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Abstract: The vanilloid transient receptor potential channel TRPV3 is a putative molecular

thermosensor widely considered to be involved in cutaneous sensation, skin homeostasis, nociception,

and pruritus. Repeated stimulation of TRPV3 by high temperatures above 50◦C progressively increases

its responses and shifts the activation threshold to physiological temperatures. This use-dependence

does not occur in the related heat-sensitive TRPV1 channel in which responses decrease, and the

activation threshold is retained above 40◦C during activations. By combining structure-based

mutagenesis, electrophysiology, and molecular modeling, we showed that chimeric replacement of

the residues from the TRPV3 cytoplasmic inter-subunit interface (N251–E257) with the homologous

residues of TRPV1 resulted in channels that, similarly to TRPV1, exhibited a lowered thermal

threshold, were sensitized, and failed to close completely after intense stimulation. Crosslinking of

this interface by the engineered disulfide bridge between substituted cysteines F259C and V385C

(or, to a lesser extent, Y382C) locked the channel in an open state. On the other hand, mutation

of a single residue within this region (E736) resulted in heat resistant channels. We propose that

alterations in the cytoplasmic inter-subunit interface produce shifts in the channel gating equilibrium

and that this domain is critical for the use-dependence of the heat sensitivity of TRPV3.

Keywords:transient receptor potential; transient receptor potential vanilloid 1 (TRPV1); noxious heat;

ankyrin repeat; nociception

1. Introduction

Transient receptor potential vanilloid 3 (TRPV3) is an ion channel implicated in the regulation

of skin homeostasis, thermo-sensing, and nociception [1–5]. Its temperature sensitivity is strongly

use-dependent which means that the activation threshold and the steepness of temperature responses

progressively and irreversibly decrease as the channel is repeatedly activated [4,6–8]. This enables

TRPV3 to change from a transducer of extremely noxious heat (>50◦C) to a non-noxious mild warmth

sensing detector (<33◦C). Previous studies have identified several sites in temperature-sensitive

vanilloid TRP channels from which the thermal threshold and the steepness of temperature dependence

can be affected [9–17]. Two transferable mutually exclusive regions have been proposed, each as a bona

fide protein domain conferring the characteristic steep temperature dependence. The first is the pore

domain identified in TRPV1 that is capable of conferring specific heat sensitivity when transplanted

into the Shaker Kv channel [16]. The second region responsible for the strong temperature dependence
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of all temperature-sensitive vanilloid family homologues is the membrane proximal domain (MPD)
connecting the N-terminal ankyrin repeat domain (ARD) to the first transmembrane segment S1 [18].
An insertion of a single specific amino acid residue into the MPD linker region (V408–L422) results in
a less temperature stable conformation of TRPV3 [8]. While these previous studies have seemingly
narrowed down the discrete domains mediating temperature sensitivity, heat responses can also be
dramatically affected by as little as a single residue mutation in the N-terminal ARD remotely located
from the two aforementioned regions [17]. Clearly, there is still no definitive answer as to whether
thermally activated channels use a local, domain-based, mechanism for sensing the temperature,
or whether a global response, distributed over the channel structure, is underlying their strong thermal
sensitivity [19–22].

The crystal structure of the cytoplasmic N-terminal ARD of TRPV3 isolated from the rest of the
protein exhibits a stable conformation of a loop between ankyrin repeats 3 and 4, called finger 3 [23]
(Figure 1A–C). Whereas the finger 3 is a flexible region in a majority of vanilloid receptor ARD
structures, in TRPV3-ARD (Protein Data Bank Code, PDB ID, 4N5Q) it bends over the inner helices
of the ankyrin repeats 3 and 4 and is stabilized by hydrogen bonds and hydrophobic packing [23],
indicating its unique structural role in TRPV3. An increasing number of structures of the vanilloid TRP
channels show that the region around the finger 3 forms a key interface between the ARD and MPD of
the adjacent subunit (Figure 1C). The newest cryo-electron microscopic structures of the full length
TRPV3 captured in various states along the activation cycle reveal pronounced inter-subunit interfaces
formed by the 3-stranded β sheet and the C-terminal loop of one subunit and the ARD repeats 2–5,
including finger 3, of the adjacent subunit [24,25]. Since the interface-forming domains are critically
involved in temperature sensitivity of TRPV3 and its close relatives [10,17,18,26,27], we reasoned that
the unique properties of finger 3 might be important for setting the thermal threshold for TRPV3
activation. We were curious whether substitutions in finger 3 with the homologous residues of TRPV1
can change the thermal threshold of TRPV3 to resemble the one of TRPV1.

 

Figure 1. Schematic representation of the finger 3 loop region of transient receptor potential vanilloid
3-ankyrin repeat domain (TRPV3-ARD). (A) Sequence logo along thermally activated TRPV channels
(fish, frog, snake, chicken, mouse, rat, and human TRPV1-4) and amino acid alignment of human
TRPV3, rat TRPV2, and rat TRPV1 with elements of secondary structure indicated above. Positions
are numbered according to human TRPV3 (above) and rat TRPV1 (below). The residues of the tip of
the finger 3 are indicated in colors. (B) Residues within the finger 3 mutated in this study shown in
the context of ankyrin repeats 3 and 4 (AR3 and AR4) of the mouse TRPV3 structure (Protein Data
Bank Code 6DVW). (C) Topology diagram of TRPV3 N-terminal finger 3 (salmon) positioned in close
proximity of the loop from the ankyrin repeat domain-transmembrane domain (ARD-TM) linker region
(red) and the C-terminal loop domain (light blue) of an adjacent subunit. MPD, membrane proximal
domain. The sequence logo was generated via WebLogo3 server [28].
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2. Results

2.1. Heat Activation of Wild-Type Human TRPV3 Is Strongly Use-Dependent

Previous studies have shown that the initial activation ofmouse TRPV3, under certain experimental
conditions, requires temperatures above 50 ◦C and the activation threshold and the slope sensitivity of
the temperature dependence decrease upon repeated stimulation [8]. To confirm this characteristic
activation pattern for human TRPV3, we first measured heat responses in control bath solution using
three repetitive temperature ramps from 25 ◦C to either below or above 50 ◦C, applied at a maximum
speed of about 35 ◦C/s at 3 s intervals (Figure 2A–F). To assess the maximum activation capacity of the
channels, the cells were stimulated subsequently three times by heat in the presence of a combination
of the two TRPV3 activators, 2-APB and carvacrol (100 μM and 100 μM). In extracellular control bath
solution, repeated stimulation to ~48 ◦C produced only very small currents (154 ± 21 pA; n = 9) with
weak temperature dependence over the range of 45–48 ◦C (Q10, temperature coefficient of 2.8 ± 0.3)
(Figure 2A,C). In contrast, the agonists produced robust currents at room temperature (5.3 ± 0.3 nA at
25 ◦C; n = 9) that became saturated at ~40 ◦C (9.8 ± 1.7 nA) and after washout and cessation of the heat
stimulus decayed to the basal level. Subsequent reapplication of heat in control bath solution produced
again only small responses. When the maximum value of the initial temperature stimulus was raised
above ~50 ◦C, the activation pattern was quite different (Figure 2B,D). Untransfected HEK293T cells
did not exhibit any sensitivity to heat (>60 ◦C; Figure S1A) or the combination of agonists (Figure S1B).
The initial TRPV3-mediated heat responses reached peak amplitudes of 1.7 ± 0.6 nA (n = 25) and, upon
repeated exposure to heat, the threshold for activation decreased while the maximum amplitude of
currents increased (Figure 2E), indicating that high temperatures above 50 ◦C activated the channels
specifically and robustly. To describe the effects of temperature on membrane currents, we evaluated
the maximum apparent temperature coefficients Q10 and the thermal thresholds from the slope of
Arrhenius plot (absolute values of inward currents plotted on a logarithmic scale, y-axis, against the
reciprocal of the absolute temperature, x-axis), as described previously [27,29]. It should be noted
that the gating kinetics of TRPV3 is unknown and involves irreversibility [8]. The apparent Q10

and threshold values thus reflect complex effects of temperature on channel gating kinetics and the
applicability of such characteristics is discussed in detail by Liu and Qin [8,26]. By fitting the Arrhenius
plot of the current-temperature relationships, the initial heat-induced responses exhibited the median
Q10 value of 22.2 (first and third quartile of 17.1 and 33.9) over the temperature range from 51.7 ± 1.2 ◦C
to 53.9 ± 1.1 ◦C. The median Q10 value of the subsequent heat response was lowered significantly to
10.6 (first and third quartile of 7.2 and 12.6; n = 14; p = 0.004, paired t-test) without changes in the
temperature range for activation (from 52.5 ± 1.1 to 55.7 ± 1.2 ◦C). Over the low temperature range
(25.9 ± 0.4 to 34.4 ± 1.2 ◦C), the average Q10 of initial heat responses was 1.8 ± 0.1 and this value was
not different from Q10 of the second response (1.6 ± 0.1; p = 0.222).

From the current–temperature relationships of the initial heat responses it was apparent that
the estimated threshold for heat activation and the Q10 values varied substantially from cell to cell
(Figure 2F). We attributed this to unavoidable variations in the maximum speed of temperature
change because these values showed strong correlation across the cells (Figure S1C,D). Previously,
Qin’s group [8] demonstrated that the rate of transition between the closed and open states of
mouse TRPV3 is primarily driven by temperature and that the direct measurement of the activation
enthalpy requires a special heat stimulator enabling to exchange temperature at a very high speed
(55 ◦C/ms). Most likely, the slower rate of temperature change in our case (35 ± 1 ◦C/s; n = 22;
see Materials and Methods) allowed the activated channels, to a variable extent, to transit to the state
with a reduced energetics of gating. Despite this considerable variability, the currents that pooled
together from the individual cells and normalized to their respective maximum amplitudes were
clearly and statistically distinguishable from the heat-induced currents through rat TRPV1 (Figure S1E).
This normalization procedure (see Materials and Methods) consisted of pooling the data from all
the cells across the x-axis (temperatures 26–64 ◦C) and y-axis (0–1) and was used only for synoptic
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comparisons because a simple pooling of individual Arrhenius plots or normalizing the initial currents
at room temperature (as e.g., previously used for TRPV1 by Zhang et al. [16]) did not capture the
effects on all of the complex temperature-dependent and use-dependent channel behavior. Together,
these data corroborate previous findings [8] that TRPV3 is activated at high noxious temperatures, its
initial activation threshold exceeds 50 ◦C, and the channel is strongly use-dependent.

 
Figure 2. Activation of TRPV3 at temperatures above 50 ◦C. (A,B) Representative whole-cell currents
evoked by heat stimuli below (A) or above (B) 50 ◦C, applied at −70 mV in wild-type TRPV3,
in the absence or presence of mixed agonists (100 μM 2-APB + 100 μM carvacrol). (C,D) Expanded
traces of the first to fourth heat responses (the fourth recorded in the presence of agonists) are shown
below the recordings from A and B. (E) Comparison of the 1st and 3rd heat responses recorded in the
absence of agonists from the cell shown in B. Arrhenius plot in which the current (y-axis, log scale) was
plotted against the reciprocal of the absolute temperature (x-axis). The temperature coefficient, Q10,
was estimated by linear regression (dashed lines) from the slope of the Arrhenius plot in the temperature
ranges indicated by open circles. (F) Heat-induced currents measured from 25 cells expressing wild-type
TRPV3, normalized tomaximum responses. Pooled values of normalized heat-induced currents through
wild-type TRPV3 (open circles with bi-directional grey bars indicating S.E.M.; n = 25). Currents from
individual cells are overlaid for comparison (grey lines). In some cases, the error bars are smaller than
the symbol.
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2.2. Mutations in the Tip of Finger 3 Alter the Threshold and Steepness of TRPV3 Temperature Dependence

Using a chimeric approach, we replaced the residues within the tip of the finger 3 of human TRPV3,
either individually or in combinations, by cognate residues from rat TRPV1.We generated one septuplet
mutant TRPV3/V1(251–257) in which the sequence NPKYQHE was replaced with KKTKGRP and
two chimeric triplet mutants in which the residues over the regions 251–254 and 255–257 were replaced
by those of TRPV1 (see Figure 1A). We examined the temperature sensitivity of all the constructs
by comparing their initial heat responses. Example traces and the data from these experiments are
summarized in Figure 3A–K and Figure S2.

 
Figure 3. Mutations in the ARD finger 3 producing sensitized phenotypes. (A,B) Representative
whole-cell recordings of currents evoked by repetitive heat stimuli from indicated chimeric TRPV3/V1
channels recorded in the absence or presence of mixed agonists (100 μM 2-APB + 100 μM carvacrol).
Holding potential, −70 mV. (C–K) Heat responses fromHEK293T cells expressing the indicated mutants
of the finger 3, normalized to the maximum amplitude with average values overlaid (filled circles with
gray error bars indicating S.E.M.). The average current for wild-type TRPV3 is overlaid for comparison
as empty circles with grey bars indicatingmean± S.E.M. The number of cells is indicated in parentheses.

Consistently, heat responses through the septuplet mutant were initially sensitized and exhibited
tonic activity at room temperature (Figure 3A). The plot of the normalized current–temperature
relationships of the heat responses exhibited a steeper slope at temperatures around 40 ◦C and
a shallower slope at higher temperatures (Figure 3C and Figure S2A,B). Also, the TRPV3/V1(251–254)
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triple mutant exhibited a clearly sensitized phenotype (Figure 3B,D) so that the maximum amplitude
of the initial heat responses measured in control extracellular solution (10.1 ± 1.3 nA) were not
different from those recorded in the presence of the combination of agonists (11.2 ± 1.1 nA; p = 0.200,
paired t-test; n = 13). This was in apparent contrast with the maximum heat responses of wild-type
channels (Figure 2B) that increased from 1.9 ± 0.5 to 10.3 ± 0.9 nA in the presence of agonists (p ≤ 0.001,
paired t-test; n = 19). In contrast to wild-type channels, theQ10 values of the initial heat responses were
not significantly different from Q10s of the subsequent heat responses (median values of 14.5 and 15.5;
p = 0.804, paired t-test; n = 11). The currents through the triple mutant TRPV3/V1(255–257) were not
different from wild-type channels (Figure 3E). The individual substitutions of residues N251, P252,
K253, and Y254 further indicated that the strong impact of the septuplet mutation on the activation
threshold was primarily due to changes in the size or flexibility of proline at position 252 and, to a lesser
extent, lysine at position 253 (Figure 3F–K and Figure S2E). To compare the sensitization propensity
and the threshold for specific activation among all the mutants, we evaluated the maximum Q10 and
the temperature range over which the Arrhenius plot was nearly perfectly linear (correlation coefficient
r2 of 0.98–0.99) (see Material and Methods and Figure 4A,B). One-way ANOVA clearly confirmed
a highly significant (p < 0.001) decrease in maximum Q10 values and activation thresholds of currents
through the septuplet mutant and the chimeric triple mutant over the positions 251–254, but not of the
currents through the triple mutant over the positions 255–257 (Figure 4C–E). To further perturb the
finger 3 loop, we introduced pairs of cysteine residues at positions that are structurally predicted to
lie in close proximity. The aim was not only to disrupt the existing network of interactions shaping
the finger loop but also to examine whether these cysteines can form a disulfide bridge during heat
stimulation and thus affect the channel responsiveness. The double mutation P252C/E257C significantly
reduced the maximum steepness of the temperature dependence (Q10; p = 0.004; n = 5), whereas
K246C/E263C lowered the temperature range of the steepest slope (p = 0.04, n = 4; Figure S3). Currents
produced by single cysteine mutations P252C and E257C were not statistically different from wild-type
TRPV3, indicating that intra-subunit interactions within the finger 3 loop are only partly responsible
for the sensitized phenotype of TRPV3. Because the P252G and P252C mutants exhibited the wild-type
phenotype (Figure 3H and Figure S3C), the size and/or flexibility of the residue at this position seem
to be crucial for maintaining normal functioning of the channel. Together, these data point to the tip
of the finger 3 as a region with a great deal of influence over the TRPV3 temperature dependence
characteristics, including the threshold for activation and the steepness of heat responses.

2.3. Substituted Residues in Finger 3 Do not Directly Interact with the MPD

Superposition of the open state structures of TRPV3 (PDB ID: 6DVZ) and TRPV6 (6D7S) suggests
that the stretch of lysine residues introduced into the tip of the finger 3 in TRPV3 can potentially contact
theN412-D414 loop region of theMPDvia salt bridge interactions analogous to those seen betweenR154,
E250, and K301 in TRPV6 [30]. Because the MPD loop region strongly influences the use dependence
of TRPV3 [8], we next explored whether the sensitizing effects of mutations in finger 3 can result from
possible interactions with D414. Neutralization of D414 by alanine did not affect the heat-induced
responses (Figure S4A). This result is in consonance with the previous findings of Liu et al. [8], who did
not observe any functional changes when D414 was substituted with proline. Channels with combined
mutations P252K/D414A, N251K/D414A, and TRPV3/V1(251–254)/D414A phenocopied characteristics
of the parent templates (Figure S4B–E), arguing against the direct interactions between the tip of the
finger 3 and the MPD loop to be responsible for the sensitized phenotypes of the chimeric mutants.
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Figure 4. Statistical evaluation of maximum apparent Q10 and the estimated temperature thresholds
for all the mutants. (A,B) Arrhenius plot of heat responses obtained from two representative cells
expressing either wild-type (A) or mutant (B) channels. Temperature coefficient Q10 was determined
for the initial heat response of each cell over the temperature range at which the Arrhenius plot was
linear (dashed lines, r2 = 0.98–0.99). Temperature ranges used for the estimation of Q10 are indicated
(shadow area). (C) Summary of the maximum temperature coefficient Q10 values for all the measured
chimeras and mutants, compared with wild-type TRPV3 and rat TRPV1. The horizontal dotted line
indicates average maximum Q10 of wild-type TRPV3. (D) Average temperature ranges over which
Arrhenius plot of the heat-induced currents was linear and used for the estimation of the maximum
Q10. Horizontal grey area indicates the upper and lower limits of the temperature range for wild-type
channels. (E) The probabilities obtained from the t-tests that were performed in order to determine
if there was a significant difference between the Q10 (white vertical bars) and the lower temperature
limit for the maximum Q10 estimation (grey vertical bars) for the wild-type and the individual mutants.
The level of significance p = 0.01 is indicated with a dotted horizontal line.

2.4. Inter-Subunit Interface Controls TRPV3 Gating

Several recent structures of full-length TRPV channels [24,25,31–35] reveal that finger 3 contributes
to the inter-subunit interface between the ARD and the three-stranded β-sheet composed of a β-hairpin
from the N-terminal MPD linker and a C-terminal β-strand, both from the adjacent subunit. In TRPV3,
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ankyrin repeats 2–5 of the ARD are additionally contacted by the C-terminal loop domain that follows
the C-terminal β-strand and wraps around the β-sheet [24,25]. Structural comparisons of the recently
published structures of TRPV3 [24] in the closed and open states indicate that the β sheet-ARD
finger 3 interface between neighboring subunits changes during gating—the contacting regions „slide“
relative to each other upon channel opening/closure (Figure 5). To explore the role of the inter-subunit
interface in temperature dependent activation, we further measured heat-induced responses from
double cysteine mutants designed to crosslink the interface (Figures 6 and 7, and Figures S5–S9).
The selected cysteine pairs showed substantial differences in distances between their Cα atoms in the
closed and open state structures: F259C/Y382C (8.3 Å in the closed state and 9.6 Å in the open state),
F259C/V385C (6.6 Å and 7.3 Å), and H256C/E736C (7.3 Å and 8.1 Å). We hypothesized that using the
disulfide-locking strategy we can capture the channels in the resting state and raise the activation
energy of temperature-dependent gating.

 
Figure 5. Changes in the β sheet-ARD finger 3 inter-subunit interface during TRPV3 gating.
(A) Superposition of TRPV3 structures in the closed (PDB ID: 6DVW; subunits A and C are colored cyan,
B blue) and open (PDB ID: 6DVZ; subunits A and C are colored orange, B brown) states. The structures
are aligned based on their pore domains. The upward movement of the ARD during opening is
illustrated with the red arrow. (B) Close up view of the β sheet-ARD finger 3 interface between subunits
B and C. Sliding down motion of the three-stranded β sheet relative to the ARD finger 3 during
TRPV3 opening is illustrated with the thick red arrow. Thin red arrows illustrate movements of the
domains that link β sheet to the gate formed by S6. Flexible loops connecting these domains are
omitted for clarity. Distances between Cα atoms of cysteine-substituted pairs F259/Y382, F259/V385,
and H256C/E736C (black dashed lines) are 8.3 Å, 6.6 Å, and 7.3 Å in the closed state and 9.6 Å, 7.3 Å,
and 8.1 Å in the open state, respectively.

Indeed, compared to wild-type channels, the double cysteine mutant H256C/E736C showed very
small current responses to temperatures near ~60 ◦C (0.4 ± 0.2 nA; p = 0.01; n = 8) (Figure 6A–C).
We were able to dissect and quantify the parameters of specific heat activation in only 3 out of 8 cells
(Figure 7C), whereas the remaining cells exhibited small nonspecific currents over the entire range of
examined temperatures (Figures S5 and S6A,B). Significantly smaller instantaneous currents compared
to wild type were also mediated by the H256C/E736C mutant at room temperature in response to
the combination of agonists (1.8 ± 0.6 nA; p ≤ 0.001; n = 8). Upon heating, however, these responses
increased dramatically and their amplitudeswere significantly larger than even themaximum responses
of wild-type channels (16.1 ± 1.0 nA; p = 0.002; Figure S8A). This result suggests that the double
cysteinemutant H256C/E736C is sensitive to heat but its apparent threshold for heat activation is shifted
beyond the testable temperature range unless the mutant is sensitized with agonists. In a surprising
contrast, the cells expressing F259C/Y382C and F259C/V385C exhibited large leakage-like inward
currents (Figure 6D,E, and Figure S7C) with almost linear current–temperature relationships over the
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entire experimental temperature range (Figure 6F). Particularly, cells expressing F259C/V385C were so
deleteriously leaky at the holding potential of –70 mV (4.4 ± 1.1 nA; n = 5) that we were unable to
complete our recordings in ~75% of the cells examined. To rule out the possibility that these large
currents represented nonspecific leakage, we applied the TRPV3 inhibitor ruthenium red (10 μM) at the
end of each recording. As shown in Figure 6D,E, and Figure S7C, ruthenium red blocked the currents
completely, indicating that the double cysteine mutant channels were locked in the open conformation.
There were no significant changes in the maximum heat responses recorded from F259C/V385C and
F259C/Y382C in the presence of a combination of agonists compared to wild-type channels (Figure S8A;
p = 0.724 and 0.318; n = 4 and 6), suggesting that the double cysteine mutations interfere with channel
gating rather than the channel expression level. The individual cysteine substitutions F259C, Y382C,
and V385C only mildly influenced the temperature dependence properties of the channels (Figure 7C
and Figure S9).

To further verify that the observed effects are indeed caused by disulfide bond formation,
we pretreated cells expressing the F259C/V385C construct with the membrane permeable reducing
agent dithiothreitol (DTT; 5 mM) for 15–20 min at 37 ◦C. DTT was then washed off with bath solution
before experiments. In clear contrast to the observations made for untreated cells, the currents through
the F259C/V385C channels were not tonically activated after whole-cell formation and exhibited specific
sensitivity to heat (Figure 6G,H; Figure 7C,E; and Figure S8B). The initial heat responses reached peak
amplitudes of 5.8 ± 1.5 nA and exhibited the apparent Q10 values somewhat lower than wild-type
channels (9.0 ± 1.2; p = 0.012, n = 5) over the temperature range from 46.9 ± 1.2 to 52.6 ± 1.7 ◦C.
We did not observe any significant changes in the heat-induced responses in control untreated cells
expressing wild-type channels. This result confirms the proximity of F259 and V385 and suggests
a specific effect of the inter-subunit interface crosslinking on the channel gating equilibrium.

In contrast to the prominent effects seen for F259C/V385C, the 15–20-min pretreatment with DTT
had no impact on the H256C/E736C channels. The overall activation pattern apparently resembled the
untreated H256C/E736C expressing cells in that only very small nonspecific currents were induced
by temperatures up to ~60 ◦C (0.17 ± 0.02 nA; n = 6) (Figure S7D–F). The currents measured in the
presence of agonists were small at room temperature and were strongly sensitized by heat above
~50 ◦C (to 14.0 ± 1.7 nA). This result may suggest that the H256C/E736C disulfide bond is so much
favorable and protected (e.g., sterically) that the amount of DTT that can reach it is insufficient to break
it. Alternatively, the observed changes are due to individual substitutions of H256 or E736. To resolve
this issue, we next measured responses from E736C in the control bath solution and observed the same
heat-resistant phenotype as seen for H256C/E736C (Figure S7G): currents measured in the presence of
agonists were small at room temperature (0.6 ± 0.2 nA) but were strongly sensitized by heat above
~50 ◦C (to 16.7 ± 1.1 nA; n = 4) (Figure S8A). Given that the substitution of H256 with arginine within
the triplet TRPV3/V1(255–257) did not affect channel function (Figure 3E), the observed effects of the
double cysteine substitution H256C/E736C are most likely the result of the mutation of E736.
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Figure 6. Disulfide locking experiments. (A) Representative whole-cell currents evoked by repetitive
heat stimuli (shown above the records) recorded from HEK293T cell expressing the H256C/E736C
double cysteine mutant channels. Currents were recorded in the absence or presence of mixed agonists
(100 μM 2-APB + 100 μM carvacrol), as indicated by the horizontal bar above the records. Holding
potential, −70 mV. (B) Expanded traces from A. (C) Current–temperature relationship of the first heat
response from the recording shown in A and B. (D,E) Representative whole-cell currents recorded
at −70 mV, evoked by heat stimuli, recorded from the indicated double cysteine mutants of TRPV3.
The channels exhibited large basal currents that were fully blocked by ruthenium red (10 μM).
The F259C/V385C double cysteine mutant exhibited strongly sensitized phenotype. (F) Expanded trace
(top) and current-temperature relationship (bottom) of the first heat response shown in D. Notice
a nonlinearity of the deactivation phase. (G) Representative F259C/V385C-mediated currents evoked
by repetitive heat stimuli recorded from HEK293T cell pretreated with 5 mM dithiothreitol (DTT)
for 16 min. (H) Expanded trace (top) and current–temperature relationship (bottom) of the first heat
response shown in G.
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Figure 7. Statistical evaluation of maximum apparentQ10 and the estimated temperature thresholds for
the cysteinemutants. (A,B) Heat responses fromHEK293T cells expressing the indicated double cysteine
mutants, normalized to the maximum amplitude with average values overlaid (colored circles with
gray error bars indicating S.E.M.). The average current for wild-type TRPV3 is overlaid for comparison
as empty circles with grey bars indicating mean ± S.E.M. Notice, that in the H256C/E736C mutant,
only 3 out of 8 cells could be included in the statistics. (C) Summary of the maximum temperature
coefficientQ10 values for the measured mutants, compared with wild-type TRPV3 (WT). The horizontal
dotted line indicates average maximum Q10 of WT. Middle, average temperature ranges over which
Arrhenius plot of the heat-induced currents was linear and used for the estimation of the maximum
Q10. Horizontal grey area indicates the upper and lower limits of the temperature range for WT. Below,
the probabilities obtained from the t-tests that were performed in order to determine if there was
a significant difference between the Q10 (white vertical bars) and the lower temperature limit for
the maximum Q10 estimation (grey vertical bars) of WT and the individual mutants. The level of
significance p = 0.01 is indicated with a dotted horizontal line. Notice the narrow temperature interval
used to estimate the parameters for the H256C/E736C mutant (C, middle panel). (D,E) Normalized heat
responses from the F259C/V385C mutant measured from untreated cell (D) and from cells pretreated
with dithiothreitol, DTT, for 15–20 min (E). The average current for WT is overlaid for comparison as
empty circles with grey bars indicating mean ± S.E.M. The number of cells is indicated in parentheses.

2.5. Molecular Dynamics Simulations Reveal Temperature Sensitive Regions

To evaluate impact of heat on the inter-subunit interface, we subjected the mouse TRPV3 apo
(closed) state structure (PDB ID: 6DVW) tomolecular dynamics (MD) simulations at three temperatures,
300, 330, and 400 K (Figure 8A,B and Figure S10). The root mean square deviation (RMSD) along the
50-ns MD trajectory indicated that the models were stable (Figure S10). At 300 K, the per-residue
RMSD calculated for the backbone atoms identified several highly flexible regions (RMSD > 4 Å),
including the finger 3 loop, S2-S3 linker, and the C-terminal region C721-D727 (Figure 8A). Interestingly,
the latter region did not exhibit high flexibility at 400 K (Figure S10D). The ARD finger 3 and finger 4
loops that are flexible at 300 K became even more flexible at 400 K. Therefore, apart from the S2–S3
linker, the C-terminal loop domain, the finger 4 loop, and the finger 3 loop in particular appear
to be regions that are most flexible and most sensitive to heat. These are the regions that in the
context of the full-length channel either directly form (finger 3 loop) or are immediately adjacent to
(C-terminal loop domain and finger 4 loop) the β sheet-finger 3 inter-subunit contact. The results of
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MD simulation experiments therefore strongly implicate the β sheet–finger 3 inter-subunit interface
into TRPV3 regulation by temperature and support our mutagenesis experiments. Interestingly, the
β-sheet, MPD and TRP helix, which link the β sheet–finger 3 inter-subunit interface to the channel
gate at the S6 bundle crossing, appear to be the least flexible in our MD simulations and more
so at high temperatures. We therefore hypothesize that these three domains form a rigid gating
transmission element that communicates changes at the inter-subunit interface directly to the channel
gate. Such changes, which might be caused by the application of heat/cold or by introducing cross
interface disulfide links, are capable of shifting the conformational gating equilibrium between the
open and closed states.

 
Figure 8. Molecular flexibility of TRPV3 at 300 and 330 K. (A,B) Results from 50-ns MD simulations
of the closed-state TRPV3 structure (PDB ID: 6DVW) at 300 K (~27 ◦C, A) and 330 K (~57 ◦C, B). The
RMSD values calculated for the backbone atoms are shown for one monomer (chain A). The most
flexible residues are colored red (RMSD >4 Å at 300 K and >6.5 Å at 330 K), intermediately flexible
yellow-to-green (>3.2 Å and >4.5 Å) and the least flexible blue-to-white (<2.9 Å and <3.5 Å). The worm
radius is proportional to RMSD (2–8 Å at 300 K and 2–10 Å at 330 K).

3. Discussion

Our results indicate that interaction of the ARD finger 3 tip (region around H256-F259) with
the neighboring subunit β-sheet (via Y382 and to a larger extent V385 in the β1–β2 hairpin) can be
altered to lock the TRPV3 channel in its open state and abolish its steep temperature dependence.
On the other hand, mutation at the conserved E736 in the β3 strand of the β-sheet shifts the threshold
for heat activation to higher temperatures. We propose that the direct interaction of the tip of the
finger 3 with the 3-stranded β-sheet of the adjacent subunit is responsible for the TRPV3 sensitized
phenotype. This hypothesis is supported by our analysis of basal inward currents measured from
all the mutants at −70 mV which distinctly reveals tonically active phenotypes (Figure S8B). Apart
from the cross-interface disulfide links, the strongest energetic effects on the basal closed-to-open
equilibrium were observed for V3/V1(251-254), P252K, K253T, and combinations of these mutations
with D414A. The region of the MPD harboring D414 was previously implicated in use dependence
of TRPV3 [8]. Since D414A mutation alone exhibited wild-type phenotype, the signal from finger 3
might need a proper transmission through this critical portion of the MPD. Our structural comparisons
(Figure 5) indicate that the key β-sheet-ARD finger 3 inter-subunit interface undergoes significant
changes between the closed and agonist-activated open states [24] due to sliding of the contact regions
relative to each other. Correspondingly, our data suggest that alterations in this interface do in turn
produce shifts in the channel gating equilibrium.
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How conformational changes within the tip of the finger 3 and in the key inter-subunit interface
are transmitted to the gate and how the sensitized state is imposed on the channel? Our MD simulation
results show that the ARD finger 3 is highly dynamic and more so at higher temperatures (Figure 8A
and Figure S10). This alsomakes theβ-sheet–ARD finger 3 interface highly dynamic, which strengthens
the conclusion of the Figure 5 structural comparison. More importantly, our MD simulation results
suggest that the entire region between this interface and the gate is rigid (β-sheet, MPD and TRP helix,
see Figure 8B). We propose that due to its rigidity, this gating transmission element can quickly and
efficiently translate heat-induced changes at the inter-subunit interface to the opening or closure of the
ion channel. Further MD simulations will be necessary to test this hypothesis.

Are there other structural elements that can contribute to TRPV3 regulation by temperature?
Recent extensive MD simulations performed with the TRPV3-related TRPV1 channel revealed various
key domains that undergo conformational changes in response to the increase in temperature [36–41].
These studies support several lines of experimental evidence that the channel can be opened by
temperature after a series of conformational changes that propagate from the peripheral regions to
the channel pore. This process is contributed by the S1–S2, S2–S3 and S4–S5 linkers, the MPD, the
distal C-terminus, the TRP helix, and the S5–S6 pore domain. The largest heat-activated motions
were observed in the S1–S2 and S2–S3 linkers and thus conformational changes in these domains
have been hypothesized to represent early structural events that prime the channel for opening [39].
These observations are not surprising in view of the recently published structures of TRPV3 in the
closed apo and agonist-bound open states [24]. The structures indicate that conformation of the
S1–S2 linker is coupled to the occupancy of the lipid binding site #1 which might strongly depend
on temperature. In addition, the S2–S3 linker makes contacts with the TRP helix and the MPD and
through these interactions can affect conformation and relative position of the TRP helix, which is
directly connected to the gate (Figure 5). This concept does not contradict another possible mechanism
of thermal actuation in which heat induces ejection of phosphatidylinositol lipids from the vanilloid
binding pocket formed by S3, S4 and the S4–S5 linker of one subunit, and S5 and S6 of the adjacent
subunit [41,42]. Stability of the conductive conformation may further depend on hydration of the
channel pore [43].

Recent unbiased and high-throughput scanning mutagenesis studies of TRPV1 [9] lent support to
the previously proposed heat capacity mechanism in which the collective importance of hydrophobicity
and the distributed nature of temperature sensitive structures have been predicted [20,22].
In our experiments, strong effects ofmutations on TRPV3 temperature regulationwere not accompanied
by significant changes in hydrophobicity. While we cannot rule out contribution of the heat capacity
mechanism to temperature regulation of thermosensitive TRP channels, our results indicate that
the ARD-β sheet inter-subunit interface is a critical element of the temperature-sensing molecular
machinery of TRPV3.

During the preparation of this manuscript, an article was published [44], reporting that TRPV3
gating induced by chemical agonist 2-APB involves large rearrangements at the cytoplasmic
inter-protomer interface and that this motion triggers coupling between cytoplasmic and
transmembrane domains, priming the channel for opening. Thus, our data strongly indicate that
the inter-subunit interface is critical not only for agonist-induced but also for heat-induced gating
of TRPV3.

4. Materials and Methods

4.1. Cell Culture, Mutagenesis and Transfection of HEK293T Cells

HEK293T cells were cultured in Opti-MEM I medium (Invitrogen) supplemented with 5% FBS.
The day before transfection, cells were plated in 24-well plates (2 × 105 cells per well) in 0.5 mL of
medium and became confluent on the day of transfection. The cells were transiently co-transfected with
300 ng of plasmid encoding wild-type or mutant human TRPV3 (in pcDNA5/FRT vector, kind gift of



Int. J. Mol. Sci. 2019, 20, 3990 14 of 18

Prof. Ardem Patapoutian, The Scripps Research Institute, San Diego, USA), and with 200 ng of
GFP plasmid (Takara, Shiga, Japan) using the magnet-assisted transfection technique (IBA GmbH,
Goettingen, Germany) and then plated on poly-l-lysine-coated glass coverslips. Rat TRPV1 cDNA
was kindly provided by David Julius (University of California, San Francisco, CA, USA). At least three
independent transfectionswere used for each experimental group. Thewild-type channel was regularly
tested in the same batch as the mutants. The cells were used 24–48 h after transfection. The mutants
were generated by PCR using a QuikChange II XL site-directed mutagenesis kit (Agilent Technologies,
Santa Clara, CA, USA) and confirmed by DNA sequencing (GATC Biotech, Konstanz, Germany).

4.2. Patch Clamp Recording and Heat Stimulation

Whole-cell membrane currents were recorded by employing an Axopatch 200B amplifier and
pCLAMP 10 software (Molecular Devices, Sunnyvale, CA, USA). Patch electrodes were pulled
from borosilicate glass capillary with a 1.5-mm outer diameter (Science Products GmbH, Hofheim,
Germany). The tip of the pipette was heat-polished, and its resistance was 3–5 MΩ. Series resistance
was compensated by 50–70% after compensation of fast and slow capacitance. Only one recording was
performed on any one coverslip of cells to ensure that recordings were made from cells not previously
exposed to heat or chemical stimuli. The extracellular solution before thewhole-cell recording contained:
160 mM NaCl, 2.5 mM KCl, 1 mM CaCl2, 2 mMMgCl2, 10 mM HEPES, 10 mM glucose, 320 mosmol,
adjusted to pH 7.4 with NaOH. The extracellular control bath solution for recording contained: 150 mM
NaCl, 5 mM EGTA, 10 mM HEPES, 300 mOsm, adjusted to pH 7.4 with NaOH. The pipette solution
contained 140 mM CsCl, 1 mM EGTA and 10 HEPES (263 mOsm, pH 7.4 adjusted with CsOH).
A system for rapid superfusion of the cultured cells was used for thermal stimulation and drug
application [45]. Briefly, experimental solutions were driven by gravity from seven different barrels,
through automatically controlled valves, to a manifold that consisted of fused silica tubes connected to
a common outlet glass capillary. The lower part of the capillary was wrapped with densely coiled
copper wire that heated the solution to a chosen final temperature. Voltage commands for heat and
agonist stimulationwere generated fromDigidata 1440 digitizer using pCLAMP 10 software (Molecular
Devices, Sunnyvale, CA, USA). Ramp-shaped temperature increases from room temperature to >50 ◦C
within 1500 ms were applied at 3 s intervals. The volume of solution in the experimental dish and
the immersion of the application capillary were maintained at a constant level and an internal table
generated after balancing an electrical circuit of the system was utilized, which resulted in a good
reproducibility of the heat stimuli. The average speed of temperature changes did not significantly
differ for all of the mutants throughout all experiments and did not correlate with the observed average
Q10 value changes (Figure S11A,B). All chemicals were purchased from Sigma-Aldrich (Merck).

4.3. Molecular Dynamics Simulations

For MD simulations, the apo structure of TRPV3 (PDB code 6DVW) was parametrized using the
AMBER_ILDN force field [46] and surrounded with TIP3P water molecules [47]. Prior to production
MD simulations, all systems were energy minimized using the pmemd module of AMBER 14 [48].
Production MD simulation runs (lasting for 50 ns) were performed with the pmemd.cuda.MPI module
of AMBER 14, which runs exclusively on GPUs at the equivalent speed of tens of standard processor
cores [49]. The SPFP precision model was used [49]. Periodic boundary conditions (PBC) were applied.
The particle mesh Ewald (PME) was used for calculation of electrostatic interactions [50]. 9 Å cutoff
distance was applied for Lennard–Jones interactions. The temperature was maintained at 300, 330,
or 400 K via Langevin dynamics with a friction factor of 5. Further, the Monte Carlo barostat (a new
addition to Amber 14), that samples rigorously from the isobaric–isothermal ensemble and does
not necessitate computing the virial, was used for the production phase. Covalent bonds involving
hydrogen atoms were constrained using the SHAKE algorithm. For water molecules, a special
“three-point” SETTLE algorithm was used [51]. The hydrogen mass repartitioning scheme (the mass of
the bonded heavy atoms to hydrogen is repartitioned among hydrogen atoms, leaving the total mass
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of the system unchanged) allowed a time step set to 4 fs [52]. By default in AMBER 14, partitioning is
only applied to the solute since SHAKE on water is handled analytically (via the SETTLE algorithm).
Data were recorded every 1000 ps. Trajectories analyses were performed using the cpptrajmodule of
AMBER 14 [53] and using the UCSF Chimera software package [54].

4.4. Data Analysis

Electrophysiological data were analyzed in pCLAMP10 (Molecular Devices). Curve fitting and
statistical analyses were done in SigmaPlot 10 and SigmaStat 3.5 (Systat Software). The heat-evoked
whole cell currents sampled during the rising phase of temperature rampwere pooled for every 0.25 ◦C.
The maximum apparent temperature coefficients Q10 and the thermal thresholds were determined
from the slope of Arrhenius plot (absolute values of inward currents plotted on a logarithmic scale,
y-axis, against the reciprocal of the absolute temperature, x-axis) as described previously [27,29].
Q10’s were determined by using the formula: Q10 = exp (ΔT Ea/(R T1 T2)), where R is the gas constant,
ΔT = 10 Kelvin, Ea is an apparent activation energy estimated from the slope of Arrhenius plot between
absolute temperatures T1 and T2. The lower and upper limits for Q10 estimation were defined as the
temperatures at which the fit of the Arrhenius plot declined significantly from a straight line (r2 < 0.98).
For synoptic comparisons between wild-type andmutant channels, initial heat-induced responses were
subtracted by currents produced at 26 ◦C, normalized to their maximum value and pooled across x-axis
(26–64 ◦C) and y-axis (0–1) for each experimental group from at least three independent transfections.
Statistical significance was determined using Student’s t-test or one-way analysis of variance followed
by Dunnett’s post hoc, as appropriate.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/
3990/s1.
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The transient receptor potential ankyrin 1 (TRPA1) channel is a polymodal

sensor of environmental irritant compounds, endogenous proalgesic agents,

and cold. Upon activation, TRPA1 channels increase cellular calcium levels

via direct permeation and trigger signaling pathways that hydrolyze phos-

phatidylinositol-4,5-bisphosphate (PIP2) in the inner membrane leaflet. Our

objective was to determine the extent to which a putative PIP2-interaction

site (Y1006-Q1031) is involved in TRPA1 regulation. The interactions of

two specific peptides (L992-N1008 and T1003-P1034) with model lipid

membranes were characterized by biophysical approaches to obtain infor-

mation about affinity, peptide secondary structure, and peptide effect in

the lipid organization. The results indicate that the two peptides interact

with lipid membranes only if PIP2 is present and their affinities depend on

the presence of calcium. Using whole-cell electrophysiology, we demon-

strate that mutation at F1020 produced channels with faster activation

kinetics and with a rightward shifted voltage-dependent activation curve by

altering the allosteric constant that couples voltage sensing to pore open-

ing. We assert that the presence of PIP2 is essential for the interaction of

the two peptide sequences with the lipid membrane. The putative phospho-

inositide-interacting domain comprising the highly conserved F1020 con-

tributes to the stabilization of the TRPA1 channel gate.

Introduction

The human transient receptor potential (TRP) subtype

A1 (TRPA1) is a chemosensitive ion channel involved

in nociception and inflammatory pain [1–4]. It is con-

sidered to be one of the key physiological sensors for

many pungent and irritant compounds being activated

by thiol-reactive electrophiles such as cinnamaldehyde,

oxidants, and various nonelectrophilic agonists such as

carvacrol or menthol [5,6]. Cytosolic calcium modu-

lates the activity of TRPA1 in a bimodal manner so

that Ca2+ activates or potentiates the channel at low

concentrations and inactivates it at higher concentra-

tions [7]. The proposed molecular mechanism involves

Abbreviations

ATR-FTIR, attenuated total reflection Fourier transform infrared; CD, circular dichroism; LUV, large unilamellar vesicle; MDS, microfluidic

diffusional sizing; MLV, multilamellar vesicle; P/L, peptide/lipid ratio; PBS, phosphate-buffered saline; PI(4,5)P2, L-a-phosphatidylinositol-4,5-

bisphosphate; POPC, palmitoyl-oleoyl-phosphatidylcholine; PWR, plasmon waveguide resonance; SUV, small unilamellar vesicle; TBS, tris-

buffered saline; TRPA1, transient receptor potential channel subtype 1.
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Ca2+-sensing calmodulin that preassociates with the C-

terminal region of TRPA1 (L992-N1008) and enables

the channel to distinctly respond to diverse Ca2+sig-

nals [8]. Further adding to the complexity of TRPA1

regulation are early signaling events linked to Ca2+-de-

pendent phosphoinositide-specific phospholipase C

(PLC) enzymes that hydrolyze phosphatidylinositol-

4,5-bisphosphate (PtdIns(4,5)P2; PIP2) in the inner

membrane leaflet. The PLC-mediated PIP2depletion

may represent an important mechanism involved in

TRPA1-mediated nociception triggered by pro-inflam-

matory agents such as bradykinin [9] and protease-ac-

tivated receptor PAR2 [10]. Up to date, however,

reports are inconsistent regarding the effects of mem-

brane phosphoinositides on TRPA1 [reviewed in refs.

[11–13]]. The sites at which these may interact with

TRPA1 are not resolved, but most likely involve the

membrane proximal regions of the N- and C termini

and inter-subunit regions near the inner leaflet of the

membrane [14–16]. Indeed, we have previously shown

that 29-residue peptide (I964-L992) from the C termi-

nus exhibits a high affinity to PIP2-containing mem-

branes, relative to other lipids, suggesting that

important electrostatic interactions with the negatively

charged lipid head groups occur [15]. These results fit-

ted well with a later structural study that attributed

the predicted region (then, called H1 in our study) to

the TRP-like helix that runs parallel to the inner leaflet

of the membrane and forms a central nexus of activat-

ing signal convergence [17].

From the TRPA1 electron density map, another

putative site for interaction with membrane phospho-

lipids has been proposed that is formed by a poorly

resolved flexible linker connecting the TRP-like

domain with the C-terminal coiled coil [17]. This part

of the channel (Y1006-Q1031) forms an intracellular

vestibule between adjacent subunits connected to the

bulk solution through a side fenestration that could

provide means for hydrophobic modulators and lipids

to affect channel functioning. The flexible linker con-

tains a shorta-helix (shown in violet in Fig. 1A,B)

that is almost buried in the inner membrane leaflet.

The linker is integrated with a putative three-stranded

b-sheet formed by two antiparallelb-strands from the

N terminus and a contacting strand that follows the

C-terminal TRP-like helix. The latter, peripherally

exposedb-strand binds the carboxy-lobe of calmodulin

and even under resting concentrations of Ca2+

(~100 nM) may form a tight complex with the channel

[8]. Calmodulin binds to TRPA1 within the region

L992-N1008 and it may compete for the same or

overlapping binding site with PIP2 or other

phosphoinositides.

Here, we examined the functional role of both the

above regions (L992-N1008 and Y1006-Q1031) with

the aim to extend available knowledge about the puta-

tive role of membrane PIP2in TRPA1 channel func-

tioning. Using electrophysiological and biophysical

studies, we tested the hypothesis that the binding

specificity of PIP2may depend not only on the pres-

ence of positively charged residues in the TRP-like

domain that likely interact with polar head groups as

demonstrated in [15] and [18] but also on specific

hydrophobic residues presumably involved in contact-

ing the lipid hydrophobic tails.

Results

Specific peptides corresponding to the flexible

linker or calmodulin-binding site rely on the

presence of PIP2to establish superficial contacts

with the lipid membrane

Different biophysical approaches were employed to

characterize the peptide–lipid interaction in terms of

the affinity (Plasmon Waveguide Resonance—PWR

and Microfluidic Diffusional Sizing—MDS), effect in

lipid membrane organization (PWR and polarized

ATR-FTIR—p ATR-FTIR), membrane integrity

(Rhodamine leakage), and peptide secondary structure

(Circular Dichroism—CD) (Fig. 2A–D). To investigate

the importance of PIP2 in these interactions, lipid

model systems such as planar membranes, large unil-

amellar vesicles (LUVs), and polymer-based nanodiscs

(styrene maleic acid lipid particles, SMALPs) com-

posed of palmitoyl-oleoyl-phosphatidylcholine (POPC)

(main lipid of mammalian cell membranes) and POPC

with PIP2(5–20%) were employed. To test the binding

of the peptides to the lipid model systems, three differ-

ent approaches were employed: polarized ATR-FTIR

[19], PWR [20], and MDS, a new technology devel-

oped by Fluidic Analytics that allows to determine the

concentration and size of proteins or peptides or any

primary amine containing molecule [21,22]. Since the

higher resolution limit in terms of size is about 30 nm

of radius, herein we have chosen polymer-based nan-

odiscs (SMALPs) that have a diameter of about 10–

15 nm as our lipid model system. MDS was used to

follow peptide binding to SMALPs composed of

POPC and POPC/PIP2(9/1 molmol
1) by following

the changes in size occurring upon the interaction (fur-

ther details can be found in the Materials and meth-

ods). From the PWR and MDS data it is evident that

PIP2is essential for lipid interaction as no binding was

observed in the case of pure POPC membranes

(Fig. 2A,B). For POPC/PIP2membranes, binding was

2 The FEBS Journal (2019)ª2019 Federation of European Biochemical Societies
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observed for both peptides with affinities ranging from

about 300 to 700 nM for L992-N1008 and T1003-

P1034 peptides, respectively, as determined by MDS

(Table 1). The peptide L992-N1008 showed a stronger

affinity than T1003-P1034. This could be related to the

difference in the net charge (2 for L992-N1008 and 1

for T1003-P1034) as the peptide L992-N1008 could

establish stronger electrostatic interactions with the

negatively charged lipid. PWR failed to provide accu-

rate affinities, although a hyperbolic saturating curve

was obtained for POPC/PIP2membranes, as the spec-

tral changes induced by peptide addition are quite

small (≤5 mdeg, at saturating peptide concentrations

whereas the instrument angular resolution≥0.5 mdeg)

(Fig. 2A). Increasing the PIP2content to 20% relative

to POPC did not increase the PWR signal amplitude

(data not shown). This suggests that peptide binding

to lipids induces weak perturbations in the lipid order-

ing. Indeed, this hypothesis is further supported by p

ATR-FTIR data that show no significant changes in

the lipid fatty acid. Similar position and dichroic ratio

for CH2symmetric (at 2852 cm
1) and antisymmetric

(at 2923 cm1) stretching bonds (Fig. 2D) are observed

after incubation with both peptides. To observe only

the signal from the membrane-bound peptide, following

peptide incubation, the cell was rinsed with buffer to

remove all nonmembrane bound peptide. In the present

studies, the amide I (1640 cm1) and the amide II

(1535 cm1) were observed before peptide rinsing but

became extremely small (detection limit) after rinsing

the peptide. Therefore, ATR-FTIR data deconvolution

of the amide I and amide II region with the intention of

obtaining the peptide secondary structure and orienta-

tion was not performed here. p ATR-FTIR data agree

well with PWR and MDS data in that no peptide inter-

action was observed in the absence of PIP2. The pres-

ence of Ca2+in the buffer decreased the affinity of both

peptides to POPC/PIP2lipid membranes as shown by

MDS (Table 1). Peptide effect in rhodamine leakage

from LUVs was tested to determine if peptide interac-

tion affects membrane integrity (e.g., pore formation).

No membrane leakage was observed even at peptide/

lipid ratios of 1/10 (Table 2). Those two findings sug-

gest that peptide binding to lipid occurs if PIP2is pre-

sent and that the binding is superficial, most probably

involving electrostatic interactions between the anionic

lipid and positive charges in the peptide. In terms of the

peptide secondary structure, CD data indicate that both

peptides are highly nonstructured (random coil), with a

certain degree of antiparallelb-sheet (Fig. 2C and

Table 3). The peptide L992-N1008 also presents a cer-

tain degree of helical content. The data suggest no sig-

nificant peptide conformational changes from a buffer

system and upon interaction with POPC or POPC/PIP2
(9.5/0.5 and 8/2 molmol 1) at P/L ratios ranging from

1/50 to 1/10 (Fig. 2C and Table 3).

Glycine mutation of central phenylalanine F1020

produces strongly rectifying channels

Based on the multiple sequence alignment of TRPA1

proteins over the flexible linker region, the most con-

served residue within the putative shorta-helix is the

central phenylalanine 1020 (Fig. 1B). We substituted

A B

Fig. 1.Schematic representation of TRPA1 receptor showing regions predicted to interact with membrane lipids. (A) Schematic illustration

of human TRPA1 subunit with depicted position of a poorly resolved flexible linker connecting the TRP-like domain with the C-terminal

coiled coil linker region (colored region containing the calmodulin-binding domain in green, and an overlapping violet region containing

predicted shorta-helix). Below, the sequences of the peptides used in this study. (B) Amino acid sequence conservation within the linker of

TRPA1 proteins represented as a sequence logo generated from 65 sequences of vertebrate TRPA1 by WebLogo server [52]. The height of

the amino acid at each position indicates its probability of occurrence at that position. F1020 in the middle of the short helix (indicated by

asterisk) is highly conserved.
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this residue with glycine to disrupt the predicted helical

structure and measured agonist-induced responses

from transfected HEK293T cells using whole-cell

patch-clamp electrophysiology (Fig. 3). To stimulate

the cells, we used a previously established protocol

[23–25] in which currents were first induced by the

electrophilic agonist in the absence of external Ca2+.

The agonist was then washed out for 10 s, and 2 mM

Ca2+was added to the extracellular solution to assess

the allosteric effects of permeating calcium ions. The

membrane potential was linearly ramped up each sec-

ond from 80 to+80 mV (1 Vs1) (Fig. 3A). Cin-

namaldehyde, a partial agonist of TRPA1, was

sufficient to activate the mutant channels at a concen-

tration of 100lM. Compared to wild-type channels,

mutation F1020G produced a strong outward rectifica-

tion of currents measured in the absence of Ca2+

(Fig. 3B) as was visible from the current–voltage rela-

tionships obtained after 30 s application of agonist

(Fig. 3C,D) and from the time course of rectification

ratio measured at 80 mV and at+80 mV (Fig. 3E,

F). At negative membrane potentials, the average peak

inward currents through F1020G channels were almost

three times smaller (1.0 0.1 nA vs. 2.9 0.5 nA

for wild-type;P≤0.001;n=13 and 10). The F1020G-

mediated currents were not significantly different when

external calcium was added (4.0 0.5 nA vs.

4.4 0.5 nA at 80 mV; P=0.554; and

5.6 0.7 nA vs. 6.1 0.8 nA at+80 mV;P=0.637;

n=13 and 10). The mutation thus affected primarily

the voltage dependence of the channel under weakly

activated conditions.

Table 1.Binding affinity (in nM) for the peptides L992-N1008 and

T1003-P1034 for SMALPs composed of POPC and POPC/PIP2(9/

1 molmol 1) in the absence and presence of 2 mM Ca2+obtained

by MDS. Data are presented as mean SD (n=3)

LIPID/PEPTIDE L992-N1008 T1003-P1034

POPC No binding No binding

POPC/PIP2(9/1 molmol
1)noCa+2 330 68 685 114

POPC/PIP2(9/1 molmol
1) with Ca+2 425 95 720 123

Table 2.Rhodamine leakage induced by the peptides L992-N1008

and T1003-P1034 in POPC and POPC/PIP2 (9.5/0.5 molmol
1)

liposomes encapsulating rhodamine. Experiments have been

performed two times

Rhodamine leakage

P/L ratio

T1003-P1034 L992-L1008

100% POPC

5% PIP2+

95% POPC 100% POPC

5% PIP2+

95% POPC

1/100 2.5 0.3 0 2.4 0.6 0

1/50 1.3 0.2 0 1.6 0.4 0

1/25 2.9 0.3 0 1.9 0.2 0

1/10 2.5 0.4 0 2.5 0.3 0

Table 3.Secondary structure content of the peptides L992-N1008 and T1003-P1034 in buffer and in contact with POPC, POPC/PIP2(5%

and 20% of PIP2were used). Secondary structure content was calculated using BeStSel software as indicated in Materials and methods

Secondary structure

L992-N1008 T1003-P1034

Buffer POPC 5% PIP2 20% PIP2 Buffer POPC 5% PIP2 20% PIP2

a-helix 6.4 3.1 6.9 6.9 1.0 0.9 1.1 0.8

Antiparallelb-sheet 30.2 27.5 26.2 30.1 33.9 34.2 33 31.5

Parallelb-sheet 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Turn 15.3 15.4 15.3 15.3 16.5 16.1 16.4 17.0

Random coil 48.1 54.1 51.7 47.7 48.6 48.9 49.5 50.8

Fig. 2.Interaction of the L992-N1008 and T1003-P1034 peptides with model membranes composed of POPC and POPC/PIP2. (A) PWR

resonance position shifts obtained in the p- (blue circles) and s- (green squares) polarization and total internal reflection angle (TIR; black

triangles) upon incremental addition of peptide to a planar model membrane composed of POPC and POPC/PIP2(95/5 molmol
1). No

binding affinities were determined due to the rather small shifts relative to the instrument limits (see text for details). (B) Average radius of

the indicated peptides upon titration with increasing concentrations of SMALPs composed of POPC (triangles and squares) and POPC/PIP2
(9/1 mol/mol) (circles). For experiments performed with POPC/PIP2, data are presented as mean SD (n= 3). Binding affinities are

presented in Table 1. (C) Secondary peptide structure determined by CD for the two peptides alone in buffer (black) and upon incubation

with POPC (blue) and POPC/PIP2at 5% (red) and 20% (green) liposomes at P/L ratios of 1/10. Secondary structure content has been

calculated and presented in Table 2. (D) Polarized ATR-FTIR spectra obtained with the p- (left panel) and s- (right panel) polarized light of a

solid-supported lipid membrane composed of POPC/PIP2(8/2 molmol
1) in the absence (black) and presence (red) of L992-N1008 peptide.
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Mutation F1020G shifts the voltage dependence

of activation

To further assess the changes in the intrinsic voltage

dependence of the F1020G mutant channels, we mea-

sured responses to a voltage step protocol from 80 to

+200 mV, in 20 mV increments, applied in extracellular

control solution containing either 1 mM Ca2+or 0 mM

Ca2+. In both cases, the currents through F1020G exhib-

ited apparently much faster activation and deactivation

kinetics (Fig. 4A,B). Mutation F1020G produced a large

shift in the steady-state voltage-dependent activation

toward more positive potentials (V50 from 112 to

146 mV; Fig. 4C). The steepness of the Boltzmann rela-

tionship (reflecting the apparent number of gating

chargesz) significantly increased fromz=0.61 0.03 e0
to 0.75 0.02 e0(P≤0.001;n=13 and 16), indicating

that PIP2may interact with potentially voltage-sensing

residues. When Ca2+was omitted from the extracellular

solution, mutation F1020G also resulted in an~30-mV

rightward shift in theV50of theG–Vcurve, the esti-

matedzwas not significantly different from wild-type

channels (P=0.343;n=10 and 15), indicating that

Ca2+affects the gating of the wild-type and the F1020G

mutant channels to a different extent (Fig. 4D).

The activation kinetics of wild-type TRPA1-mediated

currents elicited by a depolarizing step from 80 to

+200 mV in extracellular control solution containing

1mMCa2+were best described by the sum of two expo-

nential functions in 7 of 12 cells (sslow=47.2 9.0 ms,

60.8 6.6%,sfast=9.6 2.2 ms;n=7). In five cells,

the activation process was best fit by one exponential

function (41.0 5.6 ms;n=5). The activation kinetics

of F1020G were characterized bysslow=32.7 6.9 ms,

31.7 4.9%,sfast=4.8 0.5 ms in 6 of 16 cells. In 10

cells, the activation process was best fit by one exponen-

tial function (12.1 1.8 ms). Repolarization to the
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Fig. 3.Mutation F1020G affects

chemical- and voltage-induced

gating of TRPA1. (A) Average

whole-cell currents induced by

100lM cinnamaldehyde (CA) in

Ca2+-free solution and then

exposed to 2 mM Ca2+, measured

at +80 and 80 mV in wild-type

TRPA1 (WT). The membrane

potential was linearly ramped up

each second from 80 to +80 mV

(1 V s1) (inset). Gray bars indicate

SEM (number of cells;n= 10). In

some cases, the error bars are

smaller than the symbol. (B)

Average currents recorded from 13

HEK293T cells expressing the

F1020G mutant channels. The

average current for the WT is

overlaid as a gray dashed line for

comparison. (C) and (D) Current–

voltage relationships of traces

measured at times indicated by

arrows in panelsAandBfor wild-

type (black arrow) and indicated

mutant (green arrow). (E) and (F)

Average rectification of currents

shown in A and B plotted as a

function of time. Colored lines with

gray bars indicate average SEM.

The average rectification of

currents through the WT is overlaid

as a gray dashed line for

comparison.
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Fig. 4.Mutation F1020G affects the voltage dependence of activation. (A) and (B) Representative current traces in response to voltage step

protocol indicated above (holding potential 70 mV; 100-ms voltage steps from 80 to +200 mV; increment +20 mV) recordedAin

extracellular control solution containing 1 mM Ca2+orBin Ca2+-free extracellular solution. (C) and (D) Average conductances obtained from

voltage step protocols as in A and B. Data represent the means SEM (number of cellsnindicated in parentheses). The solid lines

represent the best fit to a Boltzmann function as described in Materials and methods. (E) and (F) Activation and deactivation kinetics of

TRPA1 and the F1020G mutant. Parameters of the time course of currents elicited by a depolarizing step from 80 to +200 mV in

extracellular control solution containing 1 mM Ca2+(E left) or in Ca2+-free extracellular solution (F left) was fitted by one or two exponential

terms and the weighted time constant (sw) was used for statistics. Similarly, the deactivation time constant was obtained from tail currents

elicited by stepping from +200 to 70 mV (E right and F right). Data are represented as vertical point plots and summary box plots. Boxes

encompass the 25th through 75th percentile of the data, the horizontal bar represents the median, and whiskers extend to the 10th and

90th percentile of the data. Number of cells is indicated in panels C and D. The Mann–Whitney rank sum test was used to determine

whether there is a statistically significant difference between F1020G and wild-type channels (Pvalues are indicated).
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holding membrane potential of 70 mV produced pro-

nounced inward ‘tail currents’ that could be fitted by

one exponential function in 8 of 12 cells expressing

wild-type channels (16.7 1.4 ms). In four cells, the

deactivation process was best fit by a sum of two expo-

nential functions (sslow=39.2 6.0 ms, 44.1 10.8-

%, sfast=5.6 0.5 ms). Detailed analysis of the

F1020G-mediated deactivation kinetics revealed a slow

(22.9 2.5 ms; 35.9 4.2%) and a fast time constant

(3.9 0.4 ms). Because the relative weights of fast and

slow components differed between the cells, the overall

statistics was performed with the weighted, average time

constants of the fast and slow components (Fig. 4E,F).

Docking experiments suggest different PIP2
conformations within the sensor domain

The lower segment of the S1–S4 sensor domain with the

C-terminal TRP-like helix below forms an integrated

nexus that has been previously proposed to be capable

of binding membrane phosphoinositides including PIP2
[25]. Our ligand docking studies showed that the nega-

tively charged inositol trisphosphate head group of

PIP2may adopt several different conformations within

the inner crevice formed by the S1–S4 helical bundle of

the sensor to contact polar residues in the inner cavity

of the sensor (H719, N722, K787, K796, R852) and the

TRP-like helix (K989). Mutations at these residues

resulted in a partial loss of functional response to depo-

larizing voltage in the absence or presence of elec-

trophilic agonists and similar effects are observed as a

consequence of the depletion of membrane PIP2[18,25].

However, the identification of the positively charged

residues that might interact with PIP2head group is

usually not sufficient to support a conclusion that these

are the major binding sites. It is possible that mutations

of other contacting residues would give similar defects

in channel functioning once they are identified [26]. To

gain further insights into possible orientations of PIP2
within the inner sensor cavity, we performed subsequent

ligand docking experiments and found that hydropho-

bic regions near the PIP2hydrocarbon chains may also

contribute to the stabilization of the TRPA1–PIP2com-

plex (Fig. 5A-C). The density map for the flexible loop

T1003-Q1031 at one side extends to the vicinity of the

poorly resolved intracellular S2–S3 linker of the S1–S4

sensor domain. At its other side, it contacts the sensor

from an adjacent subunit through stacking interactions

with the side chains of F716 and H719 from S1 helix

and F853 from the S4–S5 linker (Fig. 5B). We have pre-

viously shown that the substitution of H719 by a small

residue alanine induced serious functional defects mani-

fested as significant changes in rectification and kinetics

of the currents that were blocked but not potentiated by

external calcium [25]. To further substantiate the func-

tional importance of this putative contact region, we

constructed the F853A mutant and tested its chemical

sensitivity (Fig. 5D). The electrophilic full agonist allyl

isothiocyanate at a concentration of 100lM was used

because cinnamaldehyde, a partial agonist of TRPA1,

was not sufficient to activate the mutant channels. Con-

trol cells transfected with wild-type TRPA1 responded

robustly to application of agonist in agreement with our

previous reports (e.g., [23–25]). In contrast, the

HEK293T cells expressing F853A produced only very

small currents in response to allyl isothiocyanate even

when combined with voltage-ramp stimulus from 80

to+80 mV. The currents developed slowly and were

further diminished by the addition of external calcium,

thus resembling H719A [25]. These results together sup-

port the structurally predicted importance of the stack-

ing interactions within the S1 and S4 helices of the

sensor domain and indicate that the channel function-

ing can be strongly affected through this region.

Putative mechanism of coupling of PIP2signal to

the gate involves serine 972

The TRPA1 density map indicates another possible

mechanism through which the region T1003-Q1031

might directly affect functional coupling of stimulus

sensing and gate opening. The C-terminal end of the

flexible linker (I1033) is located only about 4A from

serine 972 (Fig. 5B). This serine residue is situated at

the beginning of the TRP-like helix, a critically impor-

tant locus of channel regulation that is directly con-

nected to the lower gate (Fig. 5B). To explore the

possibility of such interaction, we compared responses

from two TRPA1 constructs in which the serine 972

was substituted with either smaller (alanine) or larger

(aspartate) residue (Fig. 6A–F). As above (Fig. 5D),

the transfected cells were first activated by the elec-

trophilic agonist in the absence of external Ca2+. The

agonist was then washed out for 10 s, and 2 mM Ca2+

was added to the extracellular solution to assess the

allosteric effects of permeating calcium ions. The mem-

brane potential was linearly ramped up each second

from 80 to+80 mV (1 Vs1). Compared to wild-

type channels, S972A-mediated whole-cell currents

were not significantly different, producing only a slight

relative decrease in the rectification throughout the

time course of the experiment (Fig. 6A, C and E). In

contrast, S972D produced a strong outward rectifica-

tion of currents measured in the absence of Ca2+

(Fig. 6B) as was visible from the current–voltage rela-

tionships obtained after 30 s application of agonist
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(Fig. 6D) and from the time course of rectification

ratio measured at 80 mV and at+80 mV (Fig. 6F).

This result, analogous to that obtained from F1020G

(see Fig. 3), indicates that the two residues may share

a common intramolecular pathway for affecting the

gating of the channel. PIP2 could then regulate
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Fig. 5.Docking and functional studies indicate importance of the putative PIP2-interacting region. (A) Cryo-EM density with superimposed

model of TRPA1 with the completed intracellular loop connecting helices S2 and S3, modeled as described in [25]. The intracellular side of

the sensor cavity has been proposed by Paulsenet. al. [17] to form a putative PIP2binding pocket. The negatively charged inositol
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TRPA1 specifically at negative membrane potentials,

whereas it loses its activity upon strong depolarization

or in the presence of calcium. When external calcium

was added, the maximum S972A-mediated currents

were not significantly different from wild-type TRPA1

(5.5 0.6 nA vs. 4.4 0.5 nA at 80 mV;

P=0.230; and 5.5 0.7 nA vs. 6.1 0.8 nA at

+80 mV;P=0.667;n=4 and 10). The maximum cur-

rents measured in the presence of Ca2+were signifi-

cantly increased in S972D at both negative and

positive membrane potentials (to 9.9 0.8 nA,

P=0.027 at 80 mV and to 9.6 0.8 nA at+80 mV;
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Fig. 6.Mutations at S972 affect chemical- and voltage-induced gating of TRPA1. (A) Average whole-cell currents induced by 100 lM

cinnamaldehyde (CA) in Ca2+-free solution and then exposed to 2 mM Ca2+, measured at +80 and 80 mV in S972A mutant. The

membrane potential was linearly ramped up each second from 80 to +80 mV (1 Vs1) (inset). Gray bars indicate SEM (n= 4). In some

cases, the error bars are smaller than the symbol. The average current for the WT is overlaid as a gray dashed line for comparison. (B)

Average currents (orange squares) and individual traces (light orange lines) recorded from seven HEK293T cells expressing the S972D

mutant channels. The average current for the WT is overlaid as a gray dashed line for comparison. Note the desynchronized responses to

2mM Ca2+, most likely due to a low activity at negative potentials that do not permit Ca2+to permeate and modulate the channel from the
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P=0.01;n=7). This latter result indicates changes in

voltage-dependent gating rather than in trafficking or

expression. Secondly, S972 is a residue involved in

Ca2+dependence of TRPA1.

Allosteric model indicates changes in voltage

coupling and basal-open equilibrium induced by

mutation F1020G

The double exponential fit needed for fitting the acti-

vation phase of voltage-induced responses and the

decay of the tail currents (Fig. 4) reflects a complex

gating process, apparently including multiple closed

and open states. Such analysis does not indicate a pos-

sible mechanism through which the mutation may

affect the channel gating. The faster voltage-induced

activation of F1020G compared with the wild-type

channels suggests that the mutation may strengthen

the allosteric coupling of putative voltage sensor acti-

vation to channel opening. A rightward shift inV50
could be related to a direct change in gate equilibrium

or a decrease in the voltage sensor equilibrium con-

stant. By plotting theG–Vcurves described in Fig. 4C,

D on a semi-logarithmic scale (Fig. 7A,B), it is obvi-

ous that theG–Vshift in F1020G observed in the pres-

ence of external Ca2+could be due to changes in the

(basal-open) gate equilibrium [27]. An allosteric model

to explain the activation of thermosensitive TRP ion

channels by voltage has been previously proposed by

Brauchiet al. [28]. This model is based on the pre-

sumption that an independent voltage sensor exists

that is coupled to channel gating. At a constant tem-

perature and low voltages, the channel is confined to

the equilibrium between closed (C1) and open (O1)

states with a small equilibrium constantL. Voltage

drives transitions between resting and activated states

of the sensor (C1–C2) with equilibrium constant

J=J0exp(zFV/RT), whereJ0is the equilibrium con-

stant for the transition at 0 mV. In turn, the voltage

sensor is coupled to channel gating by an allosteric

coupling constantD. A simplifying assumption is that

the voltage sensors from each subunit act in concert.

The open probability is then given by Po=1/

[1+(1+J)/(L(1+JD))].

We found that this simple allosteric model could

reproduce voltage-dependent activation of the wild-

type and the mutant F1020G channels. By simultane-

ously fitting the normalized steady-stateG–Vdata and

the time course of the activation phase of normalized

conductances induced by depolarization to+200 mV,

we obtained parametersD,L, andJ0for representative

cells (Fig. 7C–F and Table 4). For wild-type TRPA1

measured in the presence of external Ca2+, a good fit

yielded the equilibrium constantLof 0.0200 0.0027

and the allosteric factorDof 29 562 3571 (n=10).

Mutation F1020G did not affect the equilibrium con-

stantL(0.0172 0.0031;P=0.490;n=9) but signifi-

cantly decreased the allosteric factorD (P≤0.001;

Fig. 7G). The estimated value of the voltage sensor

equilibriumJ0was significantly increased (P=0.020)

and this effect was particularly pronounced

(P≤0.001;n=11) when Ca2+was not present in the

extracellular solution (see Fig. 7G and Table 4). This

result suggests that the F1020G mutation could abol-

ish the allosteric coupling of the putative voltage sen-

sor to channel gating and increase the equilibrium

constant for the transitions between resting and acti-

vated states of the sensor. External Ca2+affected the

basal-open gate equilibrium (L) in F1020G but not in

wild-type channels, indicating Ca2+dependence of con-

formational changes caused by mutation.

Specific peptides interfere with TRPA1 calcium-

dependent potentiation

It has been previously shown that Ca2+/calmodulin

complex binds to TRPA1 within the region L992-

N1008 and potentiates the channel under resting con-

ditions [8]. This study suggested that basal intracellular

Ca2+concentration is sufficient to cause preassociation

of calmodulin with TRPA1, but the channels are far

from saturated by endogenous calmodulin. Our results

indicate that the peptide L992-N1008 interacts with

lipid membranes if PIP2is present and its affinity

decreases in the presence of calcium. We reasoned that

if PIP2binds at the same site under native conditions,

then chelating background Ca2+should release the pre-

bound Ca2+/calmodulin complex from the channel and

enable it to interact with PIP2. It has been previously

shown that the role of PIP2in TRPA1 activation and

desensitization is complex and involves the related

channel TRPV1 in sensory neurons [29]. In order to

explore the possible contribution of the putative PIP2-

interaction site (Y1006-Q1031) in TRPA1 regulation

under close-to-native conditions, we used neuronal

F11 cells transfected with human TRPA1. We and

others have previously shown that this cell line is a

suitable model which maintains broad functional simi-

larities with dorsal root ganglia neurons [30,31],

including phospholipase C pathway and PIP2signaling

[32,33].TRPA1andTRPV1genes are absent from this

cell line [31], which provides an opportunity to observe

the human TRPA1 activity in isolation from the

TRPV1-dependent pathways.

In our experiments, we aimed: (a) to generalize the

previously published observations by Hasanet al. [8]
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that Ca2+/calmodulin-dependent potentiation of mouse

TRPA1 is prevented by including the dominant nega-

tive peptide L992-N1008 in the pipette solution, (b) to

explore, whether intracellular perfusion with the longer

peptide T1003-P1034 has a similar dominant-negative

effect as the shorter peptide L992-N1008, and (c) to

examine, whether PIP2and Ca
2+/calmodulin may com-

pete for the same site at TRPA1 and influence the sta-

bility/sensitivity of the channel under resting

conditions (i.e., at negative membrane potentials and
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Fig. 7.Allosteric model reproduces

voltage-dependent activation of

TRPA1. (A) and (B) Average

normalized conductances obtained

as explained in Fig. 4, in the

presence or absence of external

Ca2+, plotted on a semi-logarithmic

scale. Data represent the

means SEM (n indicated in

Fig. 4C,D). The solid and dashed

lines represent the best fit to a

Boltzmann function as described in

Materials and methods. (C) The

time course of the activation phase

of normalized currents measured

for a representative cell expressing

the wild-type TRPA1, induced by

depolarization to +200 mV. (D) The

normalized steady-stateG–V data

simultaneously fitted using a

simple allosteric model (shown as

inset in C). (E) and (F) The same as

in C and D for the mutant F1020G.

(G) Bar graph summarizing the

results from allosteric model fitted

to experimental data obtained for

wild-type TRPA1 and F1020G in the

presence (white and light green

bars; n= 10 and 9) or absence

(gray and dark green bars;n=8

and 11) of external Ca2+. Asterisk

indicates a statistically significant

difference from the first bar

(Student’st-test;P<0.05). The

data are presented as

means SEM.
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in the absence of calcium). Using the same experimen-

tal solutions and application protocol as Hasanet al.

[8], we measured the extent of potentiation of car-

vacrol (100lM) responses by external calcium

(0.5 mM) under three situations: (a) within 30–50 s

after whole-cell formation, (b) after 5–6 min perfusion

with intracellular solution, and (c) after 5–6 min perfu-

sion with intracellular solution containing either the

L992-N1008 or T1003-P1034 peptide (Fig. 8). Fig-

ure 8A shows that initial TRPA1-mediated carvacrol

responses recorded in nominal 0 Ca2+30–50 s after

whole-cell formation had a much slower onset than

responses measured from cells perfused for 5–6 min

with internal solution with or without the peptide. As

an apparent consequence, the carvacrol-induced cur-

rent densities measured at the end of 10s application

were significantly smaller in nonperfused cells (median

18.7 pA/pF vs. 8.5 pA/pF for the T1003-P1034 pep-

tide;n=12 and 6;P=0.044; Fig. 8C). Intriguingly,

Ca2+ potentiation was strongly (8.3 1.6 fold)

enhanced in the cells recorded within 30–50 s after

whole-cell formation (Fig. 8D) and there were no cor-

relation between the peak current amplitudes and the

extent of Ca2+-induced potentiation (correlation coeffi-

cient 0.0979,P=0.749;n=12). Inclusion of the

T1003-P1034 peptide in the pipette solution signifi-

cantly (P=0.028;n=6) prevented Ca2+-dependent

potentiation similarly as previously seen with L992-

N1008 peptide [8]. These results suggest that the

T1003-P1034 region is important for Ca2+-dependent

potentiation and that Ca2+/calmodulin complex may

compete for the same or overlapping binding site with

PIP2.

Discussion

Although TRPA1 does not necessarily require PIP2for

function [34], a number of studies have shown that

phosphoinositides are involved in TRPA1 regulation

under different conditions [10,29,35,36] and a number

putative sites of interaction have been proposed

[15,18,25,36]. Structural studies [17], together with our

results, support the possibility that PIP2can regulate

TRPA1 either from the inner vestibule of the S1–S4

sensor domain or through a lateral fenestration

between two adjacent subunits. Generally, proteins

bind phosphoinositides mainly through electrostatic

interactions of their positively charged residues and

contributing nearby hydrophobic residues. Previous

predictions for mouse TRPA1 protein sequence

pointed to several prototypical PIP2-interacting (pleck-

strin homology) domains located in the N terminus

(R46-K56, K443-K448, K592-R605) and the distal C

terminus (K1092-R1097)[36]; based on later structural

[17] and mutagenesis [18,23] studies, the latter region

cannot be excluded. Another bioinformatics approach

was used by Witschaset al. [15] who mapped the C

terminus of human TRPA1 for prediction of antibacte-

rial activity with AntiBP Server (http://crdd.osdd.net/

raghava/antibp/index.html). Antibacterial peptides are

capable of distinguishing bacterial from mammalian

cells based on the differences in plasma membrane

composition due to their significant affinity for nega-

tively charged phospholipids [37,38]. Prediction results

identified a high propensity for membrane-active

region within the most proximal C-terminal region

(later recognized as TRP-like domain) and subsequent

biophysical studies indeed confirmed a strong interac-

tion of the corresponding peptide I964-L992 with

membranes containing anionic lipids [15]. This assay

was complementary to previous electrophysiological

studies that identified several positively charged resi-

dues within this region (K969, R975, K988, and K989)

as critically involved in TRPA1 channel gating [18].

The mapping of antibacterial peptides within the C

terminus predicted also another sequence, with even

the highest score: F1017-Q1031. This region has a net

charge of zero and contains only one basic residue.

Thus, the predicted interaction with phosphoinositides

should be predominantly facilitated by hydrophobic/

aromatic residues. In this context, it is noteworthy that

a missense mutation of a histidine residue two amino

acids upstream of F1020 was recently found to be

associated with childhood asthma [39]. It could be

envisaged that the histidine-to-arginine mutation

(rs959976) increases the affinity of PIP2to TRPA1

and, thus, influences the gating of the channel at phys-

iological membrane potentials.

Table 4.Parameters of allosteric model fitted to experimental data obtained in the presence or absence of external Ca2+. The data are

presented as means SEM

Construct/[Ca2+]o D L J0 n

TRPA1/1 mM 29 562 3571 0.0200 0.0027 9.1 2.39105 10

F1020G/1 mM 3967 454 0.0172 0.0031 2.2 0.49104 9

TRPA1/0 mM 41 663 3231 0.0210 0.0029 9.5 2.99105 8

F1020G/0 mM 5897 899 0.0108 0.0023 8.8 1.19104 11
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We demonstrate that PIP2is essential for the interac-

tion of the peptide comprising the above region (T1003-

P1034) with membrane lipids. The binding is strong and

superficial, inducing only small perturbation in the lipid

ordering. By looking at the published structure of

TRPA1 [17] and integrating our current knowledge

about the interaction capacity of specific TRPA1 pep-

tides with PIP2, it is tempting to speculate that there
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Fig. 8.Putative interaction site for membrane phosphoinositides may compete with Ca2+/calmodulin complex. (A) Representative recordings

from F11 cells expressing human TRPA1. The cells were exposed to 100lM carvacrol in the absence (10 s) and presence (10 s) of

extracellular Ca2+(500lM) either 30–50 s after whole-cell formation (left), after 5–6 min perfusion with internal solution (middle), or after 5–

6 min perfusion with internal solution containing indicated peptide (right). For the L992-N1008 control peptide, three similar recordings as

shown in right panel were measured (not statistically evaluated). (B) Proposed mechanism for regulation of human TRPA1 by

Ca2+/calmodulin and PIP2. Under basal concentrations of Ca
2+, the channels bind Ca2+/calmodulin (left). Chelation of Ca2+upon 5–6 min

perfusion with internal solution releases calmodulin from TRPA1, enables PIP2to bind at the same site and promote the channel activation

by carvacrol (middle). When the specific peptide is included in the pipette solution (5–6 min perfusion), binding of PIP2increases and Ca
2+-

dependent potentiation is reduced because of the dominant-negative effect of peptide (right). (C) Bar and all point plot summary of time

constant (son) of TRPA1 activation by 100lM carvacrol applied in the absence of Ca
2+, obtained by monoexponential fit from experiments

similar to those in (A) gray dotted line. Significance (P) tested using Student’s pairedt-test is indicated above the bars. The number of

experiments is given in parentheses. (D) Summary of TRPA1 potentiation induced by 500lM Ca2+in experiments similar to those in (A).

The data in panels C and D are presented as means SEM.
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might exist at least two sites with separate functions

from which PIP2 can regulate the channel activity. The

first, formed by the inner cavity of the sensor and con-

tributed by K989 from the TRP-like domain, and the

second, explored within this study, localized between

adjacent subunits, capable of directly affecting gating of

the channel through the S4–S5 linker and R975 from

the TRP-like domain. This scenario also predicts that

the effectiveness of PIP2 in inhibiting or promoting the

activity of TRPA1 could strictly depend on conforma-

tional states of the channel. Our previous mutagenesis

study demonstrated that neutralization of either K989

or R975 from the TRP-like domain produced gain of

function phenotypes with strong outward rectification

upon stimulation by depolarizing pulses. In the pres-

ence of a high concentration of agonist (200 lM allyl

isothiocyanate), the gating of K989A became voltage

independent whereas the gating of R975A remained

strongly voltage dependent and outwardly rectifying

[18]. These experiments were performed in the presence

of 1 mM concentration of external Ca2+, and thus, we

cannot distinguish which of the reported effects may

result exclusively from PIP2 interaction. Given the

recently revealed critical and dual role of Ca2+/calmod-

ulin in the regulation of TRPA1 [8], we could only

hypothesize that PIP2 may act in concert with Ca2+ and

calmodulin to regulate the channel. Notably, the

R975A mutant characterized in [18] and the S972D

mutant studied here (Fig. 6) could have similar impact

on the voltage sensitivity of the channel due to dis-

rupted contacts with E1032 and I1033 (residues

included in the region explored in this study). In any

case, our data demonstrate that the peptide correspond-

ing to the calmodulin binding site (L992-N1008) and

the peptide overlapping with this site (T1003-P1034) are

capable of binding PIP2 and their affinities are

decreased in the presence of Ca2+. Under what physio-

logical circumstances might the PIP2-dependent regula-

tion of TRPA1 be relevant? TRPA1 is extensively

coexpressed with TRPV1 in sensory neurons and these

channels form a complex and functionally interact

[29,40]. Future studies should focus on establishing the

physiological relevance of our proposed mechanism

(Fig. 8B) in various nociceptive neurons and, particu-

larly, in relation to the TRPV1 expression pattern. Our

data demonstrate that lowering the concentration of

Ca2+ below basal levels increases the apparent affinity

of the channel to nonelectrophilic agonist carvacrol

(Fig. 8A,C). It can thus be imagined that PIP2 competes

with Ca2+/calmodulin for binding at TRPA1 under

basal conditions. Because the Ca2+/calmodulin complex

primes the channel for activation under weakly activat-

ing conditions and inactivates it at higher Ca2+

concentrations [8], the effects of PIP2 should be conse-

quentially complex and Ca2+ dependent. For that mat-

ter, a similar degree of complexity of regulation by PIP2

has been demonstrated (after nearly 15 years of inten-

sive research) for related channel TRPV1 [41,42].

Materials and methods

Cell culture, constructs, and transfection

Human embryonic kidney 293T (HEK293T, CRL-3216;

ATCC, Manassas, VA, USA) cells were cultured in Opti-

MEM I media (Invitrogen, Carlsbad, CA, USA) supple-

mented with 5% fetal bovine serum. The magnet-assisted

transfection (IBA GmbH, G€ottingen, Germany) technique

was used to transiently cotransfect the cells in a 15.6-mm

well on a 24-well plate with 200 ng of GFP plasmid

(TaKaRa, Shiga, Japan) and with 300 ng of cDNA plasmid

encoding wild-type or mutant human TRPA1 (pCMV6-

XL4 vector, OriGene Technologies, Rockville, MD, USA).

The cells were used 24–48 h after transfection. At least two

independent transfections were used for each experimental

group. The wild-type channel was regularly tested in the

same batch as the mutant. The mutants were generated by

PCR using a QuikChange II XL Site-Directed Mutagenesis

Kit (Agilent Technologies, Santa Clara, CA, USA) and

confirmed by DNA sequencing (GATC Biotech, Konstanz,

Germany). F11 cells (The European Collection of Authenti-

cated Cell Cultures, ECACC 08062601, Porton Down, UK)

cultured in Dulbecco’s modified Eagle’s medium supple-

mented with 2 mM glutamine and 10% fetal bovine serum

were passaged once a week using trypsin-EDTA (Invitro-

gen) and grown under 5% CO2 at 37 °C. One to two days

before transfection, cells were plated in 24-well plates

(2 9 105 cells per well) in 0.5 mL of medium and became

confluent on the day of transfection. The cells were tran-

siently cotransfected with 300 ng of cDNA plasmid encod-

ing human TRPA1 (in the pCMV6-XL4 vector, OriGene

Technologies) and with 200 ng of GFP plasmid (TaKaRa,

Shiga) with the use of Lipofectamin 2000 (Invitrogen) and

then plated on poly-L-lysine-coated glass coverslips.

Electrophysiology

Whole-cell membrane currents were recorded by employing

an Axopatch 200B amplifier and pCLAMP10 software

(Molecular Devices). Patch electrodes were pulled from

borosilicate glass and heat-polished to a final resistance

between 3 and 5 MΩ. Series resistance was compensated by

at least 70% in all recordings. The experiments were per-

formed at room temperature (23–25 °C). Only one record-

ing was performed on any one coverslip of cells to ensure

that recordings were made from cells not previously

exposed to chemical stimuli. A system for rapid superfusion

of the cultured cells was used for drug application [43]. For
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HEK293T cell recordings, the extracellular bath solutions

contained: 150 mM NaCl and 10 mM HEPES, with an

added 2 mM HEDTA for the Ca2+-free solution, and 2 mM

CaCl2for the Ca
2+-containing solutions, adjusted to pH 7.3

with NaOH, 300 mOsm. The current to voltage (I/V) rela-

tionships were measured in control bath solution contain-

ing 160 mM NaCl, 2.5 mM KCl, 1 mM CaCl2,2mM MgCl2,

10 mM HEPES, 10 mM glucose, adjusted to pH 7.3 and

320 mOsm, or in the Ca2+-free solution. TheI/Vrelation-

ships were recorded using 100 ms voltage steps from 80

to +200 mV (increment +20 mV), holding potential

70 mV, recorded in control extracellular solution~1 min

after whole-cell formation. The internal pipette solution

contained 145 mM CsCl, 5 mM EGTA, 3 mM CaCl2,10mM

HEPES, and 2 mM MgATP, adjusted with CsOH to pH

7.3 and 290 mOsm. The agonist sensitivity was tested with

a protocol described previously [25] where the membrane

potential was ramped every second from 80 to+80 mV

(1 Vs1). For F11 cell recordings, the extracellular bath

solution (nominal 0 Ca2+) contained: 140 mM NaCl, 4 mM

KCl, 1 mM MgCl2,10mM HEPES, 5 mM glucose, pH 7.4

adjusted with NaOH. Internal pipette solution contained

140 mM KCl, 2 mM MgCl2,5mM EGTA, 10 mM HEPES,

pH 7.4 adjusted with KOH. Allyl isothiocyanate, cin-

namaldehyde, and carvacrol solutions were prepared prior

to use from a 0.1M stock solution in Me2SO. To study the

effects of peptides on TRPA1-mediated currents in F11

cells, peptides were included in the pipette. All of the chem-

icals were purchased from Sigma-Aldrich (Prague, Czech

Republic).

Preparation of small unilamellar vesicles, large

unilamellar vesicles, and polymer-based

nanodiscs (SMALPs)

Liposomes were prepared by dissolving the appropriate

amount of lipid into chloroform or a mixture of chloro-

form and methanol 2/1 (v/v), followed by solvent evapora-

tion under nitrogen to deposit the lipid as a film on the

wall of a test tube. Final traces of solvent were removed in

a vacuum chamber attached to a liquid nitrogen trap dur-

ing 2–3 h. Dried lipid films were hydrated with TBS buffer,

pH 7.6 or with 10 mM phosphate buffer, pH 7.6 (for CD

experiments), and thoroughly vortexed at a temperature

superior to the phase transition temperature of the lipid to

obtain multilamellar vesicles (MLVs). To better mimic bio-

logical conditions, the peptide was added to the lipids after

vesicle/liposome formation. To form LUVs, the MLV dis-

persion was subjected to six freeze/thawing cycles and

passed 11 times through a mini-extruder equipped with two

stacked 0.1lm polycarbonate filters (Avanti, Alabaster,

AL, USA). For forming small unilamellar vesicles (SUVs),

MLVs were tip sonicated on ice, amplitude 40, time

2910 min.

Styrene maleic acid lipid particles were prepared by incu-

bating MLVs (1.3 mM) with SMA solution (6.5 mM) both in

PBS. To ensure complete solubilization of the MLVs, a ratio

of 0.5 ([SMA]/[lipid]) was used that is above the reported

Rsol value (ratio above which the liposome solubilization is

complete) for POPC liposomes [44]. Formation of SMALPs

was followed by Dynamic Light Scattering (Vasco, Cor-

douan) and also by MDS (microfluidic diffusional sizing; in

this case, we have included 10% palmitoyl-oleoyl-phos-

phatidylserine in the lipid system in order to have a reactive

primary amine for fluorescent labeling). SMALP formation

occurred promptly after the mixing and they remained stable

for a couple of weeks. SMALPs of about 10–15 nm in size

were obtained by this procedure. All lipids were purchased

from Avanti Polar Lipids. The peptides (TIVYPNKPR

SGGMLFHIFCFLFCTGEIRQEIP, herein named T1003-

P1034 and LWFLRKVDQKSTIVYPN, herein named

L992-N1008) were purchased from Biomatik (Cambridge,

ON, Canada) and used without further purification.

Liposome leakage

Sulforhodamine B-containing LUVs were prepared using

the same protocol used to make regular LUVs, except for

the hydration step made with 0.5xTBS buffer of the lipid

films, which contained 50 mM Sulforhodamine B. Free rho-

damine was separated from rhodamine-containing LUVs

using size exclusion column chromatography (Sephadex G-

75) with TBS as elution buffer. The concentration of lipids

was estimated using Rouser protocol [45]. For the assay, the

lipid concentration was set at 1lM and peptide concentra-

tion varied from 1 to 500 nM (P/L ratio of 1/100 to 1/10,

respectively). All measurements were performed with a

BMG Labtech plate reader. Data were collected every 1 s at

room temperature using akexc=565 nm andkem=586 nm

with an emission and excitation slit of 2.5 nm in a cuvette of

2 mL. The fluorescence from rhodamine at 50 mM concen-

tration was low due to self-quenching, but increased consid-

erably upon dilution. The fluorescence intensity at

equilibrium was measured after 60 min. At the end of the

assay, complete leakage of LUVs was achieved by adding

100lL of 10% Triton X-100 solution dissolving the lipid

membrane without interfering with the fluorescence signal.

The percentage of rhodamine release was calculated accord-

ing to the following equation:

%leakage¼ðFt F0Þ=ðFf F0Þ 100; ð1Þ

where the percentage of leakage is the fraction of dye

released (normalized membrane leakage),Ftis the mea-

sured fluorescence intensity at timet, andF0andFfare

the fluorescence intensities at timest=0, and after final

addition of Triton X-100, respectively. A dilution cor-

rection was applied to the fluorescence intensity after

injection of the Triton X-100.
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Circular dichroism (CD)

CD data were recorded on a Jasco J-815 CD spectropho-

tometer with a 1-mm path length. Far-UV spectra were

recorded from 185 or 195 to 250 nm with a 0.5-nm step

resolution and a 1-nm bandwidth at 300 K. The scan speed

was 50 nmmin 1(1 s response time), and the spectra were

averaged over seven scans. CD spectra were collected for

peptide samples in a 10-mM phosphate buffer at concentra-

tions varying from 20 to 120lM for the peptide alone and

in the presence of the lipid at concentrations of 1220lM

(20% PIP2+80% POPC), 1290lM (5% PIP2+95%

POPC), and 1320lM (POPC) (P/L ratios investigated ran-

ged from 1/50 to 1/10). For each sample, the background

(buffer or liposome/micelle in the absence of peptide) was

automatically subtracted from the signal. Data were evalu-

ated using BeStSel.org database [46].

Plasmon waveguide resonance spectroscopy

Plasmon waveguide resonance experiments were performed

on a homemade PWR instrument that had a spectral angu-

lar resolution of≥0.5 mdeg. Resonances can be obtained

with light whose electric vector is either parallel (s-polariza-

tion) or perpendicular (p-polarization) to the plane of the

resonator surface. The principles behind the technique and

information obtained have been reported elsewhere (see,

e.g., [20,47,48]). The sample to be analyzed (a lipid bilayer

membrane) was immobilized on the resonator surface and

placed in contact with an aqueous medium (TBS buffer,

pH 7.6), into which the peptides were then introduced. The

solid-supported lipid bilayer was made by incubation of

SUVs of lipids with the sensor surface that leads to the

spontaneous burst of the vesicles in the silica surface to

form a bilayer (further details can be found in ref. [49]).

After bilayer formation, a peptide was incrementally added

to the cell sample compartment and the spectral changes

monitored with both polarizations. Affinities between the

peptide and the lipids were obtained by plotting the PWR

spectral changes that occur upon incremental additions of

ligand to the cell. Data fitting (GraphPad Prism, San

Diego, CA, USA) through a hyperbolic saturation curve

provides the apparent dissociation constants.

Attenuated total reflection infrared spectroscopy

(ATR-FTIR)

ATR-FTIR spectra were recorded on a Nicolet 6700 FT-

IR spectrometer (Nicolet Instrument, Madison, WI, USA)

equipped with a liquid nitrogen cooled mercury–cadmium–

telluride detector (ThermoFisher Scientific, San Jose, CA,

USA), with a spectral resolution of 4 cm 1and a one-level

zero filling. Lipid bilayers adsorbed on a germanium ATR

crystal were obtained by spontaneous fusion of SUVs of

pure POPC or a mixture of POPC with PIP2. The total

lipid concentration used was 1.5 mgmL 1(ca. 1.96 mM).

SUV was prepared by tip sonication for 30 min after direct

hydration of lipid films by TBS buffer. TBS was used

instead of PBS to avoid phosphate contribution from the

buffer. After bilayer formation at the crystal surface, the

excess of SUV was removed by a TBS buffer. Since ATR

spectroscopy is sensitive to the orientation of the lipid and

peptide [50], spectra were recorded with a parallel (p) and

perpendicular (s) polarization of the incident light. All the

orientation information is then contained in the dichroic

ratioRATR=Ap/As, whereAp andAs represent the absor-

bance of the considered band for the p or s polarization of

the incident light, respectively (for more details, see [19]). A

peptide at a concentration of 1 mM was incubated for

10 min with the bilayer, the noninteracting peptide was

removed by washing three times with TBS buffer.

Microfluidic diffusional sizing

Microfluidic diffusional sizing was performed using the

Fluidity One instrument developed by Fluidic Analytics.

This newly developed and very sensitive method provides

information about sample concentration and size by mea-

suring the rate of diffusion of proteins. Streams of a pro-

tein sample and an auxiliary fluid are run in parallel

under steady-state laminar flow, with no convective mix-

ing. Consequently, the only way the protein can migrate

from the sample into the auxiliary fluid is by diffusion.

This is the measurement step in the Fluidity One system,

and occurs while the proteins are in their native state,

before a label is introduced. Following measurement, the

streams are split and the analytes are labeled via primary

amines present in the peptides and lipids (in case of phos-

phatidylserine or phosphatidylethanolamine lipid head-

groups). The hydrodynamic radius of the vesicles is

directly related to their diffusion coefficient,D, through

the Stokes–Einstein equation

D¼KBT=pgRh; ð2Þ

whereKBis the Boltzmann constant,Tis the temper-

ature, andgis the viscosity of the buffer used for

coflow and for suspending the sample. Herein, we

have used this method to follow the interaction of

the two peptides with SMALPs composed of POPC

and POPC/PIP2 (9/1). By titrating the peptides

(450lgmL 1) with increasing concentration of lipids

and measuring the size at each point, a binding curve

can be obtained based on the size changes occurring

upon the peptide–lipid interaction. From the binding

curve, the dissociation constant can be obtained by

fitting the data with a hyperbolic binding equa-

tion (PRISM, GraphPad Software). To note that the

peptides alone have a size of about 1.5–2 nm and the

SMALPs have a size of about 10 nm.
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Data analysis, statistics, and modeling

All of the electrophysiological data were analyzed using

pCLAMP10 (Molecular Devices, San Jose, CA, USA), and

curve fitting and statistical analyses were done inSIGMAPLOT

10 (Systat Software Inc.) orPRISM (GraphPad Software).

Conductance–voltage (G–V) relationships were obtained

from steady-state whole-cell currents measured at the end

of voltage steps from 80 to+200 mV in increments of

+20 mV. Voltage-dependent gating parameters were esti-

mated by fitting the conductanceG=I/(V Vrev) as a func-

tion of the test potentialVto the Boltzmann equation:

G¼½ðGmax GminÞ=ð1þexpðzFðV V50Þ=RTÞÞ
þGmin;

ð3Þ

wherezis the apparent number of gating charges,V50
is the half-activation voltage,Gmin andGmax are the

minimum and maximum whole-cell conductance,Vrev
is the reversal potential, andF,R, andThave their

usual thermodynamic meanings. Statistical significance

was determined by Student’st-test or the analysis of

variance, as appropriate; differences were considered

statically significant atP<0.05 where not stated

otherwise. The data are presented as means SEM.

Activation time constants (sfastandsslow) were measured

directly from outward currents by performing a double

exponential Chebyshev fit to the rising phase of the activat-

ing currents. Fast and slow deactivation was characterized

by a single or a double exponential fit to the current upon

repolarization from+200 to 70 mV. Initial 1.3-ms interval

was ignored. Because the relative weights of fast and slow

deactivation components differed between the cells tested,

we calculated a weighted, average time constant of the fast

and slow components of activation/deactivation based on

the amplitude of each component.

sw¼Afast=ðAfastþAslowÞ sfastþAslow=ðAfastþAslowÞ
sslow:

ð4Þ

Fitting to an allosteric model was performed withCOPASI

4.22 [51]. Molecular docking of PIP2into the TRPA1 sen-

sor domain was performed as described previously [25] with

the program AutoDoc Vina integrated inUCSF CHIMERA

1.12 software using a cubic box of 10091009100A3

with default docking parameters.
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The transient receptor potential vanilloid 3 (TRPV3) channel

isaCa2 -permeable thermosensitive ion channel widely

expressed in keratinocytes, where together with epidermal

growth factor receptor (EGFR) forms a signaling complex regu-

lating epidermal homeostasis. Proper signaling through this

complex is achieved and maintained via several pathways in

which TRPV3 activation is absolutely required. Results of recent

studies have suggested that low-level constitutive activity of

TRPV3 induces EGFR-dependent signaling that, in turn, ampli-

fies TRPV3 via activation of the mitogen-activated protein

kinase ERK in a positive feedback loop. Here, we explored the

molecular mechanism that increases TRPV3 activity through

EGFR activation. We used mutagenesis and whole-cell patch

clamp experiments on TRPV3 channels endogenously ex-

pressed in an immortalized human keratinocyte cell line

(HaCaT) and in transiently transfected HEK293T cells and

found that the sensitizing effect of EGFR on TRPV3 is mediated

by ERK. We observed that ERK-mediated phosphorylation of

TRPV3 alters its responsiveness to repeated chemical stimuli.

Among several putative ERK phosphorylation sites, we identi-

fied threonine 264 in the N-terminal ankyrin repeat domain as

the most critical site for the ERK-dependent modulation of

TRPV3 channel activity. Of note, Thr264is in close vicinity to a

structurally and functionally important TRPV3 region compris-

ing an atypical finger 3 and oxygen-dependent hydroxylation

site. In summary, our findings indicate that Thr264in TRPV3 is a

key ERK phosphorylation site mediating EGFR-induced sensiti-

zation of the channel to stimulate signaling pathways involved

in regulating skin homeostasis.

Transient receptor potential vanilloid 3 (TRPV3)3is a ther-
mosensitive ion channel widely expressed in epithelial tissues of

the skin, where it plays critical roles in epidermal proliferation,
differentiation, hair growth, sensory thermotransduction, itch
sensation, and the development of cutaneous pain. A number of
stimuli have been shown to activate TRPV3, including warm or
noxious temperatures (1–3); endogenous compounds such as
farnesyl pyrophosphate or nitric oxide; the naturally occurring
aromatic monoterpens carvacrol, menthol, and camphor; and
synthetic drugs, of which the most frequently used is 2-amino-
ethoxydiphenyl borate (2-APB) (see Refs. 4 –7 for recent com-
prehensive reviews). The activity of TRPV3 can be further sen-
sitized by a number of signaling molecules downstream of
phospholipase C, including unsaturated fatty acids (8), Ca2/
calmodulin (9, 10), protein kinase C (11), and phosphatidyli-
nositol 4,5-bisphosphate (12). Moreover, among other thermo-
sensitive TRP ion channels, TRPV3 has a unique intrinsic
property; it is strongly up-regulated by its own activity (13, 14).
This, together with a remarkable gatingpromiscuity (15),
makes the channel extremely sensitive to any type of conforma-
tional change and, as a consequence, it is difficult to determine
the mechanisms of TRPV3 modulation at the molecular level.
In man, several gain-of-function mutations in TRPV3 that
lead to enhanced channel activity have been linked to severe
channelopathy, congenital Olmsted syndrome, accompanied
by strong skin defects (16, 17). Also, the genetic deletion of the
trpv3gene in mice leads to an impaired epidermal barrier struc-
ture and strong deficits in responses to innocuous and noxious
heat (18). A significant breakthrough in our understanding of
how aberrant TRPV3 activity relates to skin pathophysiology
has been made by Chenget al.(19), who elaborated an obser-
vation that the defects in hair morphogenesis in mice deficient
intrpv3strikingly resemble the mouse phenotype bearing
mutations in the epidermal growth factor receptor (EGFR) and
its ligand, transforming growth factor-(TGF-). Their study
demonstrated that in keratinocytes, the TRPV3 channel forms
a signaling complex with EGFR, whereby its activity is regulated
by EGFR-coupled signaling pathways. A mechanism has been
proposed in which a weak constitutive activity of TRPV3 raises
the intracellular concentration of calcium, which inturn
releases TGF- that binds to and activates EGFR. A further
increase in intracellular calcium downstream of EGFR activa-
tion then results in a potentiation of TRPV3. As this potentiat-
ing effect could be blocked by inhibitors of phospholipase C
(PLC) and mitogen-activated protein kinase ERK, these exper-
iments have indicated that the PLC- and ERK-mediated regu-
lation of TRPV3 could be a primary mechanism required for
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EGFR-dependent functions (19). Whereas the effects of the
PLC-signaling cascade on TRPV3 have been studied intensively
at the single-cell level (12, 20), the importance of ERK in medi-
ating TRPV3 potentiation has not been established, and it is
unclear whether ERK by itself is sufficient to influence TRPV3.
The activation of EGFR by TGF- triggers the activation of

downstream kinases known as the mitogen-activated protein
kinase (MAPK) signaling pathway leading to the final effectors,
the extracellular signal-regulated protein kinases 1 and 2
(ERK1/2). These two kinases are generally referred to as ERK
because they both exhibit a functional redundancy and no evi-
dence has been provided for a difference in substrate specificity
between these two isoforms (21). Although ERK is considered a
primary effector of EGFR signaling, it may also integrate other
signaling pathways and phosphorylate various ion channels and
regulate their gating properties, as is the case with the Cav2.2,
Nav1.7, Kv4.2, and TRPC6 channels (22–25).
The sequence analysis of human TRPV3 reveals eight puta-
tive phosphoacceptor sites for ERK kinase (S/TP), all present at
the cytoplasmic N-terminal end (supplemental Table S1). This
partoftheprotein, as in other members of the vanilloid TRP
channel subfamily, features a characteristic ankyrin repeat
domain (ARD) consisting of six ankyrin repeats (AR). These
ARs are formed by motifs of 33 amino acid residues that give
rise to a structure consisting of two anti-parallel-helices con-
nected by -hairpin loops called “fingers.” The ARD of TRPV3
has been recently structurally characterized(amino acids
Arg118–Ile365) and a functionally important finger from which
the TRPV3 channel can be decisively modulated was identified
(26). The fact that two of the predicted ERK phosphorylation
sites, Thr264and Thr343, are situated within this relatively well
defined region raises an interesting possibility that the channel
may be modulated by direct phosphorylation at its N terminus.
Here we set out to explore whether the activation of EGFR signal-
ing in keratinocytes results in the potentiation of TRPV3 responses
through ERK phosphorylation, and to determine the contribution
of the predicted phosphorylation sites in this process.

Results

EGF treatment promotes potentiation of TRPV3 currents in
keratinocytes via MAPK signaling pathway

We used human keratinocyte HaCaT cells and the whole-cell
patch clamp technique to study the effects of EGF on the activ-
ity of endogenously expressed TRPV3 channels. To identify
TRPV3-expressing cells, a combination of two TRPV3 agonists
2-APB and carvacrol at saturating concentrations (200 and 250
M) was first briefly applied to a cell (Fig. 1A). If a cell displayed
a detectable current response at a holding potential of 70 mV
(40% of cells), a combination of subsaturating concentrations
of 2-APB and carvacrol (80 and 100 M) was applied for 30 s and

Figure 1. EGF increases potentiation of endogenously occurring TRPV3
channels in HaCaT cells via MAPK signaling pathway.A,representative
current responses from whole HaCaT cells endogenously expressing TRPV3
channels, repeatedly induced by a mixture of agonists 2-APB with carvacrol at
subsaturating (80 with 100M,light blue horizontal bar) or saturating concen-
trations (200Mwith 250 M,dark blue horizontal bars) under control condi-
tions and EGF treatment (20 ng/ml,gray horizontal bar) either in the absence
or presence of MEK inhibitors (10 MU0126,orange horizontal barand 30 M

PD98059,cyan horizontal bar). The baseline is indicated as agray interrupted
horizontal line.Red arrowsanditalic lettersshow responses that were used for
the statistical analysis in plotB. All recordings were measured in the absence
of Ca2 ions in extracellular solution at room temperature (23–25 °C) and at
70 mV. For the content of extracellular and intracellular solutions, see
“Experimental procedures.”B,summary plot shows average first, seventh,
and tenth current responses evoked by a subsaturating concentration of ago-
nists (corresponding tob,c, andeinA) related to the subsequent maximum
currents induced by a saturating concentration of agonists (corresponding to
a,d,andfinA) under control conditions (white circles,dashed line,n 5), after
0, 14, and 30 min incubation with EGF (corresponding tob/a,c/d, and e/finA)
in the absence (gray triangles,n 5) or presence of MEK inhibitors (U0126:

orange squares,n 3; PD98059:cyan diamonds,n 7). In cells treated with
U0126 or PD98059, the degree of potentiation of the seventh response after
the 14-min presence of EGF was only 38 4% (p 0.003, compared with the
cells treated with EGF alone;n 4) and 47 5% (p 0.008;n 7), respec-
tively. In the presence of U0126, a prolonged application of EGF (30 min)
caused a further sensitization to 53 5%, which was comparable with the
relative amplitude obtained in control cells (48 4%;p 0.639;n 3). Data
are expressed as mean S.E. **,p 0.01.
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then repeatedly for two 30-s periods at 5-min intervals.
Whereas the responses to the latter combination of agonists
subsequently increased, the maximum response to a combina-
tion of higher concentrations of agonists remained largely
unchanged, and was regularly tested for rundown correction.
This protocol enabled us to assess the degree of potentiation
induced by EGF that runs in parallel with the use-dependent
sensitization that is intrinsic to the TRPV3channel (14).
TRPV3 responses were recorded either under control condi-
tions or in the continuous presence of EGF, applied with or
without one of the two different selective mitogen-activated
protein kinase (MEK) inhibitors U0126 or PD98059. The first
(b), seventh (c), and tenth responses (e) were normalized to a
subsequent maximal saturating response (corresponding to
b/a, c/d, and e/f in Fig. 1A). Under control conditions, the first
response to the combination of subsaturating agonists reached
35 2% of the maximum response and was potentiated upon
the seventh and tenth application to 46 3 and 48 4% (Fig.
1B), respectively. The cells treated with EGF (20 ng/ml, 14 min)
exhibited a seventh response that reached 72 6% of the max-
imum response. Prolonged incubation with EGF (30 min) did
not cause any further increase (72 2%). Consistent with pre-
vious reports (19), the amplitude of TRPV3 responses induced
by saturating concentrations of the agonists was not affected by
the presence of EGF.
To determine whether the potentiating effect of EGF is medi-
ated by the MAPK signaling pathway, two different MEK inhib-
itors, U0126 (10 M) and PD98059 (30 M), were tested
together with EGF. The treatment of the cells with either of the
two inhibitors completely abolished the potentiating effect of
EGF on TRPV3 currents (Fig. 1B). In cells treated with U0126 or
PD98059, the degree of potentiation of the seventh response after
the 14-min presence of EGF was only 38 and 47%, respectively. In
the presence of U0126, a prolonged application of EGF (30 min)
caused a further potentiation to 53 5%, which was comparable
with the relative amplitude obtained in control cells. Together,
these experiments confirm previous observations obtained in
mouse primary keratinocytes (19) and suggest that the potentiat-
ing effect of EGF on TRPV3 is mediated via MEK kinases, whose
direct substrate ERK1/2 kinase may phosphorylate TRPV3.

Thr264represents a potential ERK phosphorylation site

To examine whether the potentiating effect of EGF on
TRPV3 responses in HaCaT cells can be mediated by the phos-
phorylation of TRPV3, we used several prediction servers to
assess potential phosphorylation sites for ERK (supplemental
TableS1).In total we identified eight ERK1/2 consensus sites
(PX(S/T)P) attheN terminus of human TRPV3, four of them
containing a PXSPmotif (Ser60, Ser85, Ser88, and Ser102) and the
next four a PXTP motif (Thr35, Thr96, Thr264, and Thr343). We
individually replaced all these serines and threonines with
aspartic acid to mimic the negative charge of the phosphate
group. The mutants were transiently transfected to HaCaT
cells and assayed electrophysiologically using repeated stimu-
lations with a low concentration of 2-APB (50M), applied four
times for 30 s with 30-s intervals and followed by a 10-s appli-
cation of a combination of 2-APB (200 M) with carvacrol (150
M) to obtain a reference saturating response (Fig. 2A).

In wild-type TRPV3, the inward currentssubsequently
increased upon repeated stimulation with 2-APB, on the fourth
application reaching about 5% of the saturating response (Fig.
2B). The T264D mutant produced significantly larger first
responses than the wild-type channels. When 2-APB currents
were normalized to the reference saturating response for a
given cell, two additional mutants, S85D and S102D, were iden-
tified to produce significantly larger first responses than the
wild-type channels (supplemental Fig. S1). Two of the mutant
channels,T264DandT343D, did not exhibit any sensitization
upon repeated stimulation with 2-APB. In T264D, the first
response reached about 7% of the maximum response, which
was not significantly different from the fourth response. In con-
trast to the currents through wild-type channels, the majority of
T264D responses to 2-APB apparently reached a plateau during
30 s of application. The 2-APB currents through T343D were
barely detectable, being significantly smaller than those of wild-
type channels and the other mutants. The fourth response in
T343D remained at the initial level of 0.3% of the maximum,
indicating functional rather than phosphorylation-mimicking
effects. The T35D construct yielded also a significantly smaller
initial response to 2-APB but exhibited sensitization compara-
ble with wild-type channels. Apart from S85D, for all the
mutants tested, maximal inward currents elicited by the com-
bination of saturating agonists were not statistically different
from wild-type channels.
Taken together, these findings identify threonine 264 as the
most likely candidate to be a phosphorylation site for ERK1/2,
because the phosphomimicking mutation sensitized the chan-
nel without affecting its maximum responses, as would be
expected for the potentiating effect of MEK kinases observed in
our experiments. Therefore, we set out to further characterize
the effects of other substitutions at this key residue to assess its
role in TRPV3 channel functionality.

Phosphomimicking/phosphonull mutations at Thr264affect
TRPV3 functioning

In further experiments, we used the HEK293T expression
system to avoid a possible contribution of endogenous TRPV3
channels that are expressed in HaCaT cells, and to examine
whether the effects of mutations at Thr264are independent of
the expression system used. We measured currents from the
T264D mutant channels (Fig. 3A) using an analogous protocol
to that described above. Moreover, we examined two additional
constructs: the alternative phosphomimetic mutation T264E
and the phosphonull mutation T264A. T264D and T264E
exhibited an identical phenotype to T264D in keratinocytes,
dramatically larger responses to 2-APB that did not sensitize
upon repeated applications (50 M, 30 s with 30-s intervals). In
these two constructs, the fourth response to 2-APB was not
statistically different from the initial response (Fig. 3B), whereas
that for wild-type channels increased 3-fold and T264A about
2-fold. In T264D, all four 2-APB responses were significantly
larger compared with wild-type TRPV3. There was no signifi-
cant difference in the maximum currents induced by a combi-
nation of saturating agonists (200 M2-APB and 150 Mcar-
vacrol, 10 s) between the mutants and the wild-type channels.
These results indicate that mutations at threonine 264 affect
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TRPV3 functioning in a manner consistent with persistent or
lacking phosphorylation.

Overexpression of ERK1 supports the specific role of Thr264in
TRPV3 phosphorylation

To further explore whether the ERK kinase may functionally
affect TRPV3, ERK1 was transfected to HEK293T cells together
with the wild-type TRPV3 channel. The presence of ERK1 in

cells caused a strong increase in 2-APB responses (Fig. 4A).
Upon repeated stimulation, the currents did not exhibit statis-
tically significant sensitization, and their fourth responses
reached 11.5 3.3% of the maximum amplitude induced by
saturating concentrations of 2-APB and carvacrol. The saturat-
ing responses trended toward lower values in the presence of
ERK1, although the difference did not reach statistical signifi-
cance (p 0.085). Next, the cells were cotransfected with ERK1

Figure 2. Phosphomimetic mutations of residues at the N terminus of TRPV3 channel revealed Thr264residue as the most likely candidate to be the target
of ERK kinase.A,representative current responses from whole HaCaT cells transiently transfected with human TRPV3 (blackrecording) and its mutant variant T264D
(bluerecording) induced by repeated applications of 50M2-APB ( 4, 30 s) and by a mixture of agonists at their saturating concentrations (200 M2-APB and 150 M

carvacrol, 10 s). Wild-type responses to 2-APB were markedly smaller compared with that induced by the mixture of agonists. Therefore two current scales were used.
The holding potential was 70 mV.B,summary plot of average amplitudes (in logarithmic scale) evoked by four (1– 4) consecutive 2-APB applications followed by the
mixture of agonists corresponds topanel Arecordings for wild-type (whitebars) and aspartic acid mutants (colored bars). The T35D construct yielded a smaller initial
response to 2-APB (p 0.041, see alsosupplemental Fig. S1) but exhibited potentiation of the fourth response not significantly different from wild-type channels
(3.3 0.5-fold;p 0.606).TheT264Dmutant produced significantly larger first responses than the wild-type channels (one-way analysis of variance with Dunnett’s
post hoc test,p 0.001). In this mutant, the first response reached 6.7 3.2% of the maximum response, which was not significantly different from the fourth
response, which reached 7.1 3.1% of the maximum amplitude (p 0.697; pairedttest). The 2-APB currents through T343D were barely detectable, being
significantly smaller than those of wild-type channels and the other mutants (Student’sttest,p 0.03). The fourth response in T343D remained at the initial level of
0.3% of the maximum (p 0.987; pairedttest), indicating functional rather than phosphorylation-mimicking effects. Apart from S85D (2.7 0.8 nA; one-way analysis
of variance,p 0.007), for all the mutants tested, maximal inward currents elicited by the combination of saturating agonists were not statistically different from
wild-type channels (4.8 0.9 nA). Data are shown as mean S.D. *,p 0.05.nare indicated inbrackets. See alsosupplemental Fig. S1.
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Figure 3. Replacing threonine 264 with negatively charged residues caused pre-sensitized TRPV3 channel in HEK293T cells.A,time courses of average
responses from analogous experiments as described in the legend to Fig. 2A, normalized to the maximum currents evoked by the saturating concentration of
agonists (200 M2-APB with 150 Mcarvacrol). Agonists were applied for the time indicated by theblack horizontal bar. Baseline was set at 0 level.B,average
amplitudes (in logarithmic scale) from wild-type (white bars), T264D (blue bars), T264E (pink bars), and T264A (cyan bars) mutants induced by four applications
of 50 M2-APB and then by the combination of 200 M2-APB with 150 Mcarvacrol corresponding to the protocol as described in the legend to Fig. 2A.In
T264D and T264E, the fourth response to 2-APB was not statistically different from the initial response (p 0.303 and 0.232, pairedttest), whereas that for
wild-type channels the response increased 3-fold and for T264A the response was about 2-fold. In T264D, all four 2-APB responses were significantly larger
compared with wild-type TRPV3. There was no significant difference in the maximum currents induced by the combination of saturating agonists between the
mutants and the wild-type channels (one-way analysis of variance,p 0.119). The data represent mean S.D., **,p 0.01.nare indicated inbrackets.C,
threonine 264 is predicted to be accessible for phosphorylation. The Thr264residue (blue) shown in the context of ankyrin repeats 3 and 4 (AR3andAR4)ofthe
mouse TRPV3-ARD structure (Protein Data Bank code 4N5Q), finger 3 is shown inyellow. The key hydrophobic residues responsible for the bending of finger 3
are depicted (Phe249, Phe259, and Phe261, Leu268from the inner helix of repeat 4). The hydroxylation site Asn242is shown.
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together with the phosphonull T264A mutant (Fig. 4B). The
2-APB currents through T264A coexpressed with ERK1
exhibited amplitudes not significantly different from cells
transfected with T264A alone. Likewise with wild-type chan-
nels, the maximum response induced by a saturating combi-
nation of agonists was slightly, but not significantly smaller
(p 0.230). Thus, the wild-type channels in the presence of
ERK1 kinase exhibit larger initial responses to 2-APB that do
not further sensitize, similar to those in the phosphomimetic
mutants T264D and T264E (compare Fig. 4Aand Fig. 3,A
andB). Taken together, these results support a possible role
of Thr264in the ERK1-mediated phosphorylation of the
human TRPV3 channel.

T264A mutation results in a substantial decrease in
EGF-mediated potentiation

To further confirm the role of Thr264in EGF-induced sensi-
tization, wild-type or T264A were transiently transfected to
HaCaT cells and assayed electrophysiologically using repeated
stimulations with a low concentration of 2-APB, applied four
times for 10 s with 30-s intervals, first in the absence and then in
the continuous presence of EGF (20 ng/ml; Fig. 5). EGF was
pre-applied for 1 min before the fifth 2-APB application. At the
end of the series, a combination of 2-APB (200 M) with carva-
crol (150 M) was applied for 10 s to obtain a reference saturat-
ing response. Compared with the initial 2-APB response, the
8th response increased about 6-fold in WT and4-fold in
T264A. Whereas the fourth response through TRPV3 mea-
sured in the presence of EGF reached 11% of the maximum
response, the mutant channels exhibited only 2% increase, thus
supporting a key role of Thr264in EGF-induced potentiation.

Discussion

In this study, we identify threonine 264 in the N-terminal
ARD as a putative site for the ERK1-dependent modulation of
TRPV3. This conserved residue is located at the beginning of
the inner helix of repeat 4, forming part of the general con-
served TPLA consensus sequence of the repeat. Although the
overall fold of TRPV3-ARD is shared with other TRPV chan-
nels, recent structural analysis revealed an apparent uniqueness
of this domain (26). In TRPV3, finger 3 atypically bends over
toward finger 2 and is stabilized by interactions with the inner
helix of repeat 3 (Fig. 3C). The authors of the study demon-
strated that mutations disrupting hydrophobic interactions
stabilizing the finger 3 conformation severely affect TRPV3
sensitivity to 2-APB stimulation. This characteristic region
immediately precedes threonine 264, thus implying a possibil-
ity that interactions between this residue and ERK1 may alter
the conformation of this important loop and powerfully influ-
ence the channel’s activation. Besides this, finger 3 contains a
motif including asparagine 242, through which the TRPV3
channel can be effectively regulated by oxygen-dependent hy-
droxylation (27). Although we cannot exclude the possibility
that mutations at Thr264themselves disturbed a local structure
near the functionally important finger 3, there are several lines
of evidence supporting our conclusion that TRPV3 could be a
substrate for ERK-phosphorylation with Thr264as one of the
possible targets. First, our experiments obtained from HaCaT
cells confirm previous studies in mouse primary keratinocytes
(19) and suggest that the potentiating effect of EGF on TRPV3
can be inhibited by two different selective MEK inhibitors,
U0126 or PD98059, and hence it is likely mediated via MEK

Figure 4. Overexpression of ERK1 kinase increased 2-APB-induced responses of TRPV3 channels in Thr264-dependent manner.A, upper: the time
course of average currents through transiently transfected wild-type TRPV3 channels in HEK293T cells, normalized to the maximum currents evoked by
saturating concentration of agonists, induced by repeated 2-APB stimulations (4, 30 s, 50 M) with (orange) or without ERK1 (black). Agonists were applied for
the time indicated by theblack horizontal bar.Below: the bar graph represents absolute amplitudes (in logarithmic scale) from recordings shown above.
Overexpression of ERK1 increased all four 2-APB responses (p 0.016, 0.010, 0.016, and 0.024). Upon repeated stimulation, the currents did not exhibit
statistically significant sensitization in ERK1 expressing cells (p 0.153; pairedttest). Colors andnare as described above.B,identical protocol as inAwas used
for T264A mutant.Upper: the time course of normalized currents from the transiently transfected T264A mutant in HEK293T cells induced by repeated 2-APB
stimulations with (orange) or without ERK1 (cyan). 2-APB and carvacrol were applied for the time indicated by theblack horizontal bar.Below:the graph shows
the absolute amplitudes of the T264A mutant from the same experiments as above with and without ERK1. The 2-APB currents through T264A coexpressed
with ERK1 exhibited amplitudes not significantly different from cells transfected with T264A alone (p 0.548, 0.640, 0.423, and 0.841). Colors andnare as
shown above. Data are mean S.D. *,p 0.05.
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kinases. Second, phosphomimetic mutations at Thr264mark-
edly promoted the activity of TRPV3 (Figs. 2 and 3), whereas
the unphosphorylatable T264A mutant exhibited slightly (p
0.112) lower fourth responses to the subsaturating agonist (Fig.
3B). Third, the overexpression of ERK1 with TRPV3 signifi-
cantly increased 2-APB responses and prevented their sensiti-
zation upon repeated stimulation. This increase was most likely
not caused by changes in the level of TRPV3 expression (sup-
plementalFig.S2). The presence of ERK1, on the other hand,
did notaffectthe nonphosphorylatable T264A mutant. Fourth,
T264A mutation resulted in a substantial decrease in EGF-in-
duced potentiation (Fig. 5).
We cannot rule out the presence of some additional phos-
phorylation site(s) on TRPV3, because a mild increase in 2-APB
current responses was observed in cells co-transfected with
T264A and ERK1 (Figs. 4Band 5). The secondary potential ERK
phosphorylation site could be Ser102or less likely Ser85(supple-
mental Fig. S1). Both of these residues are located at the begin-
ning ofthe Nterminus, outside the ARD, and thus highly
accessible to the aqueous environment.Although the phos-
phomimetic mutations at both these serines increased the first
normalized 2-APB response resembling a constitutively phos-
phorylated channel, the S85D mutation reduced maximal
inward currents elicited by the combination of saturating ago-
nists (Fig. 2B), which would not be expected from the EGF-
mediated effects observed in our experiments (Fig. 1).
Recent mass spectrometric-based large-scale surveys (Phos-
phoSitePlus database (28)) have identified severalin vivophos-
phorylation sites in human or mouse TRPV3 (Ser374, Thr378,
Ser387, Thr421, and Thr427). However, none of these sites fulfills
the consensus sequence for ERK. To map putativein vivoERK
phosphorylation sites, we subjected TRPV3 purified from
HaCaT cells to mass spectrometry (MS) analysis (supplemental
Figs. S3–S5). Using TRPV3-transfected HaCaT cells, this
approach identifiedtwoendogenous phosphorylation sites,
Thr35and Thr37, within the peptide sequence RPAEITPTKK.
Whereas Thr37does not fulfill the consensus sequence for ERK,

the phosphomimetic mutation at Thr35in our experiments
shown in Fig. 2Bled to a significant decrease in initial response
to 2-APB but, upon repeated stimulation, the sensitization was
comparable with wild-type channels. Therefore, these sites are
probably not involved in the observed functional changes. Next,
we have purified TRPV3 from HaCaT cells transfected with
TRPV3 together with ERK1 in a ratio of 1:1. This situation cor-
responds to our experiments shown in Fig. 4. The MS analysis
did not reveal any clear phosphorylation site, suggesting that
the excess ERK1 kinase may change the phosphorylation status
of TRPV3. In the sequence comprising Thr264(YQHEGFYF-
GETPLALAACTNQPEIVQLLMEHEQTDITSR) the phosphor-
ylation has been detected neither in TRPV3-expressing cells
nor in TRPV3–ERK1-expressing cells. Clearly more work is
needed before the signaling pathways regulating TRPV3 can be
fully understood in the context of EGFR-generated signals. In
skin tissues and HEK293 cells, EGFR can directly or indirectly
associate with TRPV3, and the EGFR activation results in the
tyrosine phosphorylation of TRPV3 (19). Thus, other possible
phosphorylation sites in addition to Thr264are most likely
involved in EGFR-mediated sensitization.
In the study by Chenget al.(19) the authors explored the
regulatory mechanisms of TRPV3 activity via the activation of
the EGFR receptor in keratinocytes. Based on Ca2 measure-
ments, they suggested that EGFR activation leads to the poten-
tiation of TRPV3 activity, and that this effect is mediated by
PLC-dependent and partly by MAPK signaling pathways. In
our study, we support these observations by using EGF treat-
ment and inhibitors of MEK activation and the MAPK cascade
in a human keratinocyte-derived HaCaT cell line. Moreover, we
demonstrate that in the absence of Ca2, the inhibitors of MEK
completely prevent the EGF-induced potentiation of TRPV3
responses (Fig. 1B), suggesting that the MAPK signaling path-
way may contribute to TRPV3 sensitization independently of
the PLC signaling pathway.
In conclusion, the data presented here identify threonine 264
in the N-terminal ankyrin repeat 3 of TRPV3 as a potential

Figure 5. EGF increases inward currents in TRPV3 but less in T264A channels transiently expressed in HaCaT cells.A,summary plot of average
amplitudes (in logarithmic scale) evoked by four (1– 4) consecutive 2-APB applications in the absence of EGF, and then by four (5– 8) consecutive 2-APB
applications in the presence of EGF recorded from wild-type (white bars) and T264A (cyan bars). EGF was pre-applied for 1 min before the fifth 2-APB
application. Extracellular and intracellular solutions were used as described in the legend to Fig. 1. Themixture of agonists at saturating concentrations
was applied at the end of the series (200 M2-APB and 150 Mcarvacrol). The eighth response through TRPV3 reached 11.3 14.8% of the maximum response,
the T264A mutant channels exhibited only 2.1 3.0% of the saturating response (p 0.008).B,the average fold-increase in the 2-APB currents after addition
of EGF from experiments as inpanel A(the eighth response relative to the first response, 8/1;p 0.056). Data are mean S.D.,nare indicated.
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target for ERK-mediated phosphorylation. The close vicinity of
this residue from the structurally and functionally important
region comprising an atypical finger 3 and oxygen-dependent
hydroxylation site adds further complexity to the cellular sig-
naling pathways involved in the regulation of skin homeostasis
via growth factor downstream signaling.

Experimental procedures

Cell culture and transfection of HaCaT cells

Human immortalized keratinocytes, HaCaT cells (CLS Cell
Lines Service GmbH, Germany), were grown in calcium-free
DMEM (GIBCO, Invitrogen) supplemented with 10% fetal
bovine solution (FBS) in an atmosphere of 95% air and 5% CO2
at 37 °C. Cells were split twice a week in a 1:10 ratio using
TrypLE express enzyme solution (Thermo Fisher Scientific). In
some experiments (Figs. 2 and 5) HaCaT cells were transiently
transfected with 150 ng of human TRPV3 (in pcDNA5/FRT
vector, kindly provided by Ardem Patapoutian) or its mutated
variant, and 300 ng of GFP (Takara, Japan) using Lipofectamine
2000 (Invitrogen). Cells were grown on cover glasses (24 mm
diameter) for 24 – 48 h.

Cell culture and transfection of HEK293T cells

HEK293T cells were cultured in Opti-MEM I medium (Invit-
rogen) supplemented with 5% FBS as described previously (29).
The day before transfection, cells were plated in 24-well plates
(2 105cells per well) in 0.5 ml of medium and became con-
fluent on the day of transfection. The cells were transiently
co-transfected with 300 ng of cDNA plasmid encoding wild-
type or mutant TRPV3 and with 300 ng of GFP plasmid using
the magnet-assisted transfection technique (IBA GmbH, Goet-
tingen, Germany) and then plated on poly-L-lysine-coated glass
coverslips. In the experiments with ERK1,cDNA plasmid
encoding wild-type or mutant TRPV3 was co-expressed with
ERK1 (in pEGFP-C1 vector, Addgene, number 14747) and GFP
in the cDNA ratio of 300:300:150. At least three independent
transfections were used for each experimental group. The wild-
type channel was regularly tested in the same batch as the
mutants. The cells were used 24 – 48 h after transfection.

Mutagenesis

The mutants were generated by PCR using a QuikChange II
XL site-directed mutagenesis kit (Agilent Technologies) and
confirmed by DNA sequencing (GATC Biotech, Germany).

Patch clamp recording

Whole-cell membrane currents were recorded by employing
an Axopatch 200B amplifier and pCLAMP 10 software (Molec-
ular Devices, Sunnyvale, CA). Patch electrodes were pulled
from a glass tube with a 1.5-mm outer diameter. The tip of the
pipette was heat-polished, and its resistance was 3–5 megaohm.
Series resistance was compensated by at least 70% in all record-
ings. The experiments were performed at room temperature
(23–25 °C). Only one recording was performed on any one cov-
erslip of cells to ensure that recordings were made from cells
not previously exposed to chemical stimuli.
The extracellular control solution used for transiently trans-
fected HaCaT and HEK293T cells contained: 160 mMNaCl, 2.5

mM KCl, 1 mM CaCl2,2mM MgCl2,10mM HEPES, 10 mM
glucose, 320 mosmol, adjusted to pH 7.3 with NaOH. To obtain
measurable current responses from endogenously expressed
TRPV3 channels in HaCaT cells, CaCl2was replaced with 1 mM
EGTA (Fig. 1). The pipette solution for HEK293T cells con-
tained: 125 mM Cs-glucono--lactone, 15 mM CsCl, 5 mM
EGTA, 10 mM HEPES, 0.5 mM CaCl2,2 mM MgATP, 280
mosmol, adjusted to pH 7.3 with CsOH. The pipette solution
for HaCaT cells contained: 125 mMCs-glucono--lactone, 15
mM CsCl, 5 mM EGTA, 10 mM HEPES, 0.5 mM CaCl2,1mM
MgCl2,2mMMgATP, 0.3 mMNaGTP, 290 mosmol, adjusted to
pH 7.3 with CsOH. Experimental solutions containing TRP
channel agonists or signaling pathway modulators were always
prepared fresh from stock solutions dissolved in DMSO. EGF
was dissolved in 10 mM acetic acid at a concentration of 1
mg/ml and then diluted in 10% FBS in DMEM to its final con-
centration of 10 g/ml. Bovine serum albumin in FBS served as
a carrier of EGF and prevented the adsorption of this peptide
onto the plastic material. A system for rapid superfusion of the
cultured cells was used for drug application (30). All of the
chemicals except for MEK1/2 inhibitor U0126 (Cell Signaling)
were purchased from Sigma.

Data analysis

Electrophysiological data were analyzed in pCLAMP10
(Molecular Devices). Curve fitting and statistical analyses were
done in SigmaPlot 10 (Systat Software). Statistical significance
was determined using Student’sttest or one-way analysis of
variance followed by Dunnett’s post hoc test, as appropriate. All
data are presented as the mean S.D. unless stated otherwise.
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Table S1. Predictions for putative phosphorylation sites in hum

PREDIKIN(1)

MAPK1_ERK2
MAPK3_ERK1

KinasePhos2(2)

SVM Score
ScanSite3(3)

ERK1_MAP
K3
Score/
Percentile

PPSP(4)

for MAPK
Risk-Diff.
(balanced)

GPS 3.0(5)

Medium 
Cutoff 
(10.326) 

MUSITE(6)

MAPK1
MAPK3
specificity

NetPhor
MAPK1

T35 73.14 - 0.667/
5.488% 

8.12 16.424 99.29%
99.24%

0.13

S60 82.53 0.766812 0.571/
1.820% 

7.39 11.729 98.52%
99.67%

0.23

S85 75.48 0.510019 0.663/
5.277% 

6.19 11.375 90.41%
91.88% 

0.14

S88 86.86 0.51512 0.636/
3.950% 

9.58 21.507 97.68%
98.51% 

0.17

T96 78.25 - 0.642/
4.207% 

7.47 13.125 92.75%
94.92% 

0.16

S102 85.71 0.681805 0.535/
1.095% 

9.20 23.278 99.65%
98.02% 

0.26

T264 70.70
- 

0.769/
14.629% 

5.03 (high 
sensitivity)

13.646 95.89%
95.12% 

0.15/0.10
p38/JNK

T343 74.07 - 0.650/
4.549% 

6.90 19.451 95.43%
96.26% 

0.15

The first raw contains the name of prediction servers (in bold). MAPK, mitogen-activated protein kinase; ERK, ext
mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase.
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APPENDIX SUPPLEMENTARY METHODS

Mass spectrometry: Sample preparation- 

with Lipofectamine 2000 and cultured in T75 flask. After 48 h post-transfection, TRPV3 protein was 
purified through immunoprecipitation with rabbit anti-TRPV3 antibody (Alomone labs, ACC-033) 
and Pierce Protein A/G UltraLink resin (Thermo Scientific). Products eluted from beads were loaded 
and run on 7% SDS-polyacrylamide gel and then the gel was stained with Coomassie blue stain. All 
these steps were done according to basic protocol 1 (11).Bands containing TRPV3 protein were 
excised from Coomasie stained SDS PAGE gel using a razor blade and cut into small pieces (aprox. 1 
mm x 1 mm). Bands were destained by sonication for 30 min in 50% acetonitrile (ACN) and 50mM 
ammonium bicarbonate (ABC). After destaining, solution was removed and gels were dried in ACN. 
Disulfide bonds were reduced using 10mm DTT in 100mM ABC at 60°C for 30 min. After that, 
samples were again dried with ACN and free cystein residues were blocked using 55mM 
iodoacetamide in 100mM ABC for 10 min at room temperature in dark. Samples were dried 
thoroughly and digestion buffer (10% ACN, 40mM ABC and 13 ng/μl trypsin) was added to cover gel 
pieces. Proteins were digested at 37 °C overnight. After digestion, 150 μl of 50% ACN with 0.5% 
formic acid was added and sonicated for 30 min. Supernatant containing peptides was replaced to a 
new microcentrifuge tube and another 150 μl of elution solution was added and sonicated for 30 min. 
This solution was removed, combined with previous solution and dried using Speedvac. Dried 
peptides were reconstitued in 2% ACN with 0.1% trifluoroacetic acid (TFA) and injected into 
Ultimate 3000 Nano LC coupled to Orbitrap Fusion.  

nLC-MS2 Analysis - Nano Reversed phase column (EASY-Spray column, 50 cm x 75 μm ID, PepMap 
C18, 2 μm particles, 100 Å pore size) was used for LC/MS analysis. Mobile phase buffer A was 
composed of water and 0.1% formic acid. Mobile phase B was composed of acetonitrile and 0.1% 
formic acid. Samples were loaded onto the trap column (Acclaim PepMap300, C18, 5 μm, 300 Å 

composed of water, 2% 
acetonitrile and 0.1% TFA. Peptides were eluted with gradient of B from 4% to 35% over 60 min at a 
flow rate of 300 nl/min. Eluting peptide cations were converted to gas-phase ions by electrospray 
ionization and analyzed on a Thermo Orbitrap Fusion (Q-OT- qIT, Thermo). Survey scans of peptide 
precursors from 350 to 1400 m/z were performed at 120K resolution (at 200 m/z) with a 5 × 105ion 
count target. Tandem MS was performed by isolation at 1.5 Th with the quadrupole, HCD 
fragmentation with normalized collision energy of 30, and rapid scan MS analysis in the ion trap. The 
MS2 ion count target was set to 104and the max injection time was 35 ms. Only those precursors with 
charge state 2–6 were sampled for MS2. The dynamic exclusion duration was set to 45 s with a 10 
ppm tolerance around the selected precursor and its isotopes. Monoisotopic precursor selection was 
turned on. The instrument was run in top speed mode with 2 s cycles (12).

MS  Data  Analysis  - All data were analyzed and quantified with the MaxQuant software (version 
1.5.3.8) (13). The false discovery rate (FDR) was set to 1% for both proteins and peptides and we 
specified a minimum length of seven amino acids. The Andromeda search engine was used for the 
MS/MS spectra search against the Human SwissProt database (downloaded from Uniprot on 
September 2017, containing 20 142 entries). Enzyme specificity was set as C-terminal to Arg and Lys, 
also allowing cleavage at proline bonds and a maximum of two missed cleavages. 
Carbamydomethylation of cysteine was selected as fixed modification and N- terminal protein 
acetylation, methionine oxidation and serine/threonine phosphorylation as variable modifications.

Western Blotting- To check the proper band size of TRPV3 protein, an aliquote of MS samples and 
non-transfected HaCaT cells before immunoprecipitation were loaded and run on the same gel as MS 
samples and tested by Western blotting using rabbit anti-TRPV3 antibody (1:200, for 1 h at room 
temperature) and subsequently treated with anti-rabbit (1:5000, GE Healthcare, 1 h, room temperature)
horseradish peroxidase-conjugated secondary antibody according to (14). 
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Abstract:Transient receptor potential ankyrin 1 channel (TRPA1) serves as a key sensor for reactive

electrophilic compounds across all species. Its sensitivity to temperature, however, differs among

species, a variability that has been attributed to an evolutionary divergence. Mouse TRPA1 was

implicated in noxious cold detection but was later also identified as one of the prime noxious heat

sensors. Moreover, human TRPA1, originally considered to be temperature-insensitive, turned out to

act as an intrinsic bidirectional thermosensor that is capable of sensing both cold and heat. Using

electrophysiology and modeling, we compare the properties of human and mouse TRPA1, and we

demonstrate that both orthologues are activated by heat, and their kinetically distinct components

of voltage-dependent gating are differentially modulated by heat and cold. Furthermore, we show

that both orthologues can be strongly activated by cold after the concurrent application of voltage

and heat. We propose an allosteric mechanism that could account for the variability in TRPA1

temperature responsiveness.

Keywords:TRP channel; thermoTRP; noxious heat; noxious cold; transient receptor potential; ankyrin

receptor subtype 1

1. Introduction

The transient receptor potential (TRP) channel subtype A1 (TRPA1) is a polymodal sensor that is

implicated in thermal and chemical nociception. Across different species, this channel particularly

serves as a key receptor for electrophilic irritant compounds, evoking defensive responses [1–3]. The

temperature sensitivity of TRPA1, on the other hand, has been reported to be a less evolutionarily

conserved activation mode or alternatively occurring at the expense of chemical sensitivity [2,4]. The

physiological role of this channel as a heat sensor has likely changed during evolution, potentially

altering the preferred temperature ranges among species [5,6] or enabling some of them to detect and

transduce infrared signals [4]. In invertebrates and ancestral vertebrates, TRPA1 acts as a heat-sensing

ion channel [4,7–12]. In mammals, TRPA1 has long been considered to function as a cold receptor [13–18].

More recently, however, it has been also found to mediate a crucial physiological role in the detection of

noxious heat [19–21]. A direct cold activation of TRPA1 has been demonstrated in several laboratories

for mouse, rat and human orthologues [13,14,17,22,23], but it has not been observed by some other

Cells2020,9, 57; doi:10.3390/cells9010057 www.mdpi.com/journal/cells



Cells 2020, 9, 57 2 of 24

groups [4,24–27]. A substitution of a single specific amino acid residue (S250N) within the N-terminus
of mouse TRPA1 results in a warm-sensitive channel [28], whereas human TRPA1 can become
heat-activated when its N-terminal domain is transplanted from a rattlesnake orthologue [4]. Moreover,
human TRPA1 reconstituted in an artificial membrane can act as an intrinsic bidirectional thermosensor
that is capable of sensing both cold and heat [29], underscoring that the temperature-dependent
behavior of the channel can be more complex than previously anticipated. A thorough perusal of all
the available literature has indicated that there is still no common understanding of whether and, if so,
under which conditions TRPA1 can directly act as a temperature sensor in mammals.

The sensitivity of TRPA1 to cold differs between primate and rodent species [26], and a single
residue within the fifth transmembrane domain S5 has been proposed to underlie the observed
differences. By using a chimeric domain swap analysis between rat and human TRPA1, the authors
identified V875 in primates, corresponding to G878 in rodents, and demonstrated that the G878V
mutation abolishes the cold activation of the rat and mouse TRPA1. Importantly, the same S5
region is involved in the sensitivity of TRPA1 to several nonelectrophilic agonists such as menthol,
carvacrol, thymol, eudesmol, and protons, but also some pungent general anesthetics such as isoflurane,
desflurane and propofol [30–33]. Moreover, mutations in S5 can strongly affect voltage-dependent
characteristics of the channel [34] and the residues adjacent to V875 (S873 and T874) form, together
with S6 (F944 and V948) and the first pore helix (F909), a binding pocket for the potent inhibitor
A-967079 [31]. Most likely, the region around V875 is essentially involved in gating, and the sensitivity
of TRPA1 to cold may thus depend on a proper allosteric coupling of a putative temperature-sensitive
module to the gate domain.

The activation of certain temperature-sensitive TRP channels is associated with a
temperature-induced a shift of their current–voltage relationships, and a simple two-state model has
been proposed for a formal description of experimental measurements of channel activity [35]. Though
this model seems to appropriately fit the voltage- and cold-dependent currents from mouse TRPA1
under some conditions [17], alternative modular allosteric models have been shown to be well-capable
of capturing the characteristic the allosteric nature of thermo-TRP channel gating [36–40]. These models
assume that the temperature and voltage sensors are separable parts of the protein that are allosterically
coupled to the gate domain and to each other, and the transitions between the closed and open states
are stimulus-independent. Particularly, the inverted coupling hypothesis was recently proposed by
Jara-Oseguera and Islas [39], who demonstrated that the activation of cold-sensitive channels could be
determined by the nature of the allosteric coupling between the heat-activated temperature sensor and
the gate. We reasoned that TRPA1 is a prime candidate for testing such a predicted mechanism because
some of the above studies have strongly suggested the modular nature of the temperature-dependent
gating. Hence, we set out to compare the temperature- and voltage-dependent properties of human
and mouse TRPA1 with the aim to decipher the fundamental differences between their mechanisms
of gating.

2. Materials and Methods

2.1. Cell Culture, Constructs and Transfection

Human embryonic kidney 293T (HEK293T; ATCC, Manassas, VA, USA) cells were cultured in
Opti-MEM I media (Invitrogen, Carlsbad, CA, USA) supplemented with 5% fetal bovine serum. The
magnet-assisted transfection (IBA GmbH, Gottingen, Germany) technique was used to transiently
co-transfect the cells in a 15.6 mm well on a 24-well plate coated with poly-L-lysine and collagen
(Sigma-Aldrich, Prague, Czech Republic) with 200 ng of green fluorescent protein (GFP) plasmid
(TaKaRa, Shiga, Japan) andwith 400 ng of cDNAplasmid-encoding, wild-type ormutant human TRPA1
(pCMV6-XL4 vector, OriGene Technologies, Rockville, MD, USA) or mouse TRPA1 in pcDNA5/FRT
vector, kindly provided by Dr. Ardem Patapoutian (Scripps Research Institute, La Jolla, CA, USA).
The cells were used 24–48 h after transfection. At least three independent transfections were used
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for each experimental group. The wild-type channel was regularly tested in the same batch as the

mutants. The mutants were generated by PCR by using a QuikChange II XL Site-Directed Mutagenesis

Kit (Agilent Technologies, Santa Clara, CA, USA), and they were confirmed by DNA sequencing

(Eurofins Genomics, Ebersberg, Germany). F11 cells (The European Collection of Authenticated Cell

Cultures, ECACC 08062601, Porton Down, UK) cultured in Dulbecco’s Modified Eagle’s Medium

supplemented with 2 mM glutamine and 10% fetal bovine serum were passaged once a week by using

Trypsin-EDTA (Invitrogen, CA, USA) and grown under 5% CO2at 37
◦C. One-to-two days before

transfection, cells were plated in 24-well plates (2×105cells per well) in 0.5 ml of medium, and they

became confluent on the day of transfection. The cells were transiently co-transfected with 400 ng of

cDNA plasmid-encoding mouse (in the pcDNA5/FRT vector) or human (in the pCMV6-XL4 vector)

TRPA1 and with 200 ng of the GFP plasmid (TaKaRa, Japan) with the use of Lipofectamine 2000

(Invitrogen, CA, USA) and then plated on poly-l-lysine-coated glass coverslips.

2.2. Electrophysiology

Whole-cell membrane currents were filtered at 2 kHz by using the low-pass Bessel filter of the

Axopatch 200B amplifier, and they were digitized (5–10 kHz) with a Digidata 1440 unit and the pCLAMP

10 software (Molecular Devices, San Jose, CA, USA). Patch electrodes were pulled from borosilicate

glass and heat-polished to a final resistance of between 3 and 5 MΩ. Series resistance was compensated

by at least 60%. The experiments were performed at room temperature (23–25◦C). Only one recording

was performed on any one coverslip of cells to ensure that recordings were made from cells that had not

been previously exposed to temperature or chemical stimuli. Extracellular bath solutions were Ca2+-free

and contained: 140 mM NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM EGTA (ethylene glycol-bis (β-aminoethyl

ether)-N,N,N,N-tetraacetic acid), 10 mM 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),

10 mM glucose, and pH 7.4 was adjusted by tetramethylammonium hydroxide. The intracellular

solution contained 140 mM KCl, 5 mM EGTA, 2 mM MgCl2, 10 mM HEPES, adjusted with KOH to pH

7.4. For F11 cell recordings, the internal pipette solution contained 125 mM Cs-gluconate, 15 mM CsCl,

5 mM EGTA, 10 mM HEPES, 0.5 mM CaCl2, 2 mM MgATP, 0.3 NaGTP, and 10 mM HEPES, adjusted

to pH 7.4 with CsOH, 283 mOsm. All of the chemicals were purchased from Sigma-Aldrich (Prague,

Czech Republic). TheI–Vrelationships were recorded by using 400-ms steps ranging from−150 to

+100 mV, followed by a 400-ms step to−150 mV (increment+25 mV) and a holding potential of 0

mV, or they were recorded by using 100-ms steps from−80 mV to+200 mV (increment+20 mV) and

holding potential of−70 mV.

2.3. Temperature Stimulation

A system for the fast cooling and heating of solutions that superfuse isolated cells under

patch-clamp conditions was used as described previously [41]. Briefly, experimental solutions are

driven by gravity from 7 different barrels through automatically controlled valves to a manifold that

consists of fused silica tubes (320μm inner diameter) that are connected to a common outlet glass

capillary through which the solutions are applied onto the cell surface. The upper part of the outlet

capillary passes the solutions through a temperature exchanger driven by a miniature Peltier device

that preconditions the temperature (precooling or preheating). The lower part of the capillary is

wrapped with an insulated, densely-coiled copper wire (over a length of 5 mm, connected to a direct

current source for resistive heating) that finally heats the passing solution to a chosen temperature.

The Peltier device and the heating element are electrically connected to the headstage probe, which is

fixed on to a micromanipulator for the positioning of the manifold. The temperature of the flowing

solution is measured by a miniature thermocouple that is inserted into the common outlet capillary

near to its orifice that is placed at a distance of less than 100μm from the surface of the examined

cell. The temperature is controlled either automatically or manually by voltage commands via the

digital-to-analogue converter of a conventional data acquisition interface (Digidata 1440, Molecular
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Devices). The system allows for the application of temperature changes within a range of 5–60 ◦C at
maximum rates between −40 and ~110 ◦C/s.

2.4. Molecular Modelling

To elucidate the possible structural mechanism by which the substitutions at S804 (S804D, S804N,
S804A) produce dramatic functional changes, we used the human TRPA1 structure with modeled
S1–S2 and S2–S3 linkers, which is available in the Model Archive (www.modelarchive.org) under the
accession code ma-auqu1 [42] and which is based on the structure with Protein Data Bank (PDB) ID:
3J9P, determined by cryo-electron microscopy [31]. The TRPA1 tetrameric structure was inserted into
the patch of the 1-palmitoyl-2-oleoylphosphatidylcholine (POPC) bilayer and solvated in transferable
intermolecular potential 3-point (TIP3P) [43] water molecules to ensure the presence of at least 10 Å of
solvent on both sides of the membrane, and then the structure was neutralized in 0.5 MNaCl. This gave
a periodic box size of 120 × 120 × 160 Å for a simulated system consisting of ~205,000 atoms. All atom
structure and topology files were generated by using VMD software [44]. Forces were computed by
using the CHARMM27 force field for proteins, lipids, and ions [45–47]. All molecular dynamics (MD)
simulations were produced with the aid of the software package NAMD2.13 [48] running on computers
equipped with NVIDIA graphics processing units (Nvidia Corporation, Santa Clara, CA, USA). First,
Langevin dynamics were used for temperature control, with the target temperature set to 285 K, the
Langevin piston method was applied to reach an efficient pressure control with a target pressure of 1
atm [48]. The integration timestep was set to 2 fs. Simulated systems were energy-minimized, heated
to 285 K, and production MD runs reached a length of 2000 ps. Data were recorded every 2 ps, and
contacts of S804 (or S804D, S804N) with ambient polar residues within 12 Å were analyzed by using
the CPPTRAJ module from Amber Tools suite [49].

To obtain amodel of humanTRPA1with theC-terminal loop region (1007–1030), a homologymodel
of the C-terminal loop region was created by using the Swiss-Model web server (https:/swissmodel.
expasy.org/) and incorporated into the 3J9P structure. Then, we used the original electron densitymap of
human TRPA1with the ElectronMicroscopyData Bank (EMDB) ID: 6267 [31] and applied themolecular
dynamics flexible fitting (MDFF) method for combining high-resolution structures with cryo-electron
microscopy (cryo-EM)maps, amethod that creates atomicmodels that represent the conformational state
captured by cryo-EM [50,51]. We followed standard procedure by using software packages, modules,
and keywords described in detail in “MDFF Tutorial” (http://www.ks.uiuc.edu/Training/Tutorials/).
MD trajectories were visualized with the aid of the VMD 1.9 software package [44]. Figures were
produced with the software packages UCSF Chimera 1.13 [52] and CorelDraw X7 (Corel Corporation).

2.5. Statistical Analysis

The electrophysiological data were analyzed by using pCLAMP 10 (Molecular Devices), and
the curve fitting of currents and statistical analyses were done in SigmaPlot 10 (Systat Software Inc.).
Conductance–voltage (G–V) relationships were obtained from the steady-state whole cell currents
measured at the end of voltage steps. Voltage-dependent gating parameters were estimated by fitting
the conductance G = I/(V − Vrev) as a function of the test potential V to the Boltzmann equation:

G = [(Gmax − Gmin)/(1 + exp (−zF(V − V50)/RT))] + Gmin, (1)

where z is the apparent number of gating charges, V50 is the half-activation voltage, Gmin and Gmax are
the minimum and maximum of the whole-cell conductance, Vrev is the reversal potential, and F, R,
and T have their usual thermodynamic meanings. Activation time constants (τfast and τslow) were
directly measured from outward currents by performing a double exponential Chebyshev fit to the
rising phase of the activating currents. Fast and slow deactivation was characterized by a single or
a double exponential fit to the current upon repolarization. The initial 1.3 ms interval was ignored.
For comparisons between human TRPA1 (hTRPA1) and mouse TRPA1 (mTRPA1), we calculated the
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average weighted time constants of the activation and deactivation process based on the amplitudes of
the fast and slow components:

τw = Afast/(Afast + Aslow) × τfast + Aslow/(Afast + Aslow) × τslow, (2)

Statistical significancewas determined by Student’s t-test or the analysis of variance, as appropriate;
differences were considered significant at p < 0.05 where not stated otherwise. The data are presented
as means ± (or +/−) SEM.

2.6. Kinetic Modeling and Simulations

The open probability versus voltage and temperature, Po (V,T), landscapes were generated
by using the analytic expression for the open probability (Equation (4) in [39]), written as a data
transformation script in SigmaPlot 10 (Systat Software Inc., San Jose, CA, USA). The steady-state
data were fit to an eight-state allosteric model that was written in COPASI 4.22 [53] by using the
built-in genetic algorithm. The equilibrium constant of the temperature sensor J(T) was set to the value
published for TRPM8 [36,39]: ΔHo = 91 kcal mol−1 and ΔSo = 0.317 kcal mol−1 K−1. The parameter
ΔHo was kept constant for all modeled situations. The parameters K(0), z, L, E, D, ΔHo

C, and ΔSoC
were estimated by fitting the average conductance to voltage (G/V) curves obtained for hTRPA1 at 25
and 12 ◦C. To qualitatively match the activation profile of a representative hTRPA1 recordings, two
additional Po (V,T) landscapes were calculated. The “green” and “red” Po (V,T) landscapes (shown in
the Results section below) were modeled to meet the assumptions coming from the activation profile
of hTRPA1, normalized to Gmax. Po = 0.15 at −70 mV and 60 ◦C, Po = 0.005 at −70 mV and 5 ◦C, Po
= 0.21 at +80 mV and 5 ◦C, and Po = 0.71 at +80 mV and 60 ◦C (for green); p = 0.91 at −70 mV and
60 ◦C, Po = 0.998 at −70 mV and 5 ◦C, Po = 0.23 at +80 mV and 5 ◦C, and Po = 0.74 at +80 mV and
60 ◦C (for red). To obtain the green Po (V,T) landscape, all parameters from the blue P(V,T) landscape
were fixed except for the allosteric coupling factors E, D, C(ΔHo

C, ΔSoC) and equilibrium constant L.
The parameters for the red landscape were obtained in two steps. In the first step, the parameters
from the green Po (V, T) landscape were fixed except for D, L, ΔHo

Cand ΔSoC. The obtained values
for D and Lwere used in the second step to find parameters: E, ΔSo, ΔHo

C and ΔSoC. The resulting
parameters were then used to simulate the time-dependent probability for each state of the model
over the time interval of 10–50 s with a time step of 0.1 s. The exemplary data used for our kinetic
simulations were obviously not sufficient to unambiguously constrain the large number of free model
parameters. We performed a large number of different simulations with different initial sets of free
parameters. In some cases, the fits successfully converged, but the obtained values were physically
unrealistic. However, when the sort of constraints described above was applied, the fits converged to
similar solutions when different initial parameter values were used for several repeated fittings.

3. Results

3.1. Temperature and Voltage Dependence of Human and Mouse TRPA1

Previous studies have shown that the cold sensitivity of mTRPA1 can be described by a two-state
model in which temperature directly affects the equilibrium between the open and closed states of the
channel, based on global changes in enthalpy and entropy during channel gating [17]. The authors
demonstrated that upon cooling, the voltage dependence of mTRPA1 channel activation is shifted
towards more negative voltages, similarly to the behavior of certain other temperature-activated TRP
channels [35]. To compare the voltage-dependence and relaxation kinetics between hTRPA1 and
mTRPA1, we measured whole-cell currents in response to a voltage step protocol akin to that used
previously by [17], consisting of 400-ms steps ranging from −150 to +100 mV, followed by a 400-ms
step to −150 mV (Figure 1A–D). The currents were measured at 12, 25, and 35 ◦C under Ca2+-free
conditions to prevent the Ca2+-dependent potentiation and inactivation of TRPA1 [54]. We constructed
the conductance-to-voltage (G/V) relationships and found that cold (12 ◦C) and heat (35 ◦C) increased
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the conductance at negative membrane potentials in both channel orthologues (Figure 1B,D,E). An
obvious difference was in a constitutive voltage independent conductance evident at 25 ◦C and negative
membrane potentials in mTRPA1 (2.5 ± 0.7 nS at −150 mV; n = 23) but not in hTRPA1 (0.8 ± 0.1 nS;
n = 7; p < 0.001). On the other hand, the maximum conductance at +100 mV measured in mTRPA1
at 25 ◦C (23.4 ± 10.9 nS) was not statistically different from that in hTRPA1 (23.5 ± 1.8 nS; p = 0.994),
suggesting a shift in the basal gating equilibrium towards the open state at negative potentials rather
than differences between the expression levels of the two channels. The half-maximum activation
voltage (V50) of hTRPA1 was shifted from 66.5 ± 6.7 mV at 25 ◦C to 53.4 ± 3.0 mV at 35 ◦C (p = 0.035).
In contrast, the voltage activation curve was not shifted upon warming in mTRPA1 (V50 of 60.9 ± 6.4
mV at 25 ◦C and 62.8 ± 6.3 mV at 35 ◦C; n = 6; p = 0.732). In both channels, warming from 25 to 35 ◦C
did not significantly alter the apparent gating charges (hTRPA1: 0.76 ± 0.03 e0 and 0.85 ± 0.06 e0; p =
0.256; paired t-test; n = 8; mTRPA1: 0.85 ± 0.05 e0 and 0.82 ± 0.03 e0; p = 0.523; paired t-test; n = 6). At
12 ◦C, the voltage-induced currents did not reach steady state at the end of the step pulse, and the G/V
relationships were estimated from the exponential fit of the recorded activation curves (Figure 1A,C).

To compare the effects of temperature on the activation and deactivation kinetics, we determined
the time constants by mono- or bi-exponential fits to the time course of the onset currents at +100 mV
and the inward tail currents measured at −150 mV (Figure 1E,F). The activation phase of the outward
currents mediated by mTRPA1 at 25 ◦C could be fitted by a monoexponential function with a time
constant, τon, of 33.0 ± 2.7 ms (n = 10). In contrast, an adequate fit of the activation phase of the
currents through hTRPA1 required at least two exponential functions with the average fast and slow
components of 39.3 ± 3.3 ms (contributing by 80.6 ± 5.6%) and 155.4 ± 24.7 ms (n = 25), respectively.
The temperature dependencies of the activation rates were compared by plotting the inverse of τon
versus 1/T (Figure 1F). The relationship for mTRPA1 could be fitted well by linear regression with a
resultant slope of 87.6 kJ mol−1. Provided that the activation of mTRPA1 was limited by one main
step, this value corresponded to Q10 = 3.3 within the 10–35 ◦C temperature range. In hTRPA1, the
temperature dependencies of the fast and slow component of the activation process exhibited slopes of
95.1 kJ mol−1 (Q10 = 3.7) and 77.9 kJ mol−1 (Q10 = 2.9)

The time course of the inward tail currents at −150 mV (Figure 1F, right) was monoexponential in
all cells expressing mTRPA1 (τoff at 25 ◦C, 9.1 ± 0.6 ms; n = 10), which is in agreement with previously
published results [17]. In a clear contrast, the hTRPA1 tail currents could be well-fitted only by two
exponentials, τfast of 5.0 ± 0.4 ms (contributing by 70.4 ± 5.2%) and τslow of 28.4 ± 1.8 ms at 25 ◦C
(n = 23). The initial rapid component of hTRPA1 deactivation was fast at 35 ◦C, which made the
determination of τfast uncertain. To reliably extrapolate the temperature dependency of the deactivation
rate for the human orthologue, we additionally measured the voltage-induced currents at 20 and
30 ◦C. From the Arrhenius plot of the deactivation rates, it was apparent that the deactivation process
of mTRPA1 exhibited a slightly steeper temperature dependence (81.3 kJ mol−1; Q10 = 3.1) than the
fast component of the deactivation of hTRPA1 (67.2 kJ mol−1; Q10 = 2.5). These results indicate that
the voltage-dependent activation and deactivation processes of both orthologues exhibited only mild
temperature dependencies over the temperature range of 12–35 ◦C. Compared to hTRPA1, the gating
equilibrium of mTRPA1 was significantly shifted towards the open state.
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Figure 1.Effects of cooling and warming on the voltage-dependent gating kinetics of the human and

mouse transient receptor potential (TRP) channel subtype A1 (TRPA1) orthologues. (A) Representative

whole-cell currents in Ca2+-free intracellular and extracellular solutions recorded from a human

embryonic kidney (HEK) 293T cell line transiently expressing the wild-type human TRPA1 (hTRPA1)

channel, measured by the indicated voltage-step protocol at different temperatures. The voltage-step

protocol was previously used by [17]. Steady-state currents were measured at the end of the pulses, as

indicated by colored symbols atop each record. At 12◦C, the steady-state currents were estimated from

the exponential fit of the recorded activation curves, as indicated by dashed lines. (B) The average

conductance of hTRPA1 was obtained from the voltage step protocols, as in (A). The data represent

the means+SEM. (n≥6). The solid lines represent the best fit to a Boltzmann function, as described

in Materials and Methods. (C) Representative whole-cell currents through wild-type mouse TRPA1

(mTRPA1), as in (A). (D) Average conductance of mTRPA1 obtained from voltage step protocols, as in

(C). The data represent the means+SEM. (n≥4). The solid lines represent the best fit to a Boltzmann

function, as described in Materials and methods. The fit of hTRPA1 at 25◦C is overlaid as a grey dashed

line for comparison. Note the increased basal conductance of mTRPA1 at negative potentials. (E)

Comparison of the deactivation kinetics of TRPA1 orthologues at different temperatures. Representative

tail currents normalized to the maximum amplitude at+100 mV obtained as an indicated part of the

voltage step protocols, as in (A,C). Color-coded as the rest of the figure: black for 25◦C, red for 35◦C,

and blue 12◦C. While the mTRPA1 tail currents could be fitted by a monoexponential function, the

hTRPA1 tail currents could be well-fitted only by two exponentials. (F) Arrhenius plots of the onset

(left) and deactivation (right) time constants for hTRPA1 (open symbols) and mTRPA1 (close symbols).

The time constants of the onset were determined by mono- (mTRPA1) or bi-exponential (hTRPA1,

plotted as weighted mean) fits to the time course of the onset currents at+100mV,asin(A,C). The time

constants of the deactivation rate were determined by mono- (mTRPA1) or bi-exponential (hTRPA1, fast

and slow components plotted separately as open circles and triangles) fits to the tail currents, as in (E).
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3.2. Mutations hTRPA-V875G and mTRPA1-G878V in S5

Previous studies have identified G878 in mTRPA1 and V875 in hTRPA1 (Figure 2A) as residues
underlying the species-specific differences in cold sensitivity [26]. We addressed the question of to
what extent this residue could contribute to the temperature dependence of the voltage-induced gating.
We measured the voltage-activated currents from hTRPA-V875G and mTRPA1-G878V at 12, 25, and
35 ◦C (Figure 2B–E and Figure S1) and compared the temperature dependencies of the deactivation rate
by fitting the time course of the inward tail currents at −150 mV by mono- or bi-exponential functions
(Figure 2F–I). Most interestingly, the temperature dependence of the fast component of the deactivation
rate of hTRPA1-V875G became steeper, thus resembling that of mTRPA1 (83.6 kJ mol−1; Figure 2G).
The reverse mutation mTRPA1-G878V had an opposite effect: A decreased slope of the temperature
dependence of the deactivation rate approached the less steep slope of the wild-type hTRPA1 (69.6 kJ
mol−1; Figure 2I). These results not only complement those obtained by Chen et al. [26] but also further
emphasize the possible role of the residue V875/G878 in S5 in allosteric gating.

3.3. Functional Role of Non-Homologous Residues in the Vicinity of V875

Next, we wondered how the temperature signal might be conveyed to the gate and how the
allosteric coupling or gating of primate and rodent orthologues is adjusted by the vicinity of V875/G878.
By mapping all residues that are non-conserved between mouse and human TRPA1 onto the cryo-EM
structure, we identified several sites in the inner part of the S1–S4 sensor and the S4–S5 linker located
close to S5 (Figure S2). Accordingly, we constructed and functionally analyzed a set of reverse mutants
of hTRPA1 (M801L, S804N, V806A, and I803Y/L867F) at 25, 12, and 35 ◦C. Among them, the single
human to mouse mutation S804N was most affected, as it exhibited large basal currents, very slow
activation and deactivation kinetics, and a strong voltage-independent component (Figure 3A–C and
Figure S3). The half-maximum activation voltage, V50, was drastically shifted to 21.6 ± 4.1 mV at
25 ◦C and to 29.5 ± 4.6 mV at 12 ◦C (n = 7; p < 0.001). The steady-state conductance measured at
35 ◦C almost overlapped with the G/V relationships measured at room temperature (Figure 3B). From
the Arrhenius plot of the deactivation rates, it was apparent that the deactivation process of S804N
exhibited a somewhat steeper temperature dependence (103.8 kJ mol−1; Q10 = 4.2) compared to the
wild-type channels (Figure 3C). To better understand the biophysical requirements at position 804, we
explored small nonpolar and charged substitutions. The replacement of the serine with an alanine,
S804A, rendered the channel nonfunctional (Figure 3D), whereas aspartate substitution resulted in a
phenotype similar to S804N (Figure 3E) in that the activation of S804D by cold produced large and
persisting currents at negative membrane potentials (see Figure S6 below).
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Figure 2.A single residue in S5 is involved in the species-specific differences in temperature sensitivity.

(A) Sequence alignment of the fifth transmembrane domain (S5) of human and mouse TRPA1. The

residues V875 (hTRPA1) and G878 (mTRPA1) underlying the species-specific differences in cold

sensitivity are marked in red. (B) Representative whole-cell currents in Ca2+-free intracellular and

extracellular solutions recorded from a human embryonic kidney (HEK) 293T cell line transiently

expressing the human-to-mouse mutation hTRPA1-V875G, measured by the indicated voltage-step

protocol at different temperatures. Steady-state currents were measured at the end of the pulses, as

indicated by colored symbols atop each record. Dashed lines indicate zero current. (C) Representative

whole-cell currents of mouse-to-human mutation mTRPA1-G878V, as in (B). (D) Average conductance

of hTRPA1-V875G obtained from voltage step protocols, as in (B). The data represent the means+SEM.

(n=7). The solid lines represent the best fit to a Boltzmann function, as described in Materials and

Methods. The fit of hTRPA1 at 25◦C is included as grey dashed line for comparison. (E) Average

conductance of mTRPA1-G878V obtained from voltage step protocols, as in (C). The data represent the

means+SEM. (n=4). The solid lines represent the best fit to a Boltzmann function, as described in

Materials and methods. The fit of mTRPA1 at 25◦C is included as grey dashed line for comparison.

(F) Deactivation kinetics of hTRPA1-V875G compared with hTRPA1 acquired at 25◦C (left) and 12◦C

(right). Average tail currents normalized to the maximum amplitude at+100 mV, obtained as an

indicated part of the voltage-induced currents, as in (B); dashed box. The average currents are shown

with gray or blue bars that indicate means –SEM. (n=5). (G) Arrhenius plots of fast deactivation time

constants of hTRPA1-V875G (black squares). The linear regression (black line) is steeper than that of

hTRPA1 (gray dashed line) and resembles that of mTRPA1 (gray open circles and gray line). Error

bars are SEM. (n=5). (H) Deactivation kinetics of mTRPA1-G878V mutant compared with mTRPA1

acquired at 25◦C (left) and 12◦C (right), as in (C). Error bars are SEM. (n=4). (I) Arrhenius plots of

fast deactivation time constants of mTRPA1-G878V (black circles). The linear regression (black line) is

less steep than that of mTRPA1 (gray line), and its steepness resembles that of hTRPA1 (grey squares

and gray dashed line). Error bars are SEM (n=4).
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Figure 3.Functional screen for non-homologous residues in the vicinity of V875 identifies S804N as the

most affected. (A) Representative whole-cell currents of mouse-to-human mutation mTRPA1-S804N

obtained by voltage step protocol, as in Figure1A. Below, the deactivation kinetics of S804N. Averaged

tail currents normalized to the maximum amplitude at+100 mV (indicated by the circle above the

record). The average currents are shown with color line and bars indicating means -SEM (number of

cells indicated in parentheses). The gray lines with gray bars (-SEM) represent the averaged tail currents

obtained from data for wild-type hTRPA1. Dashed lines indicate zero current. (B) Average conductance

of hTRPA1-S804N obtained from voltage step protocols, as in (A). The data represent the means+

SEM (nindicated in (A)). The solid lines represent the best fit to a Boltzmann function, as described in

Materials and methods. The fit of hTRPA1 at 25◦C is included as grey dashed line for comparison. (C)

Arrhenius plots of the fast deactivation time constants of hTRPA1-S804N (colored circles). The linear

regression (black line) is steeper than hTRPA1 (gray dashed line). Error bars are±SEM (nindicated in

(A)). (D,E) Representative whole-cell currents of hTRPA1-S804A (D) or hTRPA1-S804D (E), obtained by

voltage step protocol, as in (A). (F) Molecular dynamics (MD) simulation results obtained for wild-type

TRPA1 (left), S804N (middle) and S804D (right). Snapshots from MD runs show the S1–S4 sensor

domain and the TRP-like-box. (G) Time evolution of distances separating side chains at positions 804,

845 and 852 produced from MD simulations for all four subunits. Values lower than ~4 Å indicate the

existence of inter-residue interactions (salt bridges and hydrogen bonds). Note that S804 alternates the

interaction between R852 and N845. N804 prefers contact with N845, whereas D804 prefers contact

with R852.
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3.4. Molecular Modeling of the S804 Mutants

To explore the possible structural mechanism by which the substitutions at S804 produce such
dramatic functional changes, we performed molecular simulations by using the structure of human
TRPA1 (PDB code 3J9P) [31] completed with the S1–S2 and S2–S3 linkers [42,55]. The molecular
dynamics (MD) run with the wild-type TRPA1 identified rather loose contacts between S804 and either
R852 or N845 from S4 (Figure 3F,G). In contrast, the N804 side chain was involved in hydrogen bonding
exclusively with N845, while the D804 side chain formed tight salt bridges with R852 in all monomers
of the channel structure. The serine 804 was found to be a part of the lower cavity formed by the S1–S4
sensor domain, previously shown to be an important regulatory site of TRPA1, integrating the regions
from the TRP-like domain, the S4–S5 linker, and S5 [42]. The results from our MD simulations thus
reinforce the previous observations and highlight the key role of conserved polar residues comprising
the putative lower crevice of the sensor domain in the integration of the activation signals and their
transmission to the intracellular channel gate.

3.5. Modeling the Proximal C-Terminal Loop

V875 appears to be directly impacted by the proximal C-terminal loop (Y1006-Q1031) that follows
the TRP-like helix and contains a short, predicted α-helix that is partly buried in the inner leaflet
of the membrane (Figure S2). This loop is integrated with the pre-S1 region and, together with
the S2–S3 linker, comprises an intracellular vestibule that forms a side ‘fenestration’ through which
hydrophobic modulators and membrane phospholipids may affect channel gating [31]. Because
the region Y1006-Q1031 is not well-resolved in the published cryo-EM structure [31], we used the
molecular dynamics flexible fitting (MDFF) approach to refine fitting of the atomic structure to the
density map and to gain an insight into the nature of the mechanical coupling within the channel. We
found interactions between V875 and the subregion of the C-terminal loop L1019–F1022 with some
variability in different TRPA1 monomers (Figure S4A,B). However, outside the area of the density
with the predicted α-helix, the conformational promiscuity of the fitted protein chains was much
more pronounced. This indicates rather loose contacts between this C-terminal segment and the
remaining transmembrane core of TRPA1, which may be strengthened by the binding of various
hydrophobic modulators.

To verify our structural model, we constructed and analyzed three reverse mutants based on
the comparisons between rodent and primate TRPA1 sequences (Figure S2B): H1018R, ΔG1013 and
G1027Q. The first residue was predicted to be located in close proximity to V875, whereas the latter
two mutants seemed to have a good chance of reducing the conformational fluidity of the C-terminal
region. We evaluated the temperature dependence of the steady-state conductance (Figure S4C–H) and
of the faster, dominant component of the deactivation rate measured from the ‘tail currents’ following
the repolarization from +200 to −70 mV (Figure S4I–K). The ΔG1013 and H1018R constructs had
significantly (p ≤ 0.001) faster deactivation kinetics in common at 13 ◦C (58.3 ± 3.2 s−1 and 61.1 ± 9.1 s−1;
n = 4 and 6) compared with wild-type hTRPA1 (38.6 ± 2.1 s−1; n = 20). Within the 13–24 ◦C temperature
range, the latter mutant exhibited slightly less steep temperature dependence (61.1 kJ mol−1) than
hTRPA1 (75.0 kJ mol−1). G1027Q was not significantly different from wild-type hTRPA1, indicating
that these residues are not key determinants of temperature sensitivity.

Previous studies have identified the C-terminal loop as a site for Ca2+/calmodulin and
phosphatidylinositol-4,5-bisphophate binding [54,56]. Mutations within this region affected TRPA1
responses induced by various stimuli including cinnamaldehyde, allyl isothiocyanate, voltage, Ca2+

and carvacrol. Thus, it seems most likely that the C-terminal loop serves as a universal regulatory
domain that integrates signals from different parts of the protein, and its role in temperature sensitivity
is not specific. This is further supported by the fact that introducing domain containing C-terminus of
hTRPA1 did not affect cold activation of rodent TRPA1 [26].
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3.6. Effects of Temperature on TRPA1 at a Constant Membrane Voltage

Our results indicate that hTRPA1 and mTRPA1 exhibit a dual warm and cold sensitivity that is

apparent at negative membrane potentials (Figure1B,D). This so-called U-shape thermosensitivity

has been previously reported for purified hTRPA1 reconstituted into planar lipid bilayers [29], thus

suggesting that the channel is inherently cold- and heat-sensitive. An allosteric eight-state model

capable of replicating the U-shape thermosensitivity of thermal channels assumes that the channel

possesses heat and voltage sensors allosterically coupled to the gate and to each other [39]. To explore

the significance of the coupling energy between the voltage and temperature sensors, we measured

currents at+80 mV by using increasing steps of temperature from 11 to ~50◦C in 3-second intervals

(Figure4A). Obviously, both TRPA1 orthologues exhibited U-shaped outward currents with a saddle

point around the room temperature (Figure4B). Though the hTRPA1-mediated currents were slightly

shallower than those through mTRPA1, it was evident that the responses of the both channels were

increased upon cooling and heating. Moreover, we reasoned that if the Arrhenius plot of the currents

was extrapolated to even higher temperatures, TRPA1 could exhibit the properties of a heat-activated

ion channel.

Figure 4.Both TRPA1 orthologues exhibited U-shaped outward currents. (A) Representative whole-cell

currents of hTRPA1 (left) and mTRPA1 (right) elicited by the simultaneous activation of the voltage

and temperature sensors at the holding potential of+80 mV and the temperature sensors by using

increasing steps of temperature from ~11 to ~52◦C, as indicated above. (B) Arrhenius plots of currents

normalized at 27◦C obtained from measurements, as in (A) for indicated (n) number of cells.

Therefore, we measured currents at−80 and+80 mV from hTRPA1 and mTRPA1 in a control bath

solution by using temperature ramps from 25 to 60◦C that were applied at a maximum speed of about

35◦C/s in 1.5 s intervals (Figure5A–C). Indeed, we observed specific heat-induced currents at negative

and positive membrane potentials that were rapidly reversible and exhibited steep temperature

dependence over the high temperature range of 53–59◦C for mTRPA1 and 55–57◦C for hTRPA1

(Figure S5). The heat-induced activation of mTRPA1 has been previously observed in sensory neurons
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but not in non-neuronal cell lines, and it has thus been attributed to an indirect activation by some

unknown mechanism [21]. Our data show that hTRPA1 and mTRPA1 can be directly, rapidly, and

reversibly activated by noxious heat in non-neuronal cells, indicating that the both mammalian

orthologues possess an intrinsic heat-sensing domain. The heat-induced currents measured at positive

holding potentials were substantially greater than those at negative voltages, suggesting an allosteric

mechanism of activation. Therefore, we next explored to what extent the allosteric coupling between

the voltage- and heat-sensors may account for the observed variability in temperature responses.

Figure 5.TRPA1 was directly and reversibly activated by heat at positive and negative membrane

voltages. (A) Representative whole-cell currents of hTRPA1 (left) and mTRPA1 (right) activated by a

temperature ramp (shown above the current traces) applied at a maximum speed of about 35◦C/s and

at constant holding potentials+80 and−80 mV. (B,C) Currents measured at (B)−80 mV or (C)+80mV,

as in (A), plotted as a function of temperature. The arrows indicate the direction of temperature increase

(black) or decrease (blue). Note that the paths followed by activation and deactivation were almost

identical, i.e., the activation–deactivation was accompanied by a low degree of hysteresis. Typical

examples are shown for four (mTRPA1) and five (hTRPA1) similar recordings.

3.7. Interactions between Temperature- and Voltage-Sensor Modules

As evident from Figure1A–F, the slower components of the activation and deactivation

voltage-dependent characteristics of both TRPA1 orthologues could be substantially underestimated at

cold temperatures over the time interval used for recording. To allow the channels to fully activate and

relax back to equilibrium, we applied 10-s long depolarization pulses from−70 to+80 mV at a constant
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cold temperature (~5–10◦C) and tested the effects of exposure to noxious (~60◦C) heat. When the

temperature was stepped for ~5 s below 60◦C, the subsequent response to+80 mV did not significantly

differ from the preceding one. However, if the heat step exceeded 60◦C, the subsequent response

to+80 mV was much smaller, and the degree of reduction was strongly correlated to the maximum

temperature applied (Figure6A–D; Pearson correlation;p=0.0005 andp=0.0003 for hTRPA1 and

mTRPA1;n=10 and 19). Exposure to excessive heat thus seems to irreversibly impede either the

activation of the voltage-sensor or its effective coupling to the gate.

Figure 6. Temperatures above, but not below, 60◦C impede voltage-induced activation. (A)

Representative whole-cell currents of hTRPA1 in response to temperature (shaded pink area) and voltage

(shaded grey area) steps. The temperature trace is shown above the records. Repetitive depolarization

from−70 to+80 mV elicited outward currents that were strongly reduced only if the heat step exceeded

60◦C. The time course of temperature changes (from 6 to 56◦C and then to 61◦C) is indicated above

the record. The reduction is marked by arrow. (B) The degree of the reduction of voltage-induced

currents was strongly correlated to the maximum temperature applied. (C) Representative whole-cell

currents of mTRPA1 treated as in (A). (D) The current reduction of mTRPA1 was strongly correlated to

the maximum temperature applied. The number of cells is indicated in brackets for each orthologue.

Most notably, when the channels were concurrently exposed to depolarization along with noxious

heat above 60◦C, we observed strikingly large inward currents after cooling the cells to 5–8◦C and

subsequent repolarization to−70 mV (Figure7A–F). The cold-sensitized inward currents were produced

independently of whether depolarization or heat was applied prior to the concurrent activation of both

sensors (Figure7E), but these currents were not seen after the heat- or voltage-sensors were individually

activated/deactivated (Figure7A,C,E,F). Similar cold-sensitized inward currents were observed in

hTRPA1 and mTRPA1, as well as in the reverse mutants with slowed activation/deactivation kinetics

(hTRPA1-S804D and mTRPA1-N807S; Figure S6).
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Figure 7.Concurrent activation of voltage- and heat-sensor renders the TRPA1 channel cold-sensitive.

(A) Representative whole-cell currents of hTRPA1 in response to temperature (shaded pink area)

and voltage (shaded grey area) steps. The temperature trace is shown above the records. The

current-to-temperature relationship of the first heat response is shown in Figure S8A,B. Exposure

to depolarization concurrently with excessive heat rendered the TRPA1 channels dramatically

cold-activated (arrow b) once back at negative membrane potentials, as compared to inward current

(arrow a) after exposure to only depolarization. (B) The increase in inward currents for individual cells

expressing hTRPA1 (n=6), measured at times indicated by arrows in (A). (C) Representative whole-cell

currents of mTRPA1 treated like those in (A). (D) The increase in currents for six individual cells

expressing mTRPA1 measured at times indicated by the arrows in (C). (E) Representative whole-cell

currents of hTRPA1 treated similarly to those in (A). The cold-induced inward currents were produced

independently of whether depolarization or heat was applied prior to the concurrent activation of both

sensors. (F) Representative whole-cell currents of mTRPA1 treated similarly to those in (A). Note the

difference in inward current after depolarization during noxious heat exposure or after noxious heat

exposure during depolarization.

The inverted coupling hypothesis proposed by Jara-Oseguera and Islas [39] states that activation

of thermosensitive TRP channels by cooling could be mediated by a heat-activated temperature sensor

that is energetically unfavorably coupled to the pore gating. Similarly, voltage-gated channels can be

activated either by depolarization or hyperpolarization, depending on whether their voltage sensors
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are coupled favorably or unfavorably to the gate [57]. Our results indicated that noxious heat above
60 ◦C induces substantial structural rearrangements within the channel, leading to a strong inward
rectification at cold temperatures. We therefore reasoned that the above hypothesis could be adopted
to explain our observations, providing that either the heat- and/or voltage-sensors become unfavorably
coupled to the gate as a consequence of the exposure to excessive heat.

3.8. Can the Temperature Sensitivity of TRPA1 Be Explained by Inverted Coupling Hypothesis?

Weperformed simulations by using the eight-state allosteric kineticmodel that had previously been
shown to be consistent with the gating of the TRPA1-related channels, TRPV1 and TRPM8 [36,39]. This
model is based on the presumption that an independent voltage- and heat-sensors exist that are coupled
to the channel gate and to each other (Figure 8A). At constant low temperatures and low voltages, the
channel is confined to the equilibrium between closed and open states with an equilibrium constant L.
The temperature dependence is characterized by the difference in enthalpy (ΔHo) and entropy (ΔSo)
between the states. Temperature and voltage drive transitions between resting and activated states of
the sensors with equilibrium constants J(T) and K(V), respectively. In turn, the temperature and voltage
sensors are coupled to channel gating by allosteric coupling factors C and D, and the two sensors are
coupled by the allosteric constant E. To involve the bidirectional thermosensitivity of the channels,
the allosteric coupling factor C was assumed to be temperature-dependent: C(T) = exp[−(ΔHo

C −
TΔSoC)/RT].

Using the parameters published for TRPM8 [39] as the initial values, we estimated K(0), L,
E, D, z, ΔHo

C and ΔSoC by fitting the average G/V curves obtained for hTRPA1 at 25 and 12 ◦C
(Figure 8B). These parameters were then refitted to qualitatively match the activation profile of a
representative hTRPA1 recording, such as that shown in Figure 7A, normalized to Gmax. We calculated
the open probability (Po) as a function of voltage and temperature and plotted the Po(V,T) landscapes
(Figure 8C–E). We found that the model was capable of capturing all of the essential aspects of our
experimental observations (Figure 8F):

1. Initially, voltage-dependent activation was only mildly temperature-dependent over the
temperature range of 12–35 ◦C, and cold only weakly activated the channels at negative
membrane potentials.

2. The channels were activated by high noxious temperatures, and the heat-induced responses were
strongly outwardly rectifying (as shown in Figure 5).

3. Exposure to excessive heat (>60 ◦C) irreversibly reduced subsequent responses to depolarizing
potentials. This could be achieved by a strong (72.5-fold) increase in the coupling factor E, a
1.4-fold increase in the relative magnitude of the enthalpy and entropy values of the allosteric
factor C, ΔHo

C/ΔSoC, a 10-fold decrease in the gating equilibrium L, and a 1.07-fold decrease in
the coupling factor D (Figure 8D).

4. The channels became strongly inwardly rectifying after the concurrent activation of voltage and
heat sensors and their subsequent deactivation. This could be simulated by an increase in L
(271.9-fold) and E (5.27-fold), a decrease in the relative magnitude of the temperature sensor‘s
enthalpy and entropy values (ΔHo/ΔSo, 2.1-fold), and the relative magnitude of the enthalpy
and entropy values characterizing the allosteric factor C (ΔHo

C/ΔSoC, 2.0-fold), and a large
(32,733-fold) decrease in D (Figure 8E).

5. The responses activated during heating typically exhibited current transients, suggesting that
the channels passed through several conformational states before they reached their steady-state
(Figure 8F,G). This further supports the modular allosteric model (rather than the two-state model)
as an appropriate approximation of TRPA1 activation.
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Figure 8.The eight-state allosteric model is adequate for explaining the variability in TRPA1 temperature

responsiveness. (A) Allosteric model for temperature- and voltage-dependent activation of TRPA1.

The transitions between open and closed states are given by the intrinsic equilibrium constantL. The

transitions between resting and active conformations of temperature sensors and voltage sensors are

given by equilibrium constantsJ(T)=exp[−(ΔH−TΔS)/RT] andK=K(0)exp(zFV/RT), respectively.

The coupling of the voltage sensor to the channel gate and to the temperature sensor is governed by

the allosteric coupling constantsDandE, which are assumed to be temperature-independent. The

coupling of temperature sensor to the channel opening is assumed to be temperature-dependent by the

termC(T)=exp[−(ΔHoC−TΔS
o
C)/RT]. (B) Normalized conductance of hTRPA1 (same as in Figure1B)

at the indicated temperatures. Red lines are the global fit by using the model in (A). Parameters of

the fit were used to plot open probability landscape in (C); for details, see Materials and Methods. (C)

Open probability landscape obtained by calculatingPoas a function of temperature and voltage by

using the parameters from fit in (B):K(0)=0.003,z=−0.74,ΔHoC=6.1 kcal mol
−1and valueΔH=

91 kcal mol−1published for TRPM8 [39]. Note a mild U-shape thermosensitivity. (D) ‘Irreversible

switch-after-excessive heat‘ mechanism. Exposure to heat over 60◦C triggers the reduction of currents

at+80 mV (as in Figure6A,C). Open probability landscape was remodeled to qualitatively match the

activation profile of hTRPA1, as shown in Figure7A. The parametersK(0),zandΔHowere preserved

from bluePolandscape in (C),ΔH
o
C=1.4 kcal mol

−1.(E) Concurrent activation of voltage- and

heat-sensor rendered TRPA1 sensitized to cold. The open probability landscape obtained in (D)was
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remodeled to approximate the experimentally observed data. The parameters K(0), z and ΔHo were
preserved from blue Po landscape in (C), ΔHo

C = 4.3 kcal mol−1. (F) The model is capable of capturing
all essential aspects of our observations. The time course of Po modelled according to Figure 7A. The
blue, green and red parts of the Po trace were modelled by using the respective parameters from
(B,D,E). The transitions between landscapes are indicated by black arrows and colored pictograms.
The depolarizations to +80 mV are marked as shaded grey areas, and the applied temperature is shown
above as red trace and shaded pink areas for 60 ◦C. Grey bidirectional arrows show the reduction of Po
(as in Figure 6A,C) after the first exposure to heat at −70 mV, and the increase in Po (as in Figure 7A)
after the second exposure to heat at +80 mV. Grey rectangles marked as a, b and c, correspond to panels
in (G). (G) Representative whole-cell currents of mTRPA1 in response to noxious heat temperature. The
situations correspond to those in (F), and the holding potential was −70 mV in a and c and +80 mV in b.
Black arrows point to current transients that were captured also by our model in (F). The time course of
temperature is indicated above the records. The bars indicate 1 s and 1 nA in panels a, b, and c.

3.9. Activation of TRPA1 in F11 Cells

To investigate whether TRPA1 can be activated by heat and cold under close-to-native conditions,
we used F11 neuroblastoma cells derived from dorsal root ganglia neurons, which provide a
well-characterized cellular model of peripheral sensory neurons [58]. We transfected the cells with
mouse or human TRPA1 and measured currents at −70 mV by using a similar temperature and voltage
protocol to that shown in Figure 7A. In addition, the TRPA1 inhibitor HC-030031 (50 μM) was used to
assess the extent of specific contribution of TRPA1 to temperature-dependent currents. We observed
very similar current characteristics to those seen in channels expressed in HEK293T cells. Though the
application of heat above 60 ◦C was experimentally challenging and inevitably destroyed the seal in
many cells (19 of 29), we succeeded in recording the typical responses to heat and voltage in eight
neurons that expressed mTRPA1 and two neurons expressing hTRPA1 (Figure S7). In both TRPA1
orthologues, we observed a reduction in currents induced by depolarizing step to +80 mV only when
the preceding heat step exceeded 60 ◦C. The responses activated during heating typically exhibited
current transients, suggesting that the channels passed through several conformational states, as in
HEK293T cells (see Figure 8G). When the neurons were depolarized and concurrently stimulated by
noxious heat, inward currents arising from cooling the cell to 5–7 ◦C and repolarizing it to −70 mV
were increased (Figure S7B) and slowed down (Figure S7A,C).

In a large subset of native dorsal root ganglia neurons, TRPA1 physically and functionally
interacts with the structurally-related, heat-sensitive vanilloid receptor subtype 1 channel TRPV1 [59].
Our results indicate that TRPA1 may respond to heat in isolation from TRPV1, which adds further
complexity to the mechanisms that contribute to noxious heat transduction in somatosensory neurons.

4. Discussion

The data presented in this study demonstrate that both human and mouse TRPA1 orthologues
have an intrinsic propensity to respond to excessive heat and adopt conformations primed for cold
activation at physiological membrane potentials. Most importantly, our results unveil a specific mode
of TRPA1 activation that can be viewed as a ‘heat-induced cold sensitivity.’ This transition occurs after
the channels are activated simultaneously by depolarizing voltage and high noxious heat and then are
subsequently repolarized to the resting membrane potential at cold temperatures.

Our experimental observations indicate that excessive heat renders the channels less activated by
voltage. As predicted from the eight-state allosteric model, heat above 60 ◦C may affect the gating
equilibrium constant—the extent of allosteric coupling of the voltage- and heat-sensors to the gate
domain and to each other. When the two stimuli, heat and voltage, were applied together, the channels
became strongly sensitized to cold. Our simulations predict that the concurrent activation of the
voltage- and heat-sensors can induce a conformational switch that leads to an increase in their energetic
crosstalk, an increase in the gating equilibrium constant, and a drastic (~30,000-fold) decrease in the
coupling of the voltage sensor to the channel gate.
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Substantial differences in the pharmacological profiles between rodent and primate orthologues
seriously hamper current screening and medicinal chemistry discovery efforts for targeting
TRPA1 [60,61]. Moreover, the distinct temperature sensitivities of these channels raise important
questions about the physiological relevance of all the findings obtained in rodent models. Our findings
that both TRPA1 orthologues exhibit qualitatively similar temperature- and voltage-dependent
characteristics suggest a conserved molecular logic for the gating of TRPA1 across different species
and may reconcile the seemingly conflicting lines of evidence in published literature. At negative
membrane potentials (−150 mV) and at 25 ◦C, the gating equilibrium of mTRPA1 is shifted toward the
open state (11.4% of Gmax) when compared with hTRPA1 (2.3%) (Figure 1B,D). From our predictions
(using the parameters in Figure 8C while only changing L), this difference may lead to a 3–4-fold
increase in responses induced by both heat (60 ◦C) and cold (5 ◦C) at −70 mV. Thus, the difference in the
intrinsic gating equilibrium itself may account for the observed disparity between the two orthologues.

Moreover, hTRPA1 exhibits significantly faster deactivation kinetics that consist of two exponential
components, one of these of a similar temperature dependence as mTRPA1 (Figure 1F). The
slower voltage-dependent relaxation kinetics seen in mTRPA1 and in certain mutants of hTRPA1
(hTRPA1-S804D and S804N) allows these channels to dwell longer in the open state(s) at cold
temperatures and, thus, produce significant and persistent currents at negative membrane potentials.
This, together with the high sequence similarity (88.9% similarity and 79.8% identity), indicates that
the difference between the two mammalian TRPA1 orthologues might lie not in their temperature- or
voltage-sensing domains but rather in the mechanisms by which they are coupled to the channel gate
and/or to each other. As TRPA1 acts as a heat-sensing ion channel in most species that were tested so
far, the heat-sensitive domain could have been conserved during evolution while the evolutionary
changes could serve to fine-tune its energetic coupling to the pore gate and/or the voltage-sensitive
domain. From this point of view, it would be important to explore the temperature sensitivity of
clones from various species under identical experimental conditions and, particularly, over as wide as
possible a temperature range.

Since the first cloning and characterization in 2003 by Ardem Patapoutian’s group [13], the mouse
TRPA1 has been considered to be cold-activated. Fifteen years later, its role in heat (45 ◦C) detection
was also convincingly shown, although it was assumed that the heat responsiveness depends on the
cellular environment [21]. Our results do not contradict these observations and identify both the
human and mouse TRPA1 as molecular detectors of noxious heat and noxious cold. The bidirectional
thermosensitivity of hTRPA1 was previously reported in [29]. Interestingly, the authors also noticed
that in the presence of nonelectrophilic agonist carvacrol, the channels respond to cold only when they
are pre-exposed to a warm (~37 ◦C) temperature. We have shown that the cold sensitivity of hTRPA1
and mTRPA1 can be triggered after the co-application of noxious heat together with depolarizing
voltage. Thus, various sources of energy, such as that derived from agonist binding or depolarization,
could drive the channel opening by cooling. The fact that the cold-sensitized channels are typically
inhibited by heat suggests that their temperature sensors might be activated by heating while being
inversely coupled to the channel opening.

In human TRPA1, a ‘gain-of-function’ variant (rs398123010) associated with pathological cold pain
has been identified [18]. In vitro, this missense variant, hTRPA1-N855S, induced a ~5-fold increase
in inward currents upon activation by cold and was accompanied by a negative shift of the voltage
dependence of channel activation compared with wild-type hTRPA1. This residue is located in the
S4–S5 linker, which is a critical domain that impacts the TRP-like helix and the S5 region around
V875. Apparently, mutations within the S4–S5 linker and the lower cavity of the sensor domain have
dramatic effects on the gating equilibrium and/or the response to voltage [34]. Conformational changes
in this allosteric nexus may propagate to the TRP-like domain, affect the process of α–π transition in
S6 [62], and ultimately lead to a reduction or increase in free energy required to shift the channel gate
from the closed to the open state. Interestingly, the superposition of the TRPA1 (closed) structure with
the recently published open-state structure of TRPV3 obtained at 37 ◦C [63] has shown a very good
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overlap within the S6 and the TRP-like domain. Thus, it is possible that the overall gating mechanism
of thermosensitive TRP channels may be shared. During the review process, a structural study on
TRPA1 was published identifying a direct interaction between N855 and the backbone carbonyl of
C1024 from a short predicted C-terminal α-helix located at the cytosol-membrane interface near S1
and S4 of the sensor domain [64]. The findings support our previous predictions [56] and may partly
explain our data presented in Figure S4.

Though more experimental support is required to unveil the exact molecular mechanism of the
temperature-dependent activation of TRPA1, our data suggest the existence of a heat-sensitive domain
in both human and mouse orthologues. The maximum slope of the temperature dependence of the
responses induced by a heat-step protocol (Figure S8) was apparently higher than that obtained by heat
ramps (Figure S5). Though the apparent Q10 reflects complex effects of temperature on channel gating
kinetics and the applicability of such characteristics is limited [65,66], this observation is reminiscent to
what has been recently described for the related channel TRPV3 [67]. If the rate of transition between
the closed and open states of the channel is primarily driven by temperature, the direct measurement
of the activation enthalpy would require a temperature stimulator that enabled the exchange of
temperature at a very high speed (55 ◦C/ms). Most likely, the slower rate of the temperature exchange
(~35 ◦C/s) compared to faster temperature steps (~110 ◦C/s) allowed the activated channels to transition
to the state with a reduced energetics of gating. There is also no doubt that the speed of temperature
exchange may be another source of variability among various reports (e.g., see [23]).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/57/s1,
Figure S1: Species-specific involvement of a single residue in S5 in temperature sensitivity at close-to-saturation
voltages, Figure S2: Screen for the non-homologous residues in the vicinity of V875, Figure S3: Functional screen
of non-homologous residues in the vicinity of V875, Figure S4: Structural–Functional role of the C-terminal
region, Figure S5: Both hTRPA1 and mTRPA1 exhibit heat-induced currents, Figure S6: Cold-induced currents
in the mutants with slowed activation/deactivation kinetics, Figure S7: Voltage- and heat-activated currents
from neuronal F11 cells expressing mTRPA1, Figure S8: TRPA1 is directly and reversibly activated by high
noxious temperatures.
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Figure S1. Species-specific involvement of a single residue in S5 in temperature sensitivity at close-
to-saturation  voltages.  (A)  Average  whole-cell  currents  in  Ca2+-free  intracellular  and  extracellular 
solutions recorded from human embryonic kidney (HEK) 293T cell line transiently expressing wild-
type human TRPA1 (hTRPA1) channel, measured by indicated voltage-step protocol at 25 °C and 12 
°C. Steady-state currents were measured at the end of the pulses as indicated by colored symbols atop 
each record. Dashed lines indicate zero current. (B) Average whole-cell currents of human-to-mouse 
mutation  hTRPA1-V875G  as  in  (A).  (C)  Average  conductances  of  hTRPA1  obtained  from  voltage 
step protocols at both temperatures as in (A). The data represent the means + S.E.M. (n in brackets). 
The solid lines represent the best fit to a Boltzmann function as described in Materials and Methods. 
(D)  Average  conductances  of  hTRPA1-V875G  obtained  from  voltage  step  protocols  at  both 
temperatures as in (C). The data represent the means + S.E.M. (n in brackets). (E) Average whole-cell 
currents  through  wild-type  mouse  TRPA1  (mTRPA1)  as  in  A.  (F)  Average  whole-cell  currents  of 
mouse-to-human  mutation mTRPA1-G878V as in (A). (G) Average conductances of  mouse TRPA1 
(mTRPA1) obtained from voltage step protocols at both temperatures as in (C). The data represent the 
means + S.E.M. (n in brackets). (H) Average conductances of mTRPA1-G878V obtained from voltage 
step protocols at both temperatures as in (C). The data represent the means + S.E.M. (n in brackets). 
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Figure  S2.  Screen  for  the  non-homologous  residues  in  the  vicinity  of  V875.  (A)  Side  view  on  the 
transmembrane part of the hTRPA1 model based on structure 3J9P, missing loops were modeled and 
fitted  by  molecular  dynamic  flexible  fitting  to  the  density  map  (see  Materials  and  Methods).  Two 
subunits  (gray  and green)  are  shown  for  clarity.  The  residues  that  differ  from  mouse  orthologue  are 
highlighted in red. The conserved residue N855, associated with familial episodic pain syndrome, is 
highlighted in lilac. In the C-terminal loop, side chains of H1018 and F1020 are shown. (B) Amino 
acid sequence conservation within the S2-S3, S5 and C-terminal loop regions of primate (n = 21) and 
rodent (n = 27) TRPA1 species represented as a sequence logo. The non-conserved residues mutated 
in this study are indicated by arrows.  
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Figure S3. Functional screen of non-homologous residues in the vicinity of V875. (A-C) 
Average whole-cell currents in Ca2+-free intracellular and extracellular solutions recorded 
from HEK293T cells expressing indicated mutants of human TRPA1 (hTRPA1), obtained 
by  voltage  step  protocol  as  in  Figure  1A  at  indicated  temperatures. Steady-state  currents 
were measured at the end of the pulses as indicated by colored symbols atop each record. 
Tail  currents  at  +100  mV  are  colored. (D-F)  Average  tail  currents  following  a  +100mV 
voltage  pulse  from  indicated  mutations  highlighted  in  (A-C)  at  25 °C  and  at  12 °C.  Tail 
currents  are  normalized  to  the  maximum  amplitude  at  +2100  mV.  Colored  lines  and 
colored  bars  represent  average  normalized  current  –SEM  (n  indicated  in  brackets).  Gray 
lines  and  gray  bars  represent  wild-type  hTRPA1  mean  values  of  average  normalized  tail 
currents –SEM (n = 8). Dashed lines indicate zero current. (G-I) Average conductances of 
indicated  hTRPA1  mutants  at  two  different  temperatures  obtained  from  voltage  step 
protocols  as  in  (A).  The  solid  lines  represent  the  best  fit  to  a  Boltzmann  function  as 
described  in  Materials  and  methods.  Dashed  lines  represent  the  best  fit  of  average  wild-
type hTRPA1 to a Boltzmann function at 25°C (gray) and 12°C (blue). The data represent 
the means + S.E.M. (n is shown in brackets, n  6 for wild-type hTRPA1). (J-L) Arrhenius 
plots of fast deactivation time constants of indicated mutants. White circles and gray line 
represent Arrhenius plot of wild-type hTRPA1 deactivation time constants. Data are shown 
as means ± S.E.M. (n of mutants indicated in brackets). 
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Figure S4. Structural-Functional functional role of the C-terminal region. (A) Homology model of the 
C-terminal  region  (Y1007-R1030)  with  central  H1018  highlighted in  green.  (B)  Model  of  human 
TRPA1  with  the  C-terminal  loop  fitted  to  the  electron  density  map  of  human  TRPA1  (EMDB  ID 
6267). (C-E) Representative whole-cell currents of indicated mutants of hTRPA1, obtained by voltage 
step protocol as in (Figure S1A) at two different temperatures. Steady-state currents were measured at 
the  end  of  the  pulses  as  indicated  by  colored  symbols  atop  each  record.  Dashed  lines  indicate  zero 
current.  (F-H)  Average  conductances  of  indicated  hTRPA1  mutants  at  two  different  temperatures 
obtained from voltage step protocols as in (C). The solid lines represent the  best fit to a Boltzmann 
function as described in Materials and Methods. Dashed lines represent the best fit of average wild-
type hTRPA1 to a Boltzmann function at 25 °C (gray) and 12 °C (blue). The data represent the means 
+  S.E.M.  (n shown  in  brackets, n =  34  for  wild-type  hTRPA1). (I-K)  Arrhenius  plots  of  fast 
deactivation  time  constants  of  the  mutants  indicated  above  (in  color)  and  the  wild-type  hTRPA1 
(white  circles  and  dashed  gray  line).  Data  are  shown  as  means ± S.E.M.  (n  of  mutants  indicated  in 
brackets, n = 20 for wild-type hTRPA1). 
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Figure S5. Both hTRPA1 and mTRPA1 exhibit heat-induced currents. (A,B) Arrhenius plot in 
which the current (y-axis, logarithmic scale) was plotted against the reciprocal of the absolute 
temperature (x-axis). The apparent temperature coefficients Q10s of the hTRPA1 currents shown 
in Figure 5A recorded upon temperature increase, estimated by linear regression (red lines) from 
the slope of Arrhenius plot. The lower limit of the temperature range for estimation was defined 
as  the  temperature  at  which  the  fit  declined  significantly  from  a  straight  line  (r2 < 0.98).    (C) 
Mean apparent Q10 of hTRPA1 currents at -80 mV and +80 mV (n = 6 and 5). (D,E) Arrhenius 
plots for mTRPA1 currents at -80 mV and +80 mV, shown in (Figure 5A). (F) Mean apparent 
Q10 of mTRPA1 currents at -80 mV and +80 mV (n = 3 and 4).  
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Figure  S6.  Cold-induced  currents  in  the  mutants  with  slowed  activation/deactivation  kinetics. 
(A) Representative whole-cell currents of hTRPA1-S804D in response to temperature (shaded 
pink area) and voltage (shaded grey area) steps. The time course of temperature changes (from 
9 °C  to  62 °C)  is  indicated  above  the  record.  Compare  to  wild-type  hTRPA1  in  (Figure  7A), 
where  arrows  a  and  b  depict  analogue  situations.  The  temperature  step  from  35 °C  to  9 °C 
elicited the 1.7-fold increase in current response (arrow c). Current to temperature relationship 
of  the  2nd  heat  response  is  shown  in  (Figure S7CS8C,D). (B)  Representative  whole-cell 
currents  of  mTRPA1-N807S  as  in  (A).  This  mutant  exhibited  noxious  heat  evoked  currents 
comparably  large  as  cold  evoked  currents  (arrow  b)  after  concurrent  voltage  and  temperature 
sensor activation at negative membrane potentials. Typical examples are shown for 3 (hTRPA1-
S804D) and 3 (mTRPA1-N807S) similar recordings. 
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Figure  S7. Voltage-  and  heat-  activated  currents  from  neuronal  F11  cells  expressing  mouse 
(mTRPA1)  or  human  (hTRPA1)  TRPA1  channels.  (A,B,C)  Representative  whole-cell  currents 
recorded from neuronal F11 cells transiently expressing wild type mTRPA1 or hTRPA1 in response to 
temperature (shaded pink area and red traces above the measurements) and voltage (shaded grey area) 
steps. The exposure to 50 μM inhibitor HC-030031 is marked by black bar above traces. In (A), the 
bidirectional vertical arrow depicts analogue situation as in (Figure 6A,C). In (A)(B) and (C), arrows a 
and b depict analogue situation as in Figure 7A,C. Note a slower deactivation kinetics after concurrent 
activation by voltage and heat. Typical examples are shown for 8 (mTRPA1) and 2 (hTRPA1) similar 
recordings. 
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Figure  S8.  TRPA1  is  directly  and  reversibly  activated  by  high  noxious  temperatures.  (A) 
Current-temperature  relationship  for  representative  whole-cell current  of  hTRPA1  (1st  heat 
response  shown  in  Figure  7A)  activated  by  temperature  step  applied  at  a  maximum  speed  of 
about 110 °C/s and at constant holding potential -70 mV. The arrows indicate the direction of 
temperature increase (black) or decrease (blue). The activation-deactivation is accompanied by a 
low  degree  of  hysteresis.  (B)  Arrhenius  plot  in  which  the  current  (y-axis,  logarithmic  scale) 
shown  in  (A)  was  plotted  against  the  reciprocal  of  the  absolute  temperature  (x-axis).  The 
apparent temperature coefficient Q10 estimated by linear regression (red line) from the steepest 
slope  of  Arrhenius  plot  is  6.8.  (C)  Current-temperature  relationship  for  the  2nd  heat  response 
shown in (Figure S6B). Typical examples are shown for 6 (hTRPA1) and 3 (mTRPA1-N807S) 
similar  recordings.  (D)  Arrhenius  plot  of  the  current  shown  in  (C).  The  apparent  temperature 
coefficient Q10 estimated by linear regression (red line) is 13.3. 

 

 

 



PERSPECTIVE

published: 12 March 2020

doi: 10.3389/fphys.2020.00189

Edited by:
Istvan Nagy,

Imperial College London,

United Kingdom

Reviewed by:
Merab G. Tsagareli,

Ivane Beritashvili Center

of Experimental Biomedicine, Georgia

Ari-Pekka Koivisto,

Orion Corporation, Finland

Leon D. Islas,

National Autonomous University

of Mexico, Mexico

*Correspondence:
Lucie Zimova

lucie.zimova@fgu.cas.cz

Viktorie Vlachova

viktorie.vlachova@fgu.cas.cz

Specialty section:
This article was submitted to

Integrative Physiology,

a section of the journal

Frontiers in Physiology

Received: 29 November 2019

Accepted: 18 February 2020

Published: 12 March 2020

Citation:
Zimova L, Barvikova K,

Macikova L, Vyklicka L, Sinica V,

Barvik I and Vlachova V (2020)

Proximal C-Terminus Serves as

a Signaling Hub for TRPA1 Channel

Regulation via Its Interacting

Molecules and Supramolecular

Complexes. Front. Physiol. 11:189.

doi: 10.3389/fphys.2020.00189

Proximal C-Terminus Serves as a
Signaling Hub for TRPA1 Channel
Regulation via Its Interacting
Molecules and Supramolecular
Complexes
Lucie Zimova1*, Kristyna Barvikova1, Lucie Macikova1,2, Lenka Vyklicka1, Viktor Sinica1,3,
Ivan Barvik4 and Viktorie Vlachova1*

1 Department of Cellular Neurophysiology, Institute of Physiology, The Czech Academy of Sciences, Prague, Czechia,
2 Department of Physiology, Faculty of Science, Charles University, Prague, Czechia, 3 Department of Physical

and Macromolecular Chemistry, Faculty of Science, Charles University, Prague, Czechia, 4 Division of Biomolecular Physics,
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Our understanding of the general principles of the polymodal regulation of transient

receptor potential (TRP) ion channels has grown impressively in recent years as a

result of intense efforts in protein structure determination by cryo-electron microscopy.

In particular, the high-resolution structures of various TRP channels captured in

different conformations, a number of them determined in a membrane mimetic

environment, have yielded valuable insights into their architecture, gating properties

and the sites of their interactions with annular and regulatory lipids. The correct

repertoire of these channels is, however, organized by supramolecular complexes

that involve the localization of signaling proteins to sites of action, ensuring the

specificity and speed of signal transduction events. As such, TRP ankyrin 1 (TRPA1),

a major player involved in various pain conditions, localizes into cholesterol-rich sensory

membrane microdomains, physically interacts with calmodulin, associates with the

scaffolding A-kinase anchoring protein (AKAP) and forms functional complexes with

the related TRPV1 channel. This perspective will contextualize the recent biochemical

and functional studies with emerging structural data with the aim of enabling a more

thorough interpretation of the results, which may ultimately help to understand the

roles of TRPA1 under various physiological and pathophysiological pain conditions. We

demonstrate that an alteration to the putative lipid-binding site containing a residue

polymorphism associated with human asthma affects the cold sensitivity of TRPA1.

Moreover, we present evidence that TRPA1 can interact with AKAP to prime the channel

for opening. The structural bases underlying these interactions remain unclear and are

definitely worth the attention of future studies.

Keywords: TRPA1, TRP channel, calmodulin, A-kinase anchoring protein, transient receptor potential
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INTRODUCTION

The Transient Receptor Potential (TRP) Ankyrin subtype 1
(TRPA1), originally called ANKTM1 (Story et al., 2003), is a
cation channel expressed in a subset of dorsal root, trigeminal
and visceral primary sensory neurons (Bautista et al., 2006;
Kwan et al., 2006), but also in non-neuronal cells such
as keratinocytes (Kwan et al., 2006), fibroblasts (Jaquemar
et al., 1999), odontoblasts (El Karim et al., 2011), astroglia
(Shigetomi et al., 2011), Schwann cells (De Logu et al., 2017),
endothelial cells, and arterial vessels (Kwan et al., 2009). There,
TRPA1 acts as a polymodal sensor of cell threats, being
activated by a wide range of physical and chemical stimuli of
extracellular or intracellular origin (for comprehensive reviews
see (Zygmunt and Hogestatt, 2014; Chen and Hackos, 2015;
Viana, 2016; Gouin et al., 2017; Koivisto et al., 2018; Wang
et al., 2019) and references therein). Accumulating evidence
links the physiological functions of TRPA1 to inflammation,
temperature perception, mechanosensation, insulin secretion,
itching, respiratory functions, regulation of the cardiovascular
system, but also the homeostatic balance between the immune
and nociceptive systems, as recently nicely reviewed by Talavera
et al. (2019). Under certain pathological conditions such as
tissue injury or inflammation, TRPA1 may undergo a wide range
of posttranslational modifications that lead to various levels of
functional modulation. Ca2+ influx through TRPA1 can release
mediators such as calcitonin gene-related peptide, substance P,
neurokinin A and bradykinin, which modulate the channel via
G-protein-coupled receptor signaling cascades (Andrade et al.,
2012; Petho and Reeh, 2012; Voolstra and Huber, 2014; Kadkova
et al., 2017) and/or promote the recruitment of the channels to
the cell surface (Schmidt et al., 2009; Takahashi and Ohta, 2017).

A large number (>150) of single-point mutations and
chimeras of human TRPA1 have been functionally characterized
in the literature (Meents et al., 2019), yet the published data
do not enable us to fully understand the molecular details
of the channel function, mostly because (1) the available
structures of TRPA1 capture the channel in an intermediate
or inactivated conformation (Paulsen et al., 2015; Suo et al.,
2020) which does not allow to distinguish the functional states,
(2) the structures lack information on a considerable (∼50%)
part of the protein, (3) the impact of the interactions of
TRPA1 with various important endogenous proteins and cellular
signaling mechanisms has not yet been fully characterized
(Zygmunt and Hogestatt, 2014; Gouin et al., 2017; Talavera
et al., 2019), and (4) the extent to which TRPA1 can be
regulated by its membrane environment is still only gradually
being uncovered (Hirono et al., 2004; Akopian et al., 2007;
Dai et al., 2007; Karashima et al., 2008; Witschas et al., 2015;
Macikova et al., 2019; Startek et al., 2019). Obviously, a better
understanding of all these issues is key for a precise description
of the mechanisms of TRPA1 activation, and, perhaps more
importantly, for rational screening of its novel modulators as
potential therapeutic agents.

The thermosensitive properties of TRPA1 are even less
understood. In mammals, TRPA1 is thought to function as
a cold detector (Story et al., 2003; Viswanath et al., 2003;

Bandell et al., 2004; Kwan et al., 2006; Karashima et al., 2009;
Kremeyer et al., 2010), but it has been also found to play a crucial
role in the detection of noxious heat (Hoffmann et al., 2013;
Yarmolinsky et al., 2016; Vandewauw et al., 2018). In vitro, a
direct cold activation of TRPA1 was demonstrated by several
laboratories for mouse, rat and human orthologs (Story et al.,
2003; Viswanath et al., 2003; Sawada et al., 2007; Karashima
et al., 2009; del Camino et al., 2010; Moparthi et al., 2016). On
the other hand, some other groups did not observe any cold
activation (Jordt et al., 2004; Zurborg et al., 2007; Knowlton et al.,
2010; Cordero-Morales et al., 2011; Chen et al., 2013). This is
clearly not the whole story, and further intensive investigation is
required to determine the specific role of mammalian TRPA1 as
a temperature sensor (Sinica et al., 2019).

This article provides new evidence that the cold sensitivity
of TRPA1 can be modulated by membrane phosphoinositides;
specifically, by phosphatidylinositol-4,5-bisphosphate, PIP2.
Moreover, we demonstrate that AKAP, the scaffolding
A-kinase anchoring protein that is necessary for the effective
phosphorylation of TRPA1 by protein kinases A and C,
potentiates the channel at negative membrane potentials,
suggesting the existence of basal phosphorylation or a direct
effect of AKAP on TRPA1. Although these primary results
provide potentially important information indicating that the
membrane proximal part of the C-terminus of TRPA1 may form
a hot spot contributing to a highly effective regulation of TRPA1,
additional structural/functional considerations are necessary to
characterize the channel in its full physiological context.

MATERIALS AND METHODS

Cell Culture, Constructs, and

Transfection
Human embryonic kidney 293T (HEK293T; ATCC, Manassas,
VA, United States) cells were cultured and transfected with
400 ng of cDNA plasmid encoding wild-type or mutant human
TRPA1 (pCMV6-XL4 vector, OriGene Technologies, Rockville,
MD, United States) and 200 ng of GFP plasmid (TaKaRa,
Shiga, Japan), and, for particular experiments, 300 ng of a
plasmid of wild-type TRPA1 with 300 ng of plasmid Dr-
VSP (in IRES2-EGFP vector, a gift from Yasushi Okamura,
Addgene plasmid #80333) or 400 ng of the plasmid of wild-type
TRPA1 with 200 ng of plasmid AKAP79 (pCMV6-XL4 vector,
OriGene Technologies, Rockville, MD, United States), using the
magnet-assisted transfection technique (IBA GmbH, Gottingen,
Germany) as described previously (Zimova et al., 2018). The
mutant H1018R was generated by PCR using a QuikChange II
XL Site-Directed Mutagenesis Kit (Agilent Technologies, Santa
Clara, CA, United States) and confirmed by DNA sequencing
(Eurofins Genomics, Ebersberg, Germany).

Electrophysiology and Cold Stimulation
All electrophysiological recordings were carried out as described
previously (Zimova et al., 2018). For the experiments described
in Figure 1, the extracellular bath solution contained: 140 mM
NaCl, 5 mM KCl, 2 mM MgCl2, 5 mM EGTA, and 10 mM
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FIGURE 1 | Acute PIP2 depletion has an opposite effect on cold-dependent gating of TRPA1 to missense histidine-to-arginine mutation at position 1018.

(A) Schematic diagram shows binding of Ca2+-CaM (calmodulin) to C terminus of TRPA1 (Macikova et al., 2019). The binding domain for CaM partly overlaps with

the proposed binding pocket for PIP2 (in red) which includes H1018. Voltage-sensitive phosphatase (Dr-VSP) hydrolyses PIP2 upon depolarization greater than

+50 mV. (B) Time course of average whole-cell currents of human TRPA1 (TRPA1, gray circles with bars indicating mean values with – SEM) and TRPA1

co-expressed with Dr-VSP (yellow circles with bars indicating mean values with – SEM), measured at –80 mV. First, the cells were exposed to a 3 s depolarizing

pulse to +80 mV to activate Dr-VSP. Then, the membrane potential was linearly ramped up each second from –100 mV to +100 mV (1 V.s-1). The temperature was

lowered first from room temperature 25◦C to 15◦C (blue bar) and then raised to 35◦C (pink bar); the temperature trace is shown above the first record (left).

Subsequently, 50 μM carvacrol (black bar) was applied together with temperature changes (right), n is indicated in brackets. (C) Comparison of current amplitudes at

–80 mV at times marked in (B) with vertical arrows. Color coding as in (B). Left: The basal current through TRPA1 is significantly smaller (P = 0.028) when it is

co-expressed with Dr-VSP that causes acute PIP2 depletion upon voltage stimulation. Right: Responses to carvacrol are also significantly smaller (P = 0.032). Data

are shown as single points and as mean values – SEM. (D) Time course of average whole-cell currents of mutant H1018R of TRPA1 (green circles with bars

indicating mean value – SEM) measured at –80 mV compared with wild-type hTRPA1 as in (B). (E) The current responses of H1018R to simultaneous exposure to

50 μM carvacrol and cold (15◦C) are significantly higher (P = 0.043) than the currents from wild-type hTRPA1. Data are shown as single points and as mean values –

SEM at times marked in (D) with an arrow. Color coding as in (B,D). (F) Voltage dependence of cold activation averaged at times indicated by gray arrowheads in

(D). The extent of cold potentiation of TRPA1 (gray line, mean + SEM), hTRPA1 co-expressed with Dr-VSP (yellow line, mean + SEM), and H1018R (green line, as

mean + SEM) at negative membrane potentials. (G) Areas of positive electrostatic potential (blue surface) surrounding the ligand-free structure of TRPA1 [Protein

Data Bank (PDB) ID: 6PQQ] and (H) its mutant H1018R. (I) A detailed view of the region around the allosteric nexus of TRPA1 shows substantially more positive

values for H1018R (side chain shown) than for TRPA1 (depicted as light gray mesh encircling light blue surface). The allosteric nexus formed by the cytoplasmic

region situated below the transmembrane core has been recently proposed to be an important determinant for phospholipid binding as well as for TRPA1 gating

(Zhao et al., 2019; Suo et al., 2020).
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HEPES, 10 mM glucose, pH 7.4 was adjusted with TMA-OH.
The intracellular solution contained 140 mM KCl, 5 mM EGTA,
2 mMMgCl2, and 10 mMHEPES, adjusted with KOH to pH 7.4.
For the experiments shown in Figure 2, the extracellular bath
solution contained: 140 mM NaCl, 4 mM KCl, 1 mM MgCl2,
10 mM HEPES, 5 mM glucose, pH 7.4 adjusted with NaOH.
The intracellular solution contained 125 mM Cs-glucono-δ-
lactone, 15 mM CsCl, 5 mM EGTA, 0.5 mM CaCl2, 2 mM
MgATP, 0.3 NaGTP, and 10 mM HEPES, adjusted to pH 7.4 with
CsOH. A system for the rapid cooling and heating of solutions
superfusing isolated cells under patch-clamp conditions was used
as described in Dittert et al. (2006). The temperature of the
flowing solution was measured with a miniature thermocouple
inserted into the common outlet capillary near to its orifice,
which was placed less than 100 μm from the surface of the
examined cell. Statistical significance was determined by Student’s
t-test or the analysis of variance, as appropriate; differences were
considered significant at P< 0.05 where not stated otherwise. The
data are presented as means ± (or +/−) SEM.

RESULTS AND DISCUSSION

Predicted Role of Phosphoinositides in

the Regulation of

Temperature–Dependent Gating of

TRPA1
The transmembrane domain of TRPA1 is composed of the
voltage sensor-like domain (VSLD) formed by a bundle of
four antiparallel helices, S1–S4, and the pore domain (formed
by S5, S6, and two pore helices) arranged in a domain-
swap manner. The proximal C terminus contains a TRP-like
domain that interacts with a pre-S1 helix. There are at least
two sites with separate functions from which the activity of
TRPA1 can be regulated by membrane phosphatidylinositol-
4,5-bisphosphate (PIP2) or other phosphoinositides: the first,
formed by the intracellular part of VSLD and contributed
to by K989 from the TRP-like domain (Samad et al., 2011;
Witschas et al., 2015; Zimova et al., 2018), and the second
localized between adjacent subunits (T1003–P1034), capable of
directly affecting the gating of the channel through the S4-S5
linker and R975 from the TRP-like domain (Macikova et al.,
2019). Mutation at the highly conserved phenylalanine F1020
located in the center of the latter interacting region produced
channels with faster activation kinetics and with significantly
suppressed responses at negative membrane potentials. The
effectiveness of PIP2 at inhibiting or promoting the activity of
TRPA1 appears to substantially depend on the conformational
states of the channel (Macikova et al., 2019). Importantly,
two amino acids upstream of F1020, a missense mutation
of a histidine residue (rs959976) was recently found to be
associated with childhood asthma (Gallo et al., 2017). The
histidine-to-argininemutation (H1018R) increased the responses
of recombinant channels to insoluble coal fly ash particles by
70%, suggesting an increased sensitivity to mechanical stimuli
(Deering-Rice et al., 2015). We hypothesized that arginine at

position 1018may alter the affinity of PIP2 to TRPA1, and thereby
also influence the activation of the channel by other stimuli,
particularly by heat or cold temperatures. Several structures
of thermosensitive TRP channels contain lipids in the regions
essentially involved in agonist binding or pore gating (Cao
et al., 2013; Singh et al., 2018, 2019), and it has been proposed
that the association/dissociation of lipids may be one of the
underlying mechanisms of temperature sensation (Cao et al.,
2013). Also, recent molecular dynamics simulations performed
with the structure of the TRPA1-related channel TRPV1 at
different temperatures suggest that the lipid displacement from
protein binding sites may contribute to temperature-evoked
actuation (Melnick and Kaviany, 2018). Because human TRPA1 is
considered to be a cold-sensitive channel (Moparthi et al., 2014),
we tested whether the H1018R mutation may influence the cold
sensitivity of human TRPA1.

Using depolarizing voltage ramps from –100 mV to +100 mV
under whole-cell patch clamp conditions, we measured TRPA1-
mediated responses from HEK293T cells transfected with wild-
type human TRPA1 or wild-type human TRPA1 together with
the voltage-dependent phosphatase cloned from Danio rerio
(Dr-VSP) to selectively deplete PIP2 (Hossain et al., 2008;
Okamura et al., 2009; Zimova et al., 2018; Figure 1A). We
applied 20 s steps from 25◦C to 15◦C and to 35◦C first in
control extracellular solution and then in 50 μM carvacrol,
the non-electrophilic agonist of TRPA1. At positive membrane
potentials the current responses were not significantly different,
indicating comparable expression levels. The comparison at
−80 mV indicates that an acute level of membrane PIP2 regulates
both the rate and extent of the response to individual stimuli
(cold temperature or agonist) but does not affect the synergy
between the stimuli (Figures 1B,C). Using the same voltage
protocol, wemeasured currents from cells expressing the H1018R
mutant (Figure 1D). Notably, the H1018R mutant exhibited
significantly increased current responses at −80 mV upon the
simultaneous application of agonist and cooling (Figure 1E).
The voltage dependence of cold activation (Figure 1F) illustrates
the opposite effects of the H1018R mutation and the acute
PIP2 depletion. To find where negatively charged PIP2 will
most likely be bound, we used the structure of human
TRPA1 [Protein Data Bank (PDB) ID: 6PQQ; (Suo et al.,
2020)]. By means of the “Mutate residue” plugin in VMD
software (Humphrey et al., 1996), H1018 was mutated to
R1018. The “PME Electrostatics” module of VMD was used to
compute electrostatic maps, which were visualized with UCSF
Chimera (Pettersen et al., 2004). As shown in Figures 1G–I,
the H1018R mutation substantially extended the positive
electrostatic potential surrounding the allosteric nexus formed
by the cytoplasmic region situated just below the transmembrane
core, indicating an increased probability of PIP2 binding (see also
the Supplementary Material).

These results further substantiate the previously proposed
role of the proximal C-terminal linker in the PIP2-mediated
regulation of TRPA1, and also indicate that the cold sensitivity
of the channel can be modulated by membrane lipids. Consistent
with our results, the allosteric nexus containing this region has
been recently proposed to be an important determinant for
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FIGURE 2 | Regulation of TRPA1 by phosphorylation and by predicted interactions with modulatory and scaffold proteins. (A) N- and C-lobes of Ca2+/CaM (three

conformers are shown in violet, green, and yellow) are capable of binding to TRPA1 but also serving as a linker binding either TRPA1 to the Tmem100 (gray ribbon)

membrane protein or to the cytoplasmic binding site in the N-terminus of TRPV1. Tryptophans putatively involved in Ca2+/CaM binding are shown as red side

chains. (B) Permeating Ca2+ binds to calmodulin (forming a complex Ca2+/CaM), phosphatidylinositol-4,5-bisphosphate (PIP2) competes with Ca2+/CaM for

binding to TRPA1. A kinase anchoring protein AKAP79/150 (AKAP) binds to TRPA1 and functions as a signaling scaffold for protein kinase A (PKA) and C (PKC). The

activation of PKA or PKC sensitizes TRPA1 by phosphorylation (P in orange circles). The interaction of TRPA1 with TRPV1 is regulated by the transmembrane

adaptor protein Tmem100 via the amino acid KRR triplet on the C-terminus of Tmem100. AKAP also binds to TRPV1 and associates with protein phosphatase 2B

(PP2B, calcineurin) to effectively dephosphorylate the channel. (C) Extended linear configuration (the end-to-end length ∼385 Å) of pseudo-atomic model of

pentameric protein assembly of AKAP (AKAP18γ, residues 88–317) connected to regulatory subunits (RIIα) with associated catalytic subunits (PKAc) of PKA [PDB

ID: 3j4R; (Smith et al., 2013)]. (D) Published crystal structure of CaM (steel blue ribbon) in complex with AKAP79 peptide (yellow). Two EF hands of the C-lobe

coordinate Ca2+ (yellow atoms). One of the two copies of the published structure is shown: PDB ID: 5NIN, chains A and C. (E) Average whole-cell current densities

induced by depolarizing voltage measured from HEK293T cells expressing TRPA1 (white circles indicating mean ± SEM; n = 17), or TRPA1 together with

(Continued)
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FIGURE 2 | Continued

AKAP79 (green circles indicating mean ± SEM; n = 13). Voltage ramp protocol (shown in upper trace) was applied repeatedly each 5 s for 3 min. Amplitudes were

measured at –100 mV and +100 mV and plotted as a function of time. Mean current densities measured from HEK293T cells transfected only with AKAP79 and

control plasmid are shown as light gray lines with ± SEM (n = 4); absent error bars are smaller than the line thickness. (F) Average conductances measured at the

end of pulses from currents induced by voltage-step protocol (shown above): 100-ms steps from –80 mV to +140 mV (increment +20 mV), holding potential

–70 mV. Currents were measured from TRPA1 or TRPA1 together with AKAP79 before (white and light green circles) and after (black and dark green circles) the train

of ramp pulses as shown in (E). The data represent the mean ± SEM (n = 12 and 9, respectively). The solid lines represent the best fit to a Boltzmann function as

described in (Zimova et al., 2018). Average conductances obtained from three HEK293T cells transfected with AKAP79 together with control plasmid are shown as

white squares +SEM.

phospholipid binding as well as for TRPA1 gating (Zhao et al.,
2019; Suo et al., 2020).

At present, however, it is not clear to what extent the results
may reflect the situation in vivo and how the effects observed
with the H1018R mutant may relate to human asthma. We have
recently demonstrated that the cold sensitivity of human TRPA1
is similar in both HEK293T cells and also in F11 cells, which
are a well characterized cellular model of peripheral sensory
neurons (Sinica et al., 2019). Although the TRPA1-mediated
cold responses do not differ between these two cellular models,
PIP2 signaling and H1018R expression could differ among
various cell types.

Regulation of TRPA1 by

Ca2+-Calmodulin Complex
One of the most essential modulators of TRPA1 are calcium ions,
which activate the channel at low concentrations and inactivate it
at higher concentrations (Jordt et al., 2004; Nagata et al., 2005;
Doerner et al., 2007; Zurborg et al., 2007; Cavanaugh et al.,
2008; Wang et al., 2011). Mechanistically, Ca2+ ions permeating
through the TRPA1 channel bind the Ca2+-sensing protein
calmodulin (CaM), which pre-associates with the membrane
proximal C-terminal region of TRPA1 (L992-N1008) from where
the Ca2+-CaM enables the channel to distinctly respond to
diverse Ca2+ signals (Hasan et al., 2017). It does so in a bimodal
manner so that it potentiates TRPA1 at low concentrations
of cytosolic Ca2+ and inactivates the channel at higher Ca2+
concentrations. The proposed Ca2+-CaM-binding region at
TRPA1 is integrated with a putative three-stranded β-sheet
formed by two anti-parallel β-strands from the N-terminus
and a contacting strand that follows the C-terminal TRP-
like helix. The latter, peripherally exposed β-strand binds the
carboxy-lobe (C-lobe) of calmodulin and even under resting
concentrations of Ca2+ (∼100 nM) forms a tight complex with
the channel (Hasan et al., 2017). As is seen from our structural
comparisons shown in Figures 1G–I and from our previous
results (Macikova et al., 2019), this region overlaps with the
interaction site for membrane PIP2 with which Ca2+-CaM is
likely to compete.

Whereas the C-lobe of CaM acts as an effector mediating
Ca2+-dependent gating and a tether anchoring CaM to the
binding site at TRPA1, the N-lobe of CaM is only partly involved
in binding and does not affect the channel gating (Hasan
et al., 2017). What could the additional role of the N-lobe
in TRPA1 regulation be? CaM is a well-studied ubiquitously
expressed protein involved in the regulation of a large number

of membrane and cytoplasmic proteins (Ishida and Vogel, 2006)
and its role as a Ca2+-dependent modulator can be predicted
with a relatively high degree of confidence (Yap et al., 2000;
Mruk et al., 2014). Much less is known about its role as
a Ca2+-dependent protein linker and a regulator of scaffold
proteins (Villalobo et al., 2018). Structural comparisons shown
in Figure 2A indicate that the N-lobe of CaM may either
bridge different domains of TRPA1 or link the channel with
some different target protein(s). This is possible due to the
fact that its two independently folded Ca2+-binding lobes are
able to interact differentially and, to some degree, separately.
From the sequence analysis of human TRPA1 (Yap et al.,
2000; Mruk et al., 2014), several putative CaM binding sites
are predicted. Of these, the N-terminal regions K578-D606
and L488–S510, and the C-terminal region K988–K1009 have
the highest score. Interestingly, the interaction of the N-lobe
of CaM with the N-terminal region of TRPA1 may depend
on the conformational state of the channel. Whereas the
N-lobe of Ca2+/CaM can interact with W605 in the TRPA1
structure 3J9P obtained in the presence of allyl isothiocyanate
(Paulsen et al., 2015), this tryptophan is inaccessible in the
recently published structures 6PQQ, 6PQP, and 6PQO, obtained,
respectively, as an apo-structure and in the presence of the
reversible and irreversible electrophilic agonists BITC and JT010
(Suo et al., 2020).

Regulation of TRPA1 by Protein-Protein

Interactions
In a large subset of sensory neurons, TRPA1 physically and
functionally interacts with the structurally related vanilloid
receptor subtype 1 channel TRPV1 (Story et al., 2003; Akopian
et al., 2007; Salas et al., 2009; Staruschenko et al., 2010;
Akopian, 2011; Fischer et al., 2014; Patil et al., 2020; Figure 2B).
These two channels may desensitize or sensitize each other
via the elevation of intracellular calcium ions (Jordt et al.,
2004; Akopian et al., 2007). In addition, a direct association of
TRPA1 with TRPV1 strongly inhibits the responses of TRPA1
to electrophilic agonists, independently of Ca2+ (Staruschenko
et al., 2010; Fischer et al., 2014). In peptidergic neurons,
the interaction of these two channels is tightly regulated by
the transmembrane adaptor protein Tmem100, which loosens
their association and thereby releases TRPA1 from inhibition.
Structurally, the regulation of this interaction depends on a KRR
amino acid triplet on the C-terminus of Tmem100 (Weng et al.,
2015). Importantly, the highly positively charged C-terminus of
Tmem100 also contains a putative CaM binding site predicted
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with high confidence (L99–L115). Thus, the N-lobe of CaM
can bind to the N-terminus of TRPA1 but can also bind to
Tmem100 or TRPV1.

In Figure 2A, we illustrate how CaM could in principle be
capable of bridging two binding sites in the TRPA1 structure or
serve as a linker binding TRPA1 to the Tmem100 membrane
protein or to the cytoplasmic binding site in the N-terminus of
TRPV1. We used the crystal structures TRPA1 (PDB ID: 3J9P),
TRPV1 (3J5P), Tmem141 (2LOR), and CaM (1MUX - a set of 30
structures determined by NMR). The C-domains of several CaM
conformers from the 1MUX set were placed close to W993 in
TRPA1 (red spheres), which is likely to serve as a hydrophobic
anchor in the experimentally confirmed L992–N1008 binding
site of CaM in the proximal C-terminal region of TRPA1
(Hasan et al., 2017). The distance between W993 and W605 (in
the second putative binding site for CaM in TRPA1) roughly
corresponds to the distance of the N- and C-terminal subunits
in the conformer of CaM (depicted as a violet ribbon). The
green conformer of CaM indicates how it could potentially bridge
known binding sites in TRPA1 and TRPV1 (Lau et al., 2012).
Another structure of CaM (yellow) shows the N-terminal subunit
returning to the membrane, where it could be anchored by
Tmem100 disturbing the TRPA1-TRPV1 complex. Interestingly,
recently, the N- (amino acids 220-260) and C- (684-720)
terminal domains on TRPV1 responsible for TRPA1-TRPV1
complex formation were identified (Patil et al., 2020). These
domains partially overlap with the previously identified binding
sites for CaM/PIP2 (189-222/682-725) (Rosenbaum et al., 2004;
Ufret-Vincenty et al., 2011). This provides further support
for our hypothesis that CaM could serve as linker between
TRPA1 and TRPV1.

Protein Kinase A Anchoring Protein

79/150 (AKAP) Interacts With TRPA1
It has been demonstrated that TRPA1 can be sensitized by protein
kinase A (PKA), protein kinase C (PKC), cyclin-dependent kinase
5, and by early signaling events linked to Ca2+-dependent
phosphoinositide-specific phospholipase C (PLC) enzymes that
hydrolyze PIP2 in the inner membrane leaflet (Bandell et al.,
2004; Bautista et al., 2006; Dai et al., 2007; Wang et al., 2008;
Hynkova et al., 2016; Brackley et al., 2017; Meents et al.,
2017; Hall et al., 2018; Sulak et al., 2018; Figure 2B). For
effective phosphorylation by PKA and PKC, TRPA1 needs
the presence of a scaffolding protein, AKAP (Brackley et al.,
2017), that is also required for the PKA phosphorylation of
TRPV1 (Zhang et al., 2008). AKAP directly interacts with
TRPA1 (Zhang et al., 2008), but it also engages in multiple
protein-protein interactions including Ca2+-CaM (Faux and
Scott, 1997; Patel et al., 2017). Given the recently proposed
importance of the AKAP-PKA pathway in TRPA1-mediated
mechanical allodynia and cold hyperalgesia (Brackley et al.,
2017; Miyano et al., 2019), it would be particularly important
to test the hypothesis that AKAP may serve as a molecular
hub that contributes to the specificity and efficiency of the
cellular signaling network regulating TRPA1 under various
physiological or pathophysiological conditions (Figures 2A–D).

Although AKAP spatially constrains phosphorylation by PKA,
the regulatory subunits of PKA are capable of providing an
∼16 nanometer radius of motion to the associated catalytic
subunits [(Smith et al., 2013) and Figure 2C] and, therefore, the
pathways regulating TRPA1 and TRPV1 may together form a
supramolecular signaling complex.

Previous co-immunoprecipitation studies confirmed the
interaction of AKAP with TRPA1 in HEK293 cells (Zhang
et al., 2008) and in cultured trigeminal neurons (Brackley
et al., 2017). We asked whether the overexpression of AKAP
in HEK293T cells may influence the functional response of
TRPA1. We measured currents induced by repeated depolarizing
voltage ramps or steps from cells expressing TRPA1 or TRPA1
together with AKAP (Figures 2E,F). In TRPA1-expressing
cells, we observed gradual current increases at negative and
at positive membrane potentials (P < 0.001 and P = 0.005,
respectively; n = 17). In cells co-expressing TRPA1 and
AKAP, significant basal currents were observed at negative
potentials and they did not further increase upon repeated
stimulation (P = 0.111; n = 13). The expression of AKAP
did not affect endogenous currents from HEK293T cells.
These data can be interpreted in at least three ways: (1)
AKAP may recruit TRPA1 to the plasma membrane, (2)
AKAP may increase the activity of TRPA1 by increasing
basal phosphorylation, and (3) the interaction with AKAP
induces a conformational change that primes the channel for
activation. Future, more thorough structural and functional
studies that resolve the underlying mechanism may help our
understanding of TRPA1 regulation and could possibly identify
new targets that activate or inhibit TRPA1 for therapeutic
purposes. A future direction in the search for effective
treatment of asthma or mechanical and cold hyperalgesia
could be to focus on a pharmacology directed toward the
interacting regions of the TRPA1 channel with phospholipids
and with its partner proteins, or toward the interacting
proteins themselves.

DATA AVAILABILITY STATEMENT

The Supplementary Material contains the Particle Mesh Ewald
electrostatic potential maps for the wild-type human TRPA1
(PDB ID: 6PQQ) and the R1018 mutant, visualized in UCSF
Chimera 1.13. Other raw data supporting the conclusions of
this article will be made available by the authors, without undue
reservation, to any qualified researcher.

AUTHOR CONTRIBUTIONS

VV and LZ conceptualized the study. VS, LZ, VV, KB, and
IB contributed to formal analysis. VS, LM, LZ, KB, and IB
investigated the study. VV, LZ, IB, and LV supervised the
study. VV contributed to writing – original draft of manuscript
preparation. VV, LZ, and LV contributed to writing, reviewing,
and editing. All authors contributed to manuscript revision, read,
and approved the submitted version.

Frontiers in Physiology | www.frontiersin.org 7 March 2020 | Volume 11 | Article 189



Zimova et al. Multiple Regulatory Sites of TRPA1

FUNDING

This research was funded by the Czechia Science Foundation,
grant number 19-03777S. The research of LM, VS, and KB was
funded by Grant Agency of Charles University (GAUK 406119).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2020.00189/full#supplementary-material

REFERENCES

Akopian, A. N. (2011). Regulation of nociceptive transmission at the periphery via
TRPA1-TRPV1 interactions. Curr. Pharm. Biotechnol. 12, 89–94. doi: 10.2174/
138920111793937952

Akopian, A. N., Ruparel, N. B., Jeske, N. A., and Hargreaves, K. M. (2007).
Transient receptor potential TRPA1 channel desensitization in sensory neurons
is agonist dependent and regulated by TRPV1-directed internalization.
J. Physiol. 583(Pt 1), 175–193. doi: 10.1113/jphysiol.2007.133231

Andrade, E. L., Meotti, F. C., and Calixto, J. B. (2012). TRPA1 antagonists
as potential analgesic drugs. Pharmacol. Ther. 133, 189–204. doi: 10.1016/j.
pharmthera.2011.10.008

Bandell, M., Story, G.M., Hwang, S.W., Viswanath, V., Eid, S. R., Petrus,M. J., et al.
(2004). Noxious cold ion channel TRPA1 is activated by pungent compounds
and bradykinin. Neuron 41, 849–857. doi: 10.1016/s0896-6273(04)00150-3

Bautista, D. M., Jordt, S. E., Nikai, T., Tsuruda, P. R., Read, A. J., Poblete, J., et al.
(2006). TRPA1 mediates the inflammatory actions of environmental irritants
and proalgesic agents. Cell 124, 1269–1282. doi: 10.1016/j.cell.2006.02.023

Brackley, A. D., Gomez, R., Guerrero, K. A., Akopian, A. N., Glucksman, M. J., Du,
J., et al. (2017). A-Kinase anchoring protein 79/150 scaffolds transient receptor
potential A 1 phosphorylation and sensitization by metabotropic glutamate
receptor activation. Sci. Rep. 7:1842. doi: 10.1038/s41598-017-01999-4

Cao, E., Liao, M., Cheng, Y., and Julius, D. (2013). TRPV1 structures in distinct
conformations reveal activation mechanisms. Nature 504, 113–118. doi: 10.
1038/nature12823

Cavanaugh, E. J., Simkin, D., and Kim, D. (2008). Activation of transient receptor
potential A1 channels by mustard oil, tetrahydrocannabinol and Ca(2+) reveals
different functional channel states. Neuroscience 154, 1467–1476. doi: 10.1016/
j.neuroscience.2008.04.048

Chen, J., and Hackos, D. H. (2015). TRPA1 as a drug target–promise and
challenges. Naunyn Schmiedeberg’s Arch. Pharmacol. 388, 451–463. doi: 10.
1007/s00210-015-1088-3

Chen, J., Kang, D., Xu, J., Lake, M., Hogan, J. O., Sun, C., et al. (2013).
Species differences and molecular determinant of TRPA1 cold sensitivity. Nat.
Commun. 4:2501. doi: 10.1038/ncomms3501

Cordero-Morales, J. F., Gracheva, E. O., and Julius, D. (2011). Cytoplasmic ankyrin
repeats of transient receptor potential A1 (TRPA1) dictate sensitivity to thermal
and chemical stimuli. Proc. Natl. Acad. Sci. USA. 108, E1184–E1191. doi: 10.
1073/pnas.1114124108

Dai, Y., Wang, S., Tominaga, M., Yamamoto, S., Fukuoka, T., Higashi, T., et al.
(2007). Sensitization of TRPA1 by PAR2 contributes to the sensation of
inflammatory pain. J. Clin. Invest. 117, 1979–1987. doi: 10.1172/jci30951

De Logu, F., Nassini, R., Materazzi, S., Carvalho Goncalves, M., Nosi, D.,
Rossi Degl’Innocenti, D., et al. (2017). Schwann cell TRPA1 mediates
neuroinflammation that sustains macrophage-dependent neuropathic pain in
mice. Nat. Commun. 8:1887. doi: 10.1038/s41467-017-01739-2

Deering-Rice, C. E., Shapiro, D., Romero, E. G., Stockmann, C., Bevans, T. S.,
Phan, Q. M., et al. (2015). Activation of transient receptor potential ankyrin-
1 by insoluble particulate material and association with asthma. Am. J. Respir.
Cell Mol. Biol. 53, 893–901. doi: 10.1165/rcmb.2015-0086OC

del Camino, D., Murphy, S., Heiry, M., Barrett, L. B., Earley, T. J., Cook, C. A.,
et al. (2010). TRPA1 contributes to cold hypersensitivity. J. Neurosci. 30,
15165–15174. doi: 10.1523/JNEUROSCI.2580-10.2010

Dittert, I., Benedikt, J., Vyklicky, L., Zimmermann, K., Reeh, P. W., and Vlachova,
V. (2006). Improved superfusion technique for rapid cooling or heating of
cultured cells under patch-clamp conditions. J. Neurosci. Methods 151, 178–185.
doi: 10.1016/j.jneumeth.2005.07.005

Doerner, J. F., Gisselmann, G., Hatt, H., and Wetzel, C. H. (2007). Transient
receptor potential channel A1 is directly gated by calcium ions. J. Biol. Chem.
282, 13180–13189. doi: 10.1074/jbc.m607849200

El Karim, I. A., Linden, G. J., Curtis, T. M., About, I., McGahon, M. K., Irwin, C. R.,
et al. (2011). Human dental pulp fibroblasts express the “cold-sensing” transient
receptor potential channels TRPA1 and TRPM8. J. Endod. 37, 473–478. doi:
10.1016/j.joen.2010.12.017

Faux, M. C., and Scott, J. D. (1997). Regulation of the AKAP79-protein kinase C
interaction by Ca2+/Calmodulin. J. Biol. Chem. 272, 17038–17044. doi: 10.1074/
jbc.272.27.17038

Fischer, M. J., Balasuriya, D., Jeggle, P., Goetze, T. A., McNaughton, P. A., Reeh,
P. W., et al. (2014). Direct evidence for functional TRPV1/TRPA1 heteromers.
Pflugers Arch. 466, 2229–2241. doi: 10.1007/s00424-014-1497-z

Gallo, V., Dijk, F. N., Holloway, J. W., Ring, S. M., Koppelman, G. H., Postma,
D. S., et al. (2017). TRPA1 gene polymorphisms and childhood asthma.
Pediatr.Allergy Immunol. 28, 191–198. doi: 10.1111/pai.12673

Gouin, O., L’Herondelle, K., Lebonvallet, N., Le Gall-Ianotto, C., Sakka, M., Buhe,
V., et al. (2017). TRPV1 and TRPA1 in cutaneous neurogenic and chronic
inflammation: pro-inflammatory response induced by their activation and their
sensitization. Protein Cell 8, 644–661. doi: 10.1007/s13238-017-0395-5

Hall, B. E., Prochazkova, M., Sapio, M. R., Minetos, P., Kurochkina, N., Binukumar,
B. K., et al. (2018). Phosphorylation of the transient receptor potential ankyrin
1 by Cyclin-dependent Kinase 5 affects Chemo-nociception. Sci. Rep. 8:1177.
doi: 10.1038/s41598-018-19532-6

Hasan, R., Leeson-Payne, A. T., Jaggar, J. H., and Zhang, X. (2017). Calmodulin
is responsible for Ca2+-dependent regulation of TRPA1 Channels. Sci. Rep.
7:45098. doi: 10.1038/srep45098

Hirono, M., Denis, C. S., Richardson, G. P., and Gillespie, P. G. (2004). Hair cells
require phosphatidylinositol 4,5-bisphosphate for mechanical transduction and
adaptation. Neuron 44, 309–320. doi: 10.1016/j.neuron.2004.09.020

Hoffmann, T., Kistner, K., Miermeister, F., Winkelmann, R., Wittmann, J., Fischer,
M. J., et al. (2013). TRPA1 and TRPV1 are differentially involved in heat
nociception of mice. Eur. J. f Pain 17, 1472–1482. doi: 10.1002/j.1532-2149.
2013.00331.x

Hossain, M. I., Iwasaki, H., Okochi, Y., Chahine, M., Higashijima, S., Nagayama,
K., et al. (2008). Enzyme domain affects the movement of the voltage sensor
in ascidian and zebrafish voltage-sensing phosphatases. J. Biol. Chem. 283,
18248–18259. doi: 10.1074/jbc.M706184200

Humphrey, W., Dalke, A., and Schulten, K. (1996). VMD: visual molecular
dynamics. J. Mol. Graph. 14, 33–38. doi: 10.1016/0263-7855(96)00018-5

Hynkova, A., Marsakova, L., Vaskova, J., and Vlachova, V. (2016). N-terminal
tetrapeptide T/SPLH motifs contribute to multimodal activation of human
TRPA1 channel. Sci. Rep. 6:28700. doi: 10.1038/srep28700

Ishida, H., and Vogel, H. J. (2006). Protein-peptide interaction studies demonstrate
the versatility of calmodulin target protein binding. Protein Peptide Lett. 13,
455–465. doi: 10.2174/092986606776819600

Jaquemar, D., Schenker, T., and Trueb, B. (1999). An ankyrin-like protein with
transmembrane domains is specifically lost after oncogenic transformation of
human fibroblasts. J. Biol. Chem. 274, 7325–7333. doi: 10.1074/jbc.274.11.
7325

Jordt, S. E., Bautista, D. M., Chuang, H. H., McKemy, D. D., Zygmunt, P. M.,
Hogestatt, E. D., et al. (2004). Mustard oils and cannabinoids excite sensory
nerve fibres through the TRP channel ANKTM1. Nature 427, 260–265. doi:
10.1038/nature02282

Kadkova, A., Synytsya, V., Krusek, J., Zimova, L., and Vlachova, V. (2017).
Molecular basis of TRPA1 regulation in nociceptive neurons. A Review. Physiol.
Res. 66, 425–439. doi: 10.33549/physiolres.933553

Karashima, Y., Prenen, J., Meseguer, V., Owsianik, G., Voets, T., and Nilius,
B. (2008). Modulation of the transient receptor potential channel TRPA1 by
phosphatidylinositol 4,5-biphosphate manipulators. Pflugers Arch. 457, 77–89.
doi: 10.1007/s00424-008-0493-6

Karashima, Y., Talavera, K., Everaerts, W., Janssens, A., Kwan, K. Y., Vennekens,
R., et al. (2009). TRPA1 acts as a cold sensor in vitro and in vivo.

Frontiers in Physiology | www.frontiersin.org 8 March 2020 | Volume 11 | Article 189



Zimova et al. Multiple Regulatory Sites of TRPA1

Proc. Natl. Acad. Sci. U.S.A. 106, 1273–1278. doi: 10.1073/pnas.08084
87106

Knowlton, W. M., Bifolck-Fisher, A., Bautista, D. M., and McKemy, D. D. (2010).
TRPM8, but not TRPA1, is required for neural and behavioral responses to
acute noxious cold temperatures and cold-mimetics in vivo. Pain 150, 340–350.
doi: 10.1016/j.pain.2010.05.021

Koivisto, A., Jalava, N., Bratty, R., and Pertovaara, A. (2018). TRPA1 Antagonists
for Pain Relief. Pharmaceuticals 11:E117. doi: 10.3390/ph11040117

Kremeyer, B., Lopera, F., Cox, J. J., Momin, A., Rugiero, F., Marsh, S., et al. (2010).
A gain-of-function mutation in TRPA1 causes familial episodic pain syndrome.
Neuron 66, 671–680. doi: 10.1016/j.neuron.2010.04.030

Kwan, K. Y., Allchorne, A. J., Vollrath, M. A., Christensen, A. P., Zhang, D. S.,
Woolf, C. J., et al. (2006). TRPA1 contributes to cold, mechanical, and chemical
nociception but is not essential for hair-cell transduction. Neuron 50, 277–289.
doi: 10.1016/j.neuron.2006.03.042

Kwan, K. Y., Glazer, J. M., Corey, D. P., Rice, F. L., and Stucky, C. L. (2009). TRPA1
modulates mechanotransduction in cutaneous sensory neurons. J. Neurosci. 29,
4808–4819. doi: 10.1523/JNEUROSCI.5380-08.2009

Lau, S. Y., Procko, E., and Gaudet, R. (2012). Distinct properties of Ca2+-
calmodulin binding to N- and C-terminal regulatory regions of the TRPV1
channel. J. Gen. Physiol. 140, 541–555. doi: 10.1085/jgp.201210810

Macikova, L., Sinica, V., Kadkova, A., Villette, S., Ciaccafava, A., Faherty, J.,
et al. (2019). Putative interaction site for membrane phospholipids controls
activation of TRPA1 channel at physiological membrane potentials. FEBS J. 286,
3664–3683. doi: 10.1111/febs.14931

Meents, J. E., Ciotu, C. I., and Fischer, M. J. M. (2019). TRPA1: a molecular view.
J. Neurophysiol. 121, 427–443. doi: 10.1152/jn.00524.2018

Meents, J. E., Fischer, M. J., and McNaughton, P. A. (2017). Sensitization of TRPA1
by Protein Kinase A. PloS One 12:e0170097. doi: 10.1371/journal.pone.0170097

Melnick, C., and Kaviany, M. (2018). Thermal actuation in TRPV1: role of
embedded lipids and intracellular domains. J. Theor. Biol. 444, 38–49. doi:
10.1016/j.jtbi.2018.02.004

Miyano, K., Shiraishi, S., Minami, K., Sudo, Y., Suzuki, M., Yokoyama, T., et al.
(2019). Carboplatin enhances the activity of human transient receptor potential
ankyrin 1 through the Cyclic AMP-Protein Kinase A-A-Kinase Anchoring
Protein (AKAP) Pathways. Int. J. Mo. Sci. 20:E3271. doi: 10.3390/ijms20133271

Moparthi, L., Kichko, T. I., Eberhardt, M., Hogestatt, E. D., Kjellbom, P., Johanson,
U., et al. (2016). Human TRPA1 is a heat sensor displaying intrinsic U-shaped
thermosensitivity. Sci. Rep. 6:28763. doi: 10.1038/srep28763

Moparthi, L., Survery, S., Kreir, M., Simonsen, C., Kjellbom, P., Hogestatt, E. D.,
et al. (2014). Human TRPA1 is intrinsically cold- and chemosensitive with and
without its N-terminal ankyrin repeat domain. Proc. Natl. Acad. Sci. U.S.A,. 111,
16901–16906. doi: 10.1073/pnas.1412689111

Mruk, K., Farley, B. M., Ritacco, A. W., and Kobertz, W. R. (2014). Calmodulation
meta-analysis: predicting calmodulin binding via canonical motif clustering.
J. Gen. Physiol. 144, 105–114. doi: 10.1085/jgp.201311140

Nagata, K., Duggan, A., Kumar, G., and Garcia-Anoveros, J. (2005). Nociceptor
and hair cell transducer properties of TRPA1, a channel for pain and hearing.
J. Neurosci. 25, 4052–4061. doi: 10.1523/jneurosci.0013-05.2005

Okamura, Y., Murata, Y., and Iwasaki, H. (2009). Voltage-sensing phosphatase:
actions and potentials. J. Physiol. 587, 513–520. doi: 10.1113/jphysiol.2008.
163097

Patel, N., Stengel, F., Aebersold, R., and Gold, M. G. (2017). Molecular basis of
AKAP79 regulation by calmodulin.Nat. Commun. 8:1681. doi: 10.1038/s41467-
017-01715-w

Patil, M. J., Salas, M., Bialuhin, S., Boyd, J. T., Jeske, N. A., and Akopian, A. N.
(2020). Sensitization of small-diameter sensory neurons is controlled by TRPV1
and TRPA1 association. FASEB J. 34, 287–302. doi: 10.1096/fj.201902026R

Paulsen, C. E., Armache, J. P., Gao, Y., Cheng, Y., and Julius, D. (2015). Structure of
the TRPA1 ion channel suggests regulatory mechanisms. Nature 520, 511–517.
doi: 10.1038/nature14367

Petho, G., and Reeh, P. W. (2012). Sensory and signaling mechanisms of
bradykinin, eicosanoids, platelet-activating factor, and nitric oxide in peripheral
nociceptors. Physiol. Rev. 92, 1699–1775. doi: 10.1152/physrev.00048.2010

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S., Greenblatt, D. M.,
Meng, E. C., et al. (2004). UCSF Chimera–a visualization system for exploratory
research and analysis. J. Comput. Chem. 25, 1605–1612. doi: 10.1002/jcc.20084

Rosenbaum, T., Gordon-Shaag, A., Munari, M., and Gordon, S. E. (2004).
Ca2+/calmodulin modulates TRPV1 activation by capsaicin. J. Gen. Physiol.
123, 53–62. doi: 10.1085/jgp.200308906

Salas, M. M., Hargreaves, K. M., and Akopian, A. N. (2009). TRPA1-mediated
responses in trigeminal sensory neurons: interaction between TRPA1 and
TRPV1. Eur. J. Neurosci. 29, 1568–1578. doi: 10.1111/j.1460-9568.2009.06702.x

Samad, A., Sura, L., Benedikt, J., Ettrich, R., Minofar, B., Teisinger, J., et al.
(2011). The C-terminal basic residues contribute to the chemical- and voltage-
dependent activation of TRPA1. Biochem. J. 433, 197–204. doi: 10.1042/
BJ20101256

Sawada, Y., Hosokawa, H., Hori, A., Matsumura, K., and Kobayashi, S. (2007).
Cold sensitivity of recombinant TRPA1 channels. Brain Res. 1160, 39–46. doi:
10.1016/j.brainres.2007.05.047

Schmidt, M., Dubin, A. E., Petrus, M. J., Earley, T. J., and Patapoutian, A. (2009).
Nociceptive signals induce trafficking of TRPA1 to the plasma membrane.
Neuron 64, 498–509. doi: 10.1016/j.neuron.2009.09.030

Shigetomi, E., Tong, X., Kwan, K. Y., Corey, D. P., and Khakh, B. S. (2011). TRPA1
channels regulate astrocyte resting calcium and inhibitory synapse efficacy
through GAT-3. Nat. Neurosci. 15, 70–80. doi: 10.1038/nn.3000

Singh, A. K., McGoldrick, L. L., Demirkhanyan, L., Leslie, M., Zakharian, E., and
Sobolevsky, A. I. (2019). Structural basis of temperature sensation by the TRP
channel TRPV3. Nat. Struct. Mol. Biol. 27, 221. doi: 10.1038/s41594-019-03
18-7

Singh, A. K., McGoldrick, L. L., and Sobolevsky, A. I. (2018). Structure and gating
mechanism of the transient receptor potential channel TRPV3.Nat. Struct. Mol.
Biol. 25, 805–813. doi: 10.1038/s41594-018-0108-7

Sinica, V., Zimova, L., Barvikova, K., Macikova, L., Barvik, I., and Vlachova, V.
(2019). Human andmouse TRPA1 are heat and cold sensors differentially tuned
by voltage. Cells 9:E57. doi: 10.3390/cells9010057

Smith, F. D., Reichow, S. L., Esseltine, J. L., Shi, D., Langeberg, L. K., Scott, J. D.,
et al. (2013). Intrinsic disorder within an AKAP-protein kinase A complex
guides local substrate phosphorylation. eLife 2:e01319. doi: 10.7554/eLife.01319

Startek, J. B., Boonen, B., Lopez-Requena, A., Talavera, A., Alpizar, Y. A., Ghosh, D.,
et al. (2019). Mouse TRPA1 function andmembrane localization are modulated
by direct interactions with cholesterol. eLife 8:e46084. doi: 10.7554/eLife.46084

Staruschenko, A., Jeske, N. A., and Akopian, A. N. (2010). Contribution of TRPV1-
TRPA1 interaction to the single channel properties of the TRPA1 channel.
J. Biol. Chem. 285, 15167–15177. doi: 10.1074/jbc.M110.106153

Story, G. M., Peier, A. M., Reeve, A. J., Eid, S. R., Mosbacher, J., Hricik, T. R.,
et al. (2003). ANKTM1, a TRP-like channel expressed in nociceptive neurons, is
activated by cold temperatures.Cell 112, 819–829. doi: 10.1016/s0092-8674(03)
00158-2

Sulak, M. A., Ghosh, M., Sinharoy, P., Andrei, S. R., and Damron, D. S. (2018).
Modulation of TRPA1 channel activity by Cdk5 in sensory neurons. Channels
12, 65–75. doi: 10.1080/19336950.2018.1424282

Suo, Y., Wang, Z., Zubcevic, L., Hsu, A. L., He, Q., Borgnia, M. J., et al. (2020).
Structural insights into Electrophile Irritant Sensing by the human TRPA1
channel. Neuron 105, 31009–31008. doi: 10.1016/j.neuron.2019.11.023

Takahashi, K., and Ohta, T. (2017). Membrane translocation of transient receptor
potential ankyrin 1 induced by inflammatory cytokines in lung cancer cells.
Biochem. Biophys. Res. Commun. 490, 587–593. doi: 10.1016/j.bbrc.2017.0
6.082

Talavera, K., Startek, J. B., Alvarez-Collazo, J., Boonen, B., Alpizar, Y. A., Sanchez,
A., et al. (2019). Mammalian transient receptor potential TRPA1 channels: from
structure to disease. Physiol. Rev. [Epub ahead of print].

Ufret-Vincenty, C. A., Klein, R. M., Hua, L., Angueyra, J., and Gordon, S. E. (2011).
Localization of the PIP2 sensor of TRPV1 ion channels. J. Biol. Chem. 286,
9688–9698. doi: 10.1074/jbc.M110.192526

Vandewauw, I., De Clercq, K., Mulier, M., Held, K., Pinto, S., Van Ranst, N., et al.
(2018). A TRP channel trio mediates acute noxious heat sensing. Nature 555,
662–666. doi: 10.1038/nature26137

Viana, F. (2016). TRPA1 channels: molecular sentinels of cellular stress and tissue
damage. J. Physiol. 594, 4151–4169. doi: 10.1113/JP270935

Villalobo, A., Ishida, H., Vogel, H. J., and Berchtold, M. W. (2018). Calmodulin
as a protein linker and a regulator of adaptor/scaffold proteins. Biochim.
Biophys. Acta Mol. Cell Res. 1865, 507–521. doi: 10.1016/j.bbamcr.2017.
12.004

Frontiers in Physiology | www.frontiersin.org 9 March 2020 | Volume 11 | Article 189



Zimova et al. Multiple Regulatory Sites of TRPA1

Viswanath, V., Story, G. M., Peier, A. M., Petrus, M. J., Lee, V. M., Hwang,
S. W., et al. (2003). Opposite thermosensor in fruitfly and mouse. Nature 423,
822–823. doi: 10.1038/423822a

Voolstra, O., and Huber, A. (2014). Post-translational modifications of TRP
channels. Cells 3, 258–287. doi: 10.3390/cells3020258

Wang, S., Dai, Y., Fukuoka, T., Yamanaka, H., Kobayashi, K., Obata, K., et al.
(2008). Phospholipase C and protein kinase A mediate bradykinin sensitization
of TRPA1: a molecular mechanism of inflammatory pain. Brain 131(Pt 5),
1241–1251. doi: 10.1093/brain/awn060

Wang, Y. Y., Chang, R. B., Allgood, S. D., Silver, W. L., and Liman, E. R. (2011). A
TRPA1-dependent mechanism for the pungent sensation of weak acids. J. Gen.
Physiol. 137, 493–505. doi: 10.1085/jgp.201110615

Wang, Z., Ye, D., Ye, J., Wang, M., Liu, J., Jiang, H., et al. (2019). The TRPA1
channel in the cardiovascular system: promising features and challenges. Front.
Pharmacol. 10:1253. doi: 10.3389/fphar.2019.01253

Weng, H. J., Patel, K. N., Jeske, N. A., Bierbower, S. M., Zou, W., Tiwari, V., et al.
(2015). Tmem100 is a regulator of TRPA1-TRPV1 complex and contributes to
persistent pain. Neuron 85, 833–846. doi: 10.1016/j.neuron.2014.12.065

Witschas, K., Jobin, M. L., Korkut, D. N., Vladan, M. M., Salgado, G., Lecomte, S.,
et al. (2015). Interaction of a peptide derived fromC-terminus of human TRPA1
channel with model membranes mimicking the inner leaflet of the plasma
membrane. Biochim. Biophys. Acta 1848, 1147–1156. doi: 10.1016/j.bbamem.
2015.02.003

Yap, K. L., Kim, J., Truong, K., Sherman, M., Yuan, T., and Ikura, M. (2000).
Calmodulin target database. J. Struct. Funct. Genomics 1, 8–14.

Yarmolinsky, D. A., Peng, Y., Pogorzala, L. A., Rutlin, M., Hoon, M. A., and Zuker,
C. S. (2016). Coding and Plasticity in the Mammalian Thermosensory System.
Neuron 92, 1079–1092. doi: 10.1016/j.neuron.2016.10.021

Zhang, X., Li, L., and McNaughton, P. A. (2008). Proinflammatory mediators
modulate the heat-activated ion channel TRPV1 via the scaffolding
protein AKAP79/150. Neuron 59, 450–461. doi: 10.1016/j.neuron.2008.
05.015

Zhao, J., King Lin, J. V., Paulsen, C. E., Cheng, Y., and Julius, D. (2019).
Mechanisms governing irritant-evoked activation and calcium modulation of
TRPA1. BioRxiv [preprint]. doi: 10.1101/2019.12.26.888982

Zimova, L., Sinica, V., Kadkova, A., Vyklicka, L., Zima, V., Barvik, I.,
et al. (2018). Intracellular cavity of sensor domain controls allosteric
gating of TRPA1 channel. Sc.Signal. 11:eaan8621. doi: 10.1126/scisignal.
aan8621

Zurborg, S., Yurgionas, B., Jira, J. A., Caspani, O., and Heppenstall, P. A. (2007).
Direct activation of the ion channel TRPA1 by Ca2+. Nat. Neurosci. 10,
277–279. doi: 10.1038/nn1843

Zygmunt, P. M., and Hogestatt, E. D. (2014). Trpa1. Handb. Exp. Pharmacol. 222,
583–630. doi: 10.1007/978-3-642-54215-_23

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Zimova, Barvikova, Macikova, Vyklicka, Sinica, Barvik and
Vlachova. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physiology | www.frontiersin.org 10 March 2020 | Volume 11 | Article 189



BOLEST  ROÈNÍK 21  2018  ÈÍSLO 4 1

Pøe
hle
d
ný èlá

ne
k

RECEPTOR PRO HOØÈICI JE MÍSTEM ÚÈINKU 
PARACETAMOLU

MUSTARD RECEPTOR AS A TARGET  
FOR PARACETAMOL

VIKTORIE VLACHOVÁ1, LUCIE MÁÈIKOVÁ1,2,  
KRISTÝNA BARVÍKOVÁ1,3

1Fyziologický ústav AVÈR, oddìlení bunìèné neurofyziologie, Praha 
2  

3Univerzita Karlova, Pøírodovìdecká fakulta, Katedra biochemie, Praha

SOUHRN 

N p
-

-

Klíèová slova:

SUMMARY

N p

-

Key words:

Úvod

-
N p -

-

-

Metabolity paracetamolu jako agonisté TRPA1 receptoru
-



2 BOLEST  ROÈNÍK 21  2018  ÈÍSLO 4

Pø
e
hl
e
d
ný
 è
lá
ne
k

-
p

-
N

-

-

-

N p- -

N

OH

CH3

H

N

O

CH3

O

H

Gluc

N
+

O

CH3

O

H

N

O

CH3

O

H

O3S

GSH

N

OH

CH3

O

H

N

OH

CH3

O

H

UD
P-
gl
uk
ur
on
os
ylt
ra
ns
fe
rá
za

(4
0-
67
 
%)

Fenolsulfotransferáza

(20-49 
%)

C
Y
P
4
5
0

(
5-
1
5 
%)

O

Acetaminofen

Konjugát kyseliny glukuronové Konjugát kyseliny sírové

N-acetyl-p-benzochinonimin
NAPQI (toxický metabolit)

Normální hladina glutathionu/ 
terapeutické dávky paracetamolu

Nedostatek glutathionu/
předávkování paracetamolem

Netoxické konjugáty 
(glutathion, cystein, merkaptan)

Proteinové adukty 
(kovaletní vazba a arylace kritických 
buněčných proteinů)

Buněčné makromolekuly
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paracetamolu (upraveno podle Ghanem et al., 2016).
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Obr. 2: Chemické aktivátory TRPA1. A. Chemické struktury elektrofilních (èervenì) a neelektrofilních (zelenì) agonistù TRPA1. B. Vý-
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BOX 1:
STRUKTURA KANÁLU TRPA1 

Obr. B1: Struktura kanálu TRPA1. A. Schematické znázornìní podjednotky TRPA1 s vyznaèením 

mezi transmembránovými segmenty S4 a S5; lososová, pórová doména S5-S6 se dvìma krátkými póro-
tvornými helixy (P); èervená, TRP-doména; bílá, C-koncová „coiled-coil“ (C-C) doména. Èásti nedo-
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BOX 2: 
MÌØENÍ AKTIVITY KANÁLU TRPA1 V LABORATORNÍCH PODMÍNKÁCH 

Obr. B2:
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lem. A. Èasový prùbìh prùmìrných proudových odpovìdí receptorù 
TRPA1 snímaných v kontrolním extracelulárním roztoku a poté 
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