4 adjusted with CsOH. Data from whole-cell voltage-clamp recordings were acquired at 

10 kHz throughout the experiments and filtered at 5 kHz for analysis (Axon 200B amplifier 

with pCLAMP software, Axon Instruments, Foster City, CA, USA).  The membrane potential 

was clamped at −60 mV. Pipette resistance and series resistance were compensated.  

     All experiments were performed at 25 °C unless otherwise stated.  Heat stimulation was 

induced by increasing the bath temperature using a pre-heated solution warmed in an inline 

heater (1 °C s−1, with a maximum of 55 °C).  The temperature was monitored using a 

thermocouple (TC-344; Warner Instruments, Hamden, CT, USA) placed within 100 µm of the 

patch-clamped cell.  The heat stimulation was stopped upon confirming that TRPV3 currents 

were desensitized or inactivated.  Temperature profiles and Arrhenius plots for the data from 

whole-cell voltage-clamp recordings were calculated using Origin 8.5 software (OriginLab, 

Northampton, MA, USA).  The absolute current values were plotted on a log scale against the 

reciprocal of the absolute temperature (T) (Arrhenius plot), and the temperature threshold for 

channel activation was determined by the temperature that caused a change in the slope.  For 
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current density analysis of TRPV3 channels, the peak currents induced by heat or chemical 

stimulation were measured and presented as pA pF−1. 

 

Molecular dynamics simulation 

To confirm stable binding of monoterpenes, molecular dynamics (MD) simulations of TRPV3 

was performed with a l-menthol molecule or a camphor molecule.  The PDB structure (ID: 

6DVW) was employed for the initial structure of TRPV311.  Because the N-terminal (residues 

1-114) and C-terminal (residues 759-791) residues are missing in the PDB structure, the N-

terminus (residue 115) and C-terminus (residue 758) were blocked by the acetyl group and the 

N-methyl group, respectively.  Docking conformations of the l-menthol and camphor 

molecules with TRPV3 were obtained by using the docking program AutoDock28 .  The N- and 

C-terminal residues (up to residue 391 and after residue 720) were removed in the MD 

simulations. MD simulations for a R567F mutant of TRPV3 with l-menthol or camphor was 

also performed.  The initial conformation of the R567F mutant was prepared by replacing the 

arginine residue (R567) with a phenylalanine residue.  

    The electrostatic charges of the atoms of l-menthol and camphor molecules were determined 

by the restrained electrostatic potential (RESP) fits29.  Quantum chemical calculations were 

performed using the Gaussian16 program30.  Structure optimization and electrostatic potential 

calculations were carried out using the Hartree-Fock level with a 6-31G(d) basis set.  As for 

parameters other than the atomic electrostatic charges, general Amber force field parameters31 

were employed for these molecules.  

    The MD simulations were performed using the Generalized-Ensemble Molecular 

Biophysics (GEMB) program developed by Dr. Hisashi Okumura (Exploratory Research 

Center on Life and Living Systems, Okazaki, Japan).  This program has been used for several 

proteins and peptides32,33.  The AMBER parm14SB force field34 was used for TRPV3.  The 
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cubic unit cell with a side length of 200 Å with the periodic boundary conditions was used. 

The electrostatic potential was calculated by the particle-mesh Ewald method35.  The cut-off 

distance for the Lennard-Jones potential was 12 Å.  The Nosé-Hoover thermostat36,37 was used 

to control the temperature at 310 K.  The multiple-time-step method38 was used.  The time step 

was taken to be ∆t=0.5 fs for the bonding interactions and ∆t=2.0 fs for the non-bonding 

interactions.  To maintain the atomic structure of the TRPV3 in a vacuum, N, Cα, and C atoms 

of the residues that form α-helix structures were restrained with a harmonic potential, as in 

ref.39.  Each MD simulation was performed for 100 ns. 

 

Statistical analysis 

Data in all figures are shown as means ± standard error of the mean (S.E.M.).  Statistical 

analysis was performed by Student's t test or analysis of variance (1-way ANOVA) with 

Bonferroni correction using Origin 8.5 software.  Probability values (P) of <0.05 were 

considered statistically significant.  EC50 was determined using Origin 8.5 software. 

 

 

  



 11 

4. Results 

Confirmation of mutations that specifically affect menthol responses in TRPM8 

I made histidine substitutions at Y745 in the S1 transmembrane segment and R842 in the S4 

transmembrane segment of mouse TRPM8 (mTRPM8; Figs. 1 and 2A); these amino acids are 

putative binding sites for menthol on TRPM821,40.  I then used a whole-cell patch-clamp 

method to test the agonistic effects of menthol (Fig. 2B) on these mutants expressed in 

transiently transfected HEK293T cells.  Consistent with previous reports, menthol (500 µM)-

evoked currents for mTRPM8 Y745H and R842H mutants were much smaller than those of 

wild type (WT) mTRPM8 (Fig. 2C, D), while their cold sensitivity was preserved. 

 

Involvement of S4–S5 region residues R567 and G573 in agonist responses by mTRPV3 

I hypothesized that amino acids associated with the effects of menthol on TRPV3 and TRPM8 

would be similar and found three candidate residues, tyrosine (Y) in S1 and arginine (R) and 

glycine (G) in the S4-S5 linker (Figs. 1 and 3A).  I first found that Y448 in mTRPV3 is not 

involved in menthol-evoked mTRPV3 activation (Fig. 3B), which is a little bit inconsistent 

with the report that TRPV3 channel activity is potentiated by PIP2 hydrolysis41, while PIP2 

regulates TRPM8 activity through binding to S1, probably along with menthol13.  Camphor 

and 2-APB sensitivities were not changed for mTRPV3-Y448H (Fig. 3C, D).  However, unlike 

WT mTRPV3, menthol did not activate mTRPV3-G573S, whereas heat-evoked activation was 

still observed (Fig. 4A, B), indicating that G573 is involved in menthol-evoked activation of 

mTRPV3.  This mutant also lost sensitivity to camphor and 2-APB, but was activated by heat 

(Fig. 4C-H), which is consistent with a previous report42.  

Next, I examined the possible involvement of R567 in menthol-evoked activation of TRPV3.  

Menthol-activated currents were very small in mTRPV3-R567K, whereas those evoked by 

camphor were similar between WT and mTRPV3-R567K (Fig. 5A-C), which is in contrast to 
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the phenotype seen for mTRPV3-G573S.  The results were the same when the application 

sequence was changed (Fig. 6A, B).  The 2-APB sensitivity was also similar between WT and 

mTRPV3-R567K (Fig. 6C, D).  These data indicated that G573 and R567 are differently 

involved in the chemical responses of mTRPV3 wherein G573 is involved in responses to 

menthol, camphor, and 2-APB, while R567 is involved in menthol action, but not in camphor 

and 2-APB sensitivity. 

 

Involvement of S4/S4–S5 region residues R557 and G563 in the agonistic effect of menthol 

on TRPV1 

Naturally-occurring TRP ligands show some degree of promiscuity as shown above.  Notably, 

menthol is not only a TRPM8 agonist, but can also activate mammalian TRPV319,40 and 

TRPA118, suggesting that the mechanism associated with the response to menthol is conserved 

across several TRP channels.  Indeed, it was previously reported that hTRPV1 currents 

activated by capsaicin were dose-dependently inhibited by menthol with IC50 values of 

1.2 ± 0.2 mM23, whereas mTRPM8 activation by menthol has EC50 values that range from 4 to 

80 µM3,4.  Therefore, I first attempted to examine the agonistic effect of high concentrations of 

menthol on TRPV1 since both the tyrosine in S1 and arginine and glycine in the S4/S4-S5 

linker of rTRPV1 are conserved (Fig. 7A).  I did not examine Y441 since capsaicin sensitivity 

was altered in rTRPV1-Y441H (Fig. 7B) and rTRPV1-Y441H lost heat sensitivity (data not 

shown). The importance of this aromatic cluster is underscored by previous studies 

demonstrating that replacement of Y441 by small non-aromatic residues resulted in non-

functional channels43,44. 

On the other hand, I unexpectedly observed rTRPV1 activation by 3 mM menthol (Fig 7C), 

although I could not determine EC50 values of menthol-evoked activation for rTRPV1 since 

solutions having high concentrations of menthol could not be prepared.  As expected, rTRPV1-
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G563S and rTRPV1-R557K lost menthol-evoked activation, although capsaicin (1µM) 

sensitivity was not affected (Fig 7C-E, Fig. 8).  I next examined the effects of camphor and 2-

APB since their effects on mTRPV3 differed between G573 and R567 (Figs. 3 and 5). 

Interestingly, neither camphor nor 2-APB could activate rTRPV1-G563S or rTRPV1-R557K 

(Fig. 9). 

 

Importance of positive charge at R567 for activation of mTRPV3 by camphor  

The above data indicated that the involvement of glycine and arginine in monoterpene-evoked 

activation differs between mTRPV3 and rTRPV1.  Due to the structural similarity of menthol 

and camphor as monoterpenes, we explored whether the charge at R567 is important for the 

action of camphor by comparing the response of WT, R567K, R567H, R567A, and R567F to 

camphor treatment.  I first confirmed that R567F was not sensitive to menthol (Fig. 10). 

Moreover, since the response to 2-APB was not affected for the R567 mutants, I compared the 

ratio of camphor-activated currents to 2-APB-activated currents. Camphor-evoked mTRPV3 

activation was markedly reduced for R567A and R567F compared with WT, R567K and 

R567H (Fig. 10).  These data confirm the importance of R567, and particularly the positive 

charge of R, for activation of mTRPV3.  I thus conclude that both arginine and glycine are 

involved in monoterpene-evoked activation of mTRPV3 and rTRPV1. 

 

Importance of the S4-S5 linker region for heat-evoked activation of TRPV1, but not 

TRPV3 

Notably, temperature sensitivity is a hallmark of TRPV1 and TRPV3 channel function4,45,46. 

Mutagenesis or deletion studies indicated several regions that are important for heat-induced 

activation of heat-activated TRP channels.  The heat-sensitive regions of TRPV channels are 

located at the N-terminal ankyrin repeat domains in TRPA147, a membrane-proximal N-
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terminal segment in TRPV1, TRPV2, and TRPV35,48, the C terminus of TRPV149-51, and the 

pore domain of TRPV1 and TRPV352-55.  Residues that could be involved in temperature 

sensing may be scattered throughout the receptors rather than forming a defined temperature-

sensing domain56.  I thus considered whether glycine and arginine, which are involved in 

monoterpene-evoked activation, are also involved in heat-evoked activation.  I first examined 

temperature-evoked activation of mTRPV3-G573S and mTRPV3-R567K in HEK293T cells 

by increasing the temperature of the bath solution from 25 °C to 50 - 53 °C.  Similar to WT 

mTRPV3, large inward currents were observed for both mTRPV3-G573S and mTRPV3-

R567K and no change in temperature threshold was observed (Fig. 11A-C).  On the other hand, 

rTRPV1-G563S and rTRPV1-R557K did not exhibit heat-evoked activation (Fig. 11D, E), and 

capsaicin-sensitivity was also not affected (Figs. 7E and 8). These data indicated that glycine 

and arginine in S4-S5 of mTRPV3 and rTRPV1 have a different involvement in heat-evoked 

activation and that G563 and R557 are involved in heat-evoked activation of rTRPV1, as was 

previously reported44. 

 

Stable binding of menthol and camphor to mouse TRPV3 

Typical snapshots obtained from the MD simulations are shown in Fig. 12A-12D. The oxygen 

atom of menthol and camphor forms hydrogen bonds with amino groups (-NH2) of R567, as 

shown in Fig. 12A and 12B.  Because of these hydrogen bonds, menthol and camphor bind 

stably to R567 in mouse TRPV3.  On the other hand, in the R567F mutant, such hydrogen bond 

is not formed because phenylalanine does not have an amino group.  Thus, menthol and 

camphor are not fixed in the R567F mutant and sometimes away from F567.  To observe these 

phenomena more clearly, the time series of the distances between menthol/camphor and 

R567/F567 were calculated, as shown in Fig. 12E and 12F.  Here, this distance was calculated 

as the shortest distance between the heavy atoms (except hydrogen) of menthol/camphor and 
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those of R567/F567.  This distance fluctuated a little around 3 Å in the wild type TRPV3, 

whereas it fluctuated in the wider range from 3 to 9 Å in the R567F mutant.  These results 

show that both menthol and camphor bind to R567 firmly by the hydrogen bond in the wild 

type, but they are not fixed and fluctuate in the R567F mutant. 
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5. Discussion 

To date, little is known about how different monoterpene compounds are sensed by TRPV3 

and the sites at which they act are also unclear. Investigation of the actions of monoterpene 

agonists on TRPV3 will provide clues to clarify the structural basis of activation, which could 

lead to increased understanding of the role of TRPV3 in physiological function and in disease. 

I can also exploit the promiscuous actions of monoterpenes toward several TRP channels as an 

important research tool to characterize the physiological function and biophysical properties of 

ion channels. Several monoterpene compounds such as menthol and camphor, and the synthetic 

small, hydrophobic compound 2-APB all activate TRPV1 and TRPV3, even though these two 

channels share only about 39% amino acid sequence identity20,57,58. In the present work, I 

identified the putative shared amino acids that are involved in menthol, camphor, and 2-APB-

evoked activation in TRPV3 and TRPV1 and these residues were further confirmed in MD 

simulations. These results showed that the conserved glycine and arginine residues in the S4-

S5 linker of TRPV3 (G573, R567) and TRPV1 (G563, R557) are required for menthol- and 

camphor-evoked activation. 

As previously reported, several amino acids function as binding sites for menthol in mouse 

TRPM8 (Y745 (S1), R842 (S4), and Y1005 (TRP domain))21,40. Among these, Y745 and R842 

are conserved in TRPV1 and TRPV3. Y745, R842, and Y1005 are proximal in the TRPM8 

structure, but do not lie close to one another in the TRPV1 and TRPV3 structures (Fig. 1). PIP2, 

a positive modulator of the TRPM8 channel, but not of TRPV1, can bind to the pocket formed 

by the pre-S1 elbow, S1 of one subunit and S5 in the neighboring subunit13. On the other hand, 

Karashima et al. showed that menthol has a bimodal action on mTRPA1 via a mechanism that 

involves S876 and T877 in S4-S5 linker/S5 region3. These results suggest that the binding 

pocket and mechanistic action of menthol toward TRPM8 would be distinguishable from that 

for other TRP channels, and that the S4-S5 linker/S5 region is critical for the action of menthol 
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in TRPV1, TRPV3 and TRPA1, but not TRPM8. 

In this study I revealed for the first time the activation of rat TRPV1 by menthol, which had 

characteristics similar to that seen for camphor-mediated activation of rat TRPV1. Xu et al. 

showed that camphor has strong desensitizing activity rat TRPV1, and suggested that the 

combination of desensitization of rat TRPV1 and inhibition of rat TRPA1 could provide a new 

explanation for the pain-relieving properties of menthol20. These actions could be parallel to 

the analgesic property of menthol, since high concentrations of menthol inhibit both 

mammalian TRPA1 and TRPV119,23. 

In my study I found some differences in menthol, camphor, and 2-APB binding sites 

between TRPV1 and TRPV3. The single point mutations G563S and R557K in rat TRPV1 

eliminated sensitivity to menthol, camphor, and 2-APB (Figs. 7 and 9), whereas the G573S and 

R567K mutations exhibited different responses from those seen for mouse TRPV3. G573S lost 

sensitivity to all three compounds, and the sensitivity of R567K to menthol was affected, but 

that for 2-APB was not. The structural reconstructions by Zubcevic et al. did not enable 

unambiguous identification of 2-APB in human TRPV3, but they did observe that one of the 

distinct non-protein densities is located in the S4-S5 interface pocket when 2-APB is present, 

suggesting that 2-APB binds this pocket59, which is consistent with my results. Although the 

structures of camphor and menthol are similar, the positive charge at R567 was necessary for 

activation of mouse TRPV3 by camphor (Fig. 10). These results could be explained in part by 

the smaller size of camphor relative to menthol that requires the positive charge to promote an 

effective fit in the binding pocket formed by G573 and R567.  

     Remarkably, the G573S mutation of human TRPV3 corresponding to mouse TRPV3-

G573S in my study is associated with Olmsted syndrome, which is characterized by bilateral 

mutilating palmoplantar keratoderma and periodic keratotic plaques accompanied by severe 

itching60,61.  This mutation in mouse TRPV3 was reported to show large basal currents in the 
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absence of agonists and no responses to 2-APB and camphor in either HEK293 cells or 

Xenopus oocytes42,62. Meanwhile, in this study basal currents before stimulation were not larger 

than those seen for WT-expressing HEK293T cells.  I also did not see 2-APB and camphor 

sensitivity for this mutant (Fig. 4) or differences in heat-sensitivity between mouse TRPV3-

WT and G573S (Fig. 11). The reason for the apparent difference in the basal channel activities 

seen in this study relative to those seen in previous studies is unclear. However, the cryo-EM-

based structure indicates that G573 in the S4−S5 linker lies at the junction with the lower part 

of S4, S5, the TRP domain, and the lower part of S659. This structural feature raises the 

possibility that mouse TRPV3-G573 is involved in channel gating in concert with W692, which 

is in the vicinity of G573 and is reported to cause large basal currents42,62. However, the 

mechanisms responsible for this high basal activity remain unknown.  

The mutants G563S and R557K affected the heat sensitivity of rat TRPV1, while G573S 

and R567K exhibited similar heat-evoked responses in WT mouse TPRV3, indicating that the 

involvement of these two corresponding residues in heat sensitivity differs between mouse 

TRPV3 and rat TRPV1 (Fig. 11). Results in the TRPV3 mutants seem to align with the recent 

cryo-EM structure of TRPV3 where it is shown that temperature-mediated opening of TRPV3 

is induced from the conformational changes in the extracellular part of the pore domain and 

then leads to the channel opening59. No clear evidence for the mechanisms of heat-evoked 

activation of TRP channels is available, although multiple studies involving mutant analyses 

or cryo-EM studies showed that several regions are involved in the heat-sensitivity of TRPV1 

and TRPV349-52,63,64. My results indicate that the activation mechanisms of heat and chemical 

stimulation of TRPV3 differ, but could have somehow converged in the sensitivity of TRPV1 

to some chemicals such as monoterpenes, suggesting that mechanisms for heat sensitivity of 

TRPV3 and TRPV1 are different. These results could clarify the mechanisms of heat-evoked 

activation of thermosensitive TRP channels. 
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Results of the MD simulation data indicated tight binding of menthol and camphor to the 

pocket formed by arginine and glycine in the S4-S5 linker of mouse TRPV3 (Fig. 12). However, 

whether these compounds directly induce activation upon binding to channels is unclear. 

Menthol and camphor, as mentioned earlier, are small and hydrophobic (Log p-value of 3.4 

and 2.7425,65, respectively). Several previous studies showed that the physico-chemical 

characteristics of lipid bilayer membranes such as membrane fluidity and thickness can be 

modified by menthol and other related monoterpenes24,25,27,66. Interestingly, beyond the 

positive effects of PIP2 in menthol-evoked activation of TRPM8, previous studies also reported 

the location of putative lipids in several regions including the S4-S5 linker in TRPV1, TRPV3, 

and TRPV610,11,59. For example, the pocket at the S4-S5 interface that binds to an activating 

lipid in TRPV6 (the density observed in this pocket may represent the natural lipid agonist in 

TRPV6 binding sites), and the exchange between phosphoinositides and activator/inhibitor in 

this vanilloid-binding pocket could allosterically regulate TRPV1. Indeed, 2-APB is proposed 

to induce TRPV3 activation and inhibit TRPV6 by modulating interactions with bound 

lipids11,67. Thus, I suggest that monoterpenes could modulate the activity of several TRP 

channels including TRPM8, TRPV1, and TRPV3 by manipulating interactions with bound 

lipids, particularly since monoterpenes can act on several channels and the binding pocket 

locations overlapped with those for lipids. Activation or inhibition of TRP channel activity by 

monoterpenes and the intensity with which these agents act could depend on the regulatory 

roles of lipids for TRP channel gating and on what kinds of lipid, such as PIP2 and cholesterol, 

bind to the channels. However, I cannot rule out that both changes in the physico-chemical 

properties of the lipid bilayer and direct binding of hydrophobic compounds to ion channels 

explain the actions of menthol and other monoterpenes on the functional properties of TRP 

channels and other ion channels.  
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8. Figure Legends 

Figure 1. Ribbon diagrams of mouse TRPM8, mouse TRPV3, and rat TRPV1 

structures. 

(A) Three amino acids (tyrosine, Y; glycine, G; arginine, R) are shown in each ribbon model. 

(B) Alignment of S4-S5 linker sequences for mouse TRPM8, mouse TRPV1, rat TRPV1, and 

mouse TRPV3. Conserved arginine and glycine residues are shown by arrows.	

 

Figure 2. Involvement of mouse TRPM8 residues Y745 (S1) and R842 (S4) in the agonistic 

effect of menthol. 

(A) Location of amino acids involved in menthol binding by mouse TRPM8 (mTRPM8).  

(B) Structure of l-menthol.  

(C) Representative current traces for HEK293T cells expressing wild type (WT), mTRPM8-

Y745H, or mTRPM8-R842H. Insets indicate current-voltage curves obtained at different time 

points (1, 2, 3) shown in each trace. Holding potentials were -60mV with ramp-pulses (-100 ~ 

+100mV, 300ms) applied every 3 sec.  

(D) Comparison of current densities at ±60 mV in HEK293T cells expressing WT, Y745H, or 

R842H mTRPM8 (Current density for WT: 749.4 ± 64.8 pA/pF at +60mV and 449.4 ± 28.6 at 

-60mV, R842H: 345.5 ± 45.2 pA/pF at +60mV and 42.5 ± 7.6 pA/pF at -60mV, Y745H: 166.4 

± 22.3 pA/pF at +60mV and 10.3 ± 3.0 pA/pF at -60mV). Data represent means ± S.E.M. (n = 

5-6). Statistical analysis was performed by two samples t-test, *P <0.05, **P <0.01 and ***P 

<0.001. 

 

Figure 3. Comparison of current densities for HEK293T cells expressing mouse TRPV3 

WT or Y448H activated by menthol, camphor, or 2-APB. 

(A) Location of Y448 (S1), R567, and G573S (S4-S5 linker) in mouse TRPV3 (mTRPV3).  
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(B – D) Comparison of current densities following treatment of HEK293T cells expressing WT 

or mTRPV3-Y448H with (B) menthol (3 mM) (WT: 80.1 ± 3.2 pA/pF at +60mV and 24.1 ± 

4.7 at -60mV, Y448H: 90.7 ± 15.2 pA/pF at +60mV and 35.2 ± 9.0 pA/F at -60mV), (C) 

camphor (10 mM) (WT: 711.3 ± 104.6 pA/pF at +60mV and 599.7 ± 77.8 pA/pF at -60mV 

and Y448H: 649.7 ± 92.6 pA/pF at +60mV and 580.9 ± 77.3 pA/pF at -60mV), or (D) 2-APB 

(300 µM) (WT: 441.4 ± 61.1 pA/pF at +60mV and 270.8 ± 41.9 pA/pF at -60mV and Y448H: 

501.1 ± 91.8 pA/pF at +60mV and 377.9 ± 64.6 pA/pF at -60mV) at ±60mV. Holding potentials 

were -60mV. Data represent means ± S.E.M. (n = 6-14). Statistical analysis was performed by 

two samples t-test, *P <0.05, **P <0.01 and ***P <0.001. 

 

Figure 4. Effect of TRPV3 G573S mutation on the agonistic action of menthol, camphor, 

and 2-APB. 

(A) Representative current traces for HEK293T cells expressing WT or mTRPV3-G573S in 

response to menthol (3 mM) followed by heat stimulation.  

(B) Comparison of menthol-activated current densities in HEK293T cells expressing WT or 

mTRPV3-G573S at ±60 mV (WT: 86.4 ± 12.7 pA/pF at +60 and 26.2 ± 4.3 pA/pF at -60mV, 

G573S: 14.0 ± 1.9 pA/pF at +60mV and 6.9 ±1.5 pA/pF at -60mV).  

(C) Structure of camphor.  

(D) Representative current traces for WT or mTRPV3-G573S in response to camphor (10 mM) 

followed by heat stimulation.  

(E) Comparison of camphor-activated current densities in HEK293T cells expressing WT or 

mTRPV3-G573S at ±60 mV (WT: 466.0 ± 43.5 pA/pF at +60mV and 410.8 ± 29.6 pA/pF at -

60mV, G573S: 18.6 ± 6.7 pA/pF at +60mV and 9.6 ± 3.9 pA/pF).  

(F) Structure of 2-APB.  

(G) Representative current traces for WT or mTRPV3-G573S in response to 2-APB (300 µM) 
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followed by heat stimulation.  

(H) Comparison of 2-APB-activated current densities in HEK293T cells expressing WT or 

mTRPV3-G573S at ±60 mV (WT: 310.9 ± 59.7 pA/pF at +60mV and 187.7 ± 25.3 pA/pF at -

60mV, G573S: 10.7 ± 1.5 pA/pF at +60mV and 5.1 ± 1.0 pA/pF). Insets in (B), (E), and (H) 

indicate current-voltage curves obtained at the different time points (1, 2, 3) shown in each 

trace. Holding potentials were -60mV with ramp-pulses (-100 ~ +100mV, 300ms) applied 

every 3 sec. Data represent means ± S.E.M. (n = 4-25). Statistical analysis was performed by 

two samples t-test, *P <0.05, **P <0.01 and ***P <0.001. 

 

Figure 5. Agonistic effect of menthol, but not camphor, involves R567 in mouse TRPV3.  

(A) Representative current traces for HEK293T cells expressing wild type (WT) or R567K 

mutant stimulated with menthol (3 mM) followed by camphor (10 mM).  

(B) Comparison of the normalized current densities (Imenthol/Icamphor) at ±60 mV (WT: 0.16 ± 

0.03 at -60mV and 0.08 ± 0.02 at +60mV, R567K: 0.07 ± 0.02 at +60mV and 0.02 ± 0.01 at -

60mV).  

(C) Comparison of camphor-activated current densities for HEK293T cells expressing WT or 

mTRPV3-R567K at ±60 mV (WT: 736.5 ± 198.8 pA/pF at +60mV and 633.5 ± 153.6 pA/pF 

at -60mV, R567K: 634.9 ± 68.2 pA/pF at +60mV and 613.6 ± 35.7 pA/pF at -60mV). Holding 

potentials were -60mV with ramp-pulses (-100 ~ +100mV, 300ms) every 3 sec. Data represent 

means ± S.E.M. (n = 6-13). Statistical analysis was performed by two samples t-test, *P <0.05, 

**P <0.01 and ***P <0.001. 

 

Figure 6. Response of HEK293T cells expressing WT or R567K of mouse TRPV3 to 

menthol, camphor, or 2-APB.  

(A) Responses to camphor (10 mM, first) and menthol (3 mM, second) by HEK293T cells 
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expressing WT or mTRPV3-R567K. Holding potentials were -60mV with ramp-pulses (-100 

~ +100mV, 300ms) applied every 3 sec.  

(B) Comparison of normalized current densities (Imenthol/Icamphor) in HEK293T cells expressing 

WT or mTRPV3-R567K at ±60mV (WT: 0.31 ± 0.09 at +60mV and 0.2 ± 0.08 at -60mV, 

R567K: 0.06 ± 0.01 at +60mV and 0.02 ± 0.003 at +60mV). Data represent means ± S.E.M. (n 

= 7-9). Statistical analysis was performed by two samples t-test, * P <0.05, ** P <0.01 and *** 

P <0.001.  

(C) Dose-dependent curves of 2-APB-activated currents for WT (black) and mTRPV3-R567K 

(red) at +60 mV (left) and -60 mV (right) (EC50 values for WT 113.3 ± 75 µM and 134.4 ± 81 

µM at +60 and −60 mV, R567K: 99.4 ± 35 µM and 123.5 ± 33 µM at +60 and −60 mV). For 

WT, Hill co-efficient values are 2.7 and 2.8 at +60 and -60 mV, respectively, and for mTRPV3-

R567K are 2.5 and 2.3 at +60 and -60 mV, respectively. Curves were fit with the data (n = 4-

14). 

 

Figure 7. Effect of rat TRPV1 mutations Y441H, G563S and R557K on the agonistic 

action of capsaicin and menthol. 

(A) Location of residues Y441 (S1), R557 (bottom of S4), and G563 (S4-S5 linker) in rat 

TRPV1 (rTRPV1).  

(B) Comparison of densities of currents activated by capsaicin (1 µM) in HEK293T cells 

expressing WT or rTRPV1-Y441H at ±60mV (WT: 706.0 ± 137.0 pA/pF at +60mV and 549.3 

± 75.0 pA/pF at -60mV, Y441H: 125.7 ± 47.1 pA/pF at + 60mV and 26.6 ± 15.4 pA/pF at -

60mV). Data represent means ± S.E.M. (n = 5). 

(C) Representative current traces for HEK293T cells expressing WT, G563S, or R557K 

rTRPV1 in response to menthol (3 mM) followed by capsaicin (CAP, 1 µM) stimulation.  

(D) Comparison of normalized current densities (Imenthol/ICAP) for WT, rTRPV1-G563S, or 
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rTRPV1- R557K expressed by HEK293T cells at ±60mV (WT: 0.08 ± 0.01, G563S: 0.03 ± 

0.003, R557K: 0.01 ± 0.002 at +60 mV).  

(E) Comparison of CAP-activated currents densities for WT, rTRPV1-G563S, or rTRPV1- 

R557K expressed in HEK293T cells at ±60mV (WT: 547 ± 26.7 pA/pF at +60 mV and 442 ± 

29.2 pA/pF at -60 mV, G563S: 521 ± 3.7 pA/pF at +60 mV and 388.1 ± 26.4 pA/pF at -60 mV; 

R557K: 633.5 ± 3.31 pA/pF at +60 mV and 476.4 ± 33.8 pA/pF at -60 mV). Holding potentials 

were -60mV with ramp-pulses (-100 ~ +100mV, 300ms) applied every 3 sec. Data represent 

means ± S.E.M. (n = 10-22). Statistical analysis was performed using two samples t-test, 

*P <0.05, **P <0.01 and ***P <0.001. 

 

Figure 8. Dose-dependent values of capsaicin for activation of WT, G563S or R557K rat 

TRPV1 

Curves (n=4-22) were fit with data for +60 mV (A) and +60 mV (B) of WT (black), rTRPV1-

G563S (red) or rTRPV1-R557K (green) (EC50 values for WT: 140 ± 4 nM at +60 mV and 88 

± 30 nM at -60 mV, G563S: 180 ± 30 nM at +60 mV and 154 ± 10 nM at -60 mV, R557K: 156 

± 30 nM at +60 mV and 124 ± 30 nM at -60 mV).  For WT, the Hill co-efficient values are 2.4 

and 2.4 at +60 and -60 mV, respectively, for rTRPV1-G563S are 2.0 and 2.0 at +60 and -60 

mV, respectively, and for rTRPV1-R557K are 1.8 and 2.0 at +60 and -60 mV, respectively. 

Statistical analysis was performed by two samples t-test, *P <0.05, **P <0.01 and ***P <0.001. 

 

Figure 9. Effect of rat TRPV1 mutations G563S and R557K on agonistic action of 

camphor and 2-APB.  

(A) Representative current traces for HEK293T cells expressing WT, rTRPV1-G563S, or 

rTRPV1-R557K stimulated with camphor (10 mM) followed by CAP (1 µM).  

(B) Representative current traces for HEK293T cells expressing WT, rTRPV1-G563S, or 
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rTRPV1-R557K stimulated with 2-APB (300 µM) followed by CAP (1 µM).  

(C) Comparison of the normalized current densities (Icamphor/ICAP) for WT, rTRPV1-G563S, or 

rTRPV1-R557K expressed in HEK293T cells at ±60mV (Icamphor/ICAP for WT: 0.63 ± 0.07 at 

+60 mV and 0.28 ± 0.06 at -60 mV, G563S: 0.03 ± 0.01 at +60 mV and 0.02 ± 0.01 at -60 mV, 

R557K: 0.03 ± 0.01 at +60 mV and 0.02 ± 0.01 at -60 mV). 

(D) Comparison of normalized current densities (I2-APB/ICAP) in HEK293T cells expressing WT, 

rTRPV1-G563S, or rTRPV1-R557K at ±60mV (WT: 0.84 ± 0.06 at +60 mV and 0.91 ± 0.08 

at -60 mV, G563S: 0.03 ± 0.004 at +60 mV and 0.02 ± 0.004 at -60 mV, R557K: 0.02 ± 0.001 

at +60 mV and 0.02 ± 0.002 at -60mV). Holding potentials were -60mV with ramp-pulses (-

100 ~ +100mV, 300ms) applied every 3 sec. Data represent means ± S.E.M. (n = 8-15). 

Statistical analysis was performed using two samples t-test, *P <0.05, **P <0.01 and ***P 

<0.001. 

 

Figure 10. Responses of WT, R567H, R567K, or R567F mouse TRPV3 to 2-APB, 

camphor, or menthol and positive charge of R567 is essential for camphor-evoked 

activation of mouse TRPV3. 

(A) Representative traces of currents elicited in response to 2-APB (300 µM, first) and camphor 

(10 mM, second) in HEK293T cells expressing WT, mTRPV3-R567H, mTRPV3-R567K, 

mTRPV3-R567A or mTRPV3-R567F. Holding potentials were -60mV with ramp-pulses (-100 

~ +100mV, 300ms) applied every 3 sec. 

(B) Comparison of normalized current densities (Icamphor/I2-APB) in HEK293T cells expressing 

WT, mTRPV3-R567K, mTRPV3-R567H, mTRPV3-R567A, or mTRPV3-R567F at ±60mV 

(Icamphor/I2-APB of R567A: 0.21 ± 0.02 at +60 mV and 0.25 ± 0.03 at -60 mV, R567F: 0.13 ± 

0.01 at -60 mV and 0.18 ± 0.03 at -60 mV) compared with WT, R567K and R567H (WT: 1.93 

± 0.25 at +60 mV and 2.79 ± 0.48 at -60 mV, R567K: 1.81 ± 0.22 at +60 mV and 1.95 ± 0.34 
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at -60 mV, R567H: 1.77 ± 0.17 at +60 mV and 1.92 ± 0.28 at -60 mV). Holding potentials were 

-60mV with ramp-pulses (-100 ~ +100mV, 300ms) applied every 3 sec. Data represent means 

± S.E.M. (n = 9-16). Statistical analysis was performed by one-way ANOVA, *P <0.05 

(R567A vs. R567K, R567H at -60 mV), **P <0.01 (R567F vs. R567K, R567H at -60 mV) and 

***P <0.001 (R567A vs. WT, R567K, R567H at +60 mV; R567F vs. WT, R567K, R567H at 

+60 mV; R567A vs. WT at -60 mV; R567F vs. WT at -60 mV). 

(C) Representative traces of currents elicited in response to 2-APB (300 µM, first) and menthol 

(3 mM, second) in HEK293T cells expressing WT or mTRPV3-R567F. Holding potentials 

were -60mV with ramp-pulses (-100 ~ +100mV, 300ms) applied every 3 sec. 

 

Figure 11. Heat-evoked currents for WT and mutated mouse TRPV3 and rat TRPV1.  

(A) Representative current (upper) and temperature (lower) traces for HEK293T cells 

expressing WT, mTRPV3-G573S, or mTRPV3-R567K exposed to heat up to 53 ˚C.  

(B) Representative Arrhenius plots from currents activated by heat stimulation of HEK293T 

cells expressing WT, mTRPV3-G573S or mTRPV3-R567K at -60 mV. Gray dotted lines 

indicate linear fits of the plots before and after heat-evoked activation, and red dotted lines 

indicate temperature thresholds at the intersection of the gray dotted lines. 

(C) Comparison of heat-evoked current densities (left) and temperature thresholds (right) in 

HEK293T cells expressing WT, mTRPV3-G573S, or mTRPV3-R567K at -60mV (WT: 211.3 

± 38.1 pA/pF, G573S: 233.1 ± 63.9 pA/pF, R567K: 262.7 ± 54.4 pA/pF).  

(D) Representative current (upper) and temperature (lower) traces for HEK293T cells 

expressing WT, rTRPV1-G563S, or rTRPV1-R557K exposed to heat up to 45 ˚C (WT: 50.2 ± 

0.6 °C, G573S: 50.2 ± 1.5 °C, R567K: 51.3 ± 0.4 °C).  

(E) Comparison of heat-evoked current densities for HEK293T cells expressing WT, rTRPV1-

G563S, or rTRPV1-R557K at -60mV (WT: 40.8 ± 10.1 pA/pF, G563S: 6.5 ± 0.6 pA/pF, 
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R557K: 4.5 ± 0.6 pA/pF). Holding potentials were -60mV. Data represent means ± S.E.M. (n 

= 5-14). Statistical analysis was performed by one-way ANOVA, *P <0.05, **P <0.01 and 

***P <0.001. 

 

Figure 12. Molecular dynamics simulation confirming a stable bond between 

monoterpenes and R567. 

Typical snapshots of (A) menthol in WT TRPV3, (B) camphor in WT TRPV3, (C) menthol in 

mTRPV3-R567F, (D) camphor in mTRPV3-R567F. Pink highlight means the hydrogen bonds 

between monoterpenes and R567. Time series of distance between (E) menthol and R567/F567 

and (F) camphor and R567/F567. 
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