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Background: TRPA1 is a calcium channel expressed in polymodal nociceptors sensitive to noxious cold temperature.
Results: Cold triggered calcium influx in cells expressing wild type TRPA1, but not variant Lys-179.
Conclusion: The impaired cold sensitivity of variant TRPA1 protein might result in altered sensory responses of nociceptors.
Significance: The understanding of molecular basis of sensory phenotypes is critical for adequate therapy of pain patients.

The role of genetic modifications of the TRPA1 receptor has
been well documented in inflammatory and neuropathic pain.
We recently reported that the E179K variant of TRPA1 appears
to be crucial for the generation of paradoxical heat sensation in
pain patients. Here, we describe the consequences of the single
amino acid exchange at position 179 in the ankyrin repeat 4 of
human TRPA1. TRPA1 wild type Lys-179 protein expressed in
HEK cells exhibited intact biochemical properties, inclusive
trafficking into the plasma membrane, formation of large pro-
tein complexes, and the ability to be activated by cold. Addition-
ally, a strong increase of Lys-179 protein expression was
observed in cold (4 °C) and heat (49 °C)-treated cells. In con-
trast, HEK cells expressing the variant Lys-179 TRPA1 failed to
get activated by cold possibly due to the loss of ability to interact
with other proteins or other TRPA1 monomers during oligo-
merization. In conclusion, the detailed understanding of
TRPA1 genetic variants might provide a fruitful strategy for
future development of pain treatments.

Periodic irritation of nociceptors during inflammation,
injury, or a neural lesion may lead to the amplification of pain
and development of clinical symptoms such as cold hyperalge-
sia, allodynia, and/or paradoxical heat sensation (1, 2). The
molecular mechanism underlying the aberrant cold sensation
in neuropathic states, however, is not yet fully understood.
Inflammation and nerve dysfunction have been associated with
increased excitability of nociceptors based on their ionic con-
ductance characteristics (3). TRPV1, TRPV3, and TRPV4 are
implicated in heat response and two other TRP channels have
beendescribed tomediate response to cooling (TRPM8) or cold
(TRPA1) (4). TRPA1 is activated at temperatures below 17 °C,
making it a candidate to explain transduction of noxious cold in

sensory neurons (5). Further behavioral analysis of TRPA1
knock-outmice provided convincing evidence of impairednox-
ious cold sensation (6). In animal models of neuropathic pain,
the altered expression of TRPA1 in injured afferent neurons
and uninjured adjacent A� fibers was suggested to be an exec-
utive mechanism of cold hyperalgesia (7–9). Moreover, neu-
rons that usually co-express TRPA1 and the heat receptor
TRPV1 act as polymodal nociceptors; thus, the perception of
noxious cold and heat appears to be linked (10).
Kremeyer et al. (11) identified the first pain-associated

TRPA1 channelopathy. They described a N855S gain-of-func-
tion mutation in the S4 transmembrane segment of TRPA1,
which resulted in increased activation of the ion channel by
noxious cold temperature underlining the contribution of
genetics in pain plasticity (11). Recently, we identified the non-
synonymous genetic variant E179K (rs920829) of the human
TRPA1 gene to be associated with the occurrence of paradoxi-
cal heat sensation (PHS)2 in neuropathic pain patients (12).
PHS is defined as a burning heat sensation when a noxious cold
stimulus is applied. Patients carrying the Lys-179 variant only
rarely exhibited PHS compared with carriers of Glu-179. This
observation suggests a diminished sensitivity to noxious cold,
resulting in prevention from PHS. We hypothesized that the
exchange of glutamate to lysine at position 179 in the ankyrin
repeat 4 of the TRPA1 N terminus could result in alterations of
expression and/or functionality and characterized both TRPA1
variants under temperature stress in an in vitro expression
system.

EXPERIMENTAL PROCEDURES

In Vitro Expression Model—Human TRPA1 cDNA carrying
either Glu-179 (WT) or Lys-179 (variant) was synthesized
by Geneart (Invitrogen) and subsequently cloned into a
pcDNA3.1-V5/His mammalian expression vector (Invitrogen).
The conditions for transient transfection with Lipofectamine
2000 (Invitrogen) of cells in serum-free conditions were opti-
mized. The medium was exchanged for FCS-containing
DMEM followed 4 h after transfection. The cells were incu-
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bated at 37 °C for the next 16 h. Transfection efficiency was
controlled through co-transfection with the enhanced GFP
vector (Clontech, Takara Bio), coding for green fluorescent
protein. TRPA1 expression inHEK293T17 cells reached amax-
imum 20–26 h after transfection. All temperature stimulations
(4 °C, 49 °C) were performed within this time range.
Immunoblotting Analysis—Transfected HEK293T17 cells

were lysed in CHAPS-based (0.2%) Tris/NaCl buffer (pH 7.5)
followed by three freeze/thaw cycles. After centrifugation, the
concentration of proteins in the supernatant was estimated
using the BCA protein assay (Thermoscientific, Rockford, IL).
Equal amounts of each protein samples were precipitated with
cold acetone to facilitate handling. Protein samples dissolved in
2� Laemmli buffer were loaded into 4–20% Bis-tris NuPAGE
gels (Invitrogen) for SDS-PAGE and then transferred onto
nitrocellulose membranes (Millipore Corp.). The pcDNA3.1-
V5/His mammalian expression vector carrying a fragment of
the paramyxovirus SV5 V5 epitope allowed the precise immu-
nodetection of heterologously expressed channel proteins
using an anti-V5 mouse monoclonal antibody (Invitrogen).
Monoclonal rabbit anti-GFP and monoclonal mouse anti-�-
actin antibodies as well as all secondary antibodies, conjugated
with HRP, were from Sigma-Aldrich, and GFP and �-actin
served as controls for transfection efficiency and equal sample
loading, respectively. The chemiluminiscence HRP substrate
(Millipore Corp.) was used for detection.
Immunofluorescence Staining of TRPA1—Prior to transfec-

tion, HEK293T17 cells were seeded onto the glass coverslips
coated with poly-D-lysine and laminin for better adhesion of
cells. After transfection, cells were incubated for 20 h at 37 °C in
FCS-containing DMEM followed by subsequent exposure to 4,
49, or further 37 °C (control) for 10 min. The cells were then
fixed with cold acetone for 10 min, washed twice with 10 mM

Tris-HCl, 300 mM NaCl buffer (pH 7.5), stained overnight at
4 °C with mouse anti-V5 antibody diluted 1:700 in antibody-
diluent reagent solution (Invitrogen), and followed by incuba-
tion with Alexa Fluor 488-labeled secondary antibody (Invitro-
gen) for 1 h at room temperature. The coverslips were washed
three times with Tris-HCl/NaCl buffer, and the nuclei staining
reagent (bis-benzimid) was applied for 1 min. The mounting
medium was dropped onto each coverslip and closed with
microscope slide. Apotome-basedmicroscopy was used to pre-
pare photos of stained TRPA1 channels in HEK293T17 cells.
Fluorescence-based detection of intracellular calcium was

employed to test the functionality of both Glu-179 and Lys-179
TRPA1. Fluo-4 NW calcium assay (Molecular Probes, Invitro-
gen) was performed as follows: HEK293T17 cells were cultured
in black flat-bottomed 96-well plates prior to Lipofectamine-
based transfection. Cells expressingGlu-179 or Lys-179TRPA1
weremaintained under the indicated conditions. Subsequently,
cells were washed twice with PBS, and a solution of fluo-4 indi-
cator was added according to the manufacturer’s instructions.
Fluorescence intensity (excitation wavelength, � � 485 nm;
emission, � � 525 nm) was measured using an Infinity 200
monochromator reader (Tecan). Each measurement was done
twice in eight repeats. The Magelan software (Tecan) was used
for evaluation and calculation of mean value and S.D. The
TRPA1-specific inhibitor HC030031 (Sigma Aldrich) used in

inhibitory study was dissolved in dimethyl sulfoxide, and a con-
centration of 15 �M was used in our experiments.
Blue Native Gel Electrophoresis—Blue native gel electro-

phoresis was performed as described previously byWittig et al.
(13). Briefly, the membrane proteins from HEK293 cells
expressing either Glu-179 or Lys-179 variant were extracted
under native conditions with use of 2% dodecyl-�-D-maltoside
(w/v) followed by homogenization step. Themild neutral deter-
gent as dodecyl-�-D-maltoside is suited to isolate protein com-
plexes with high efficiency. Several freeze/thaw cycles in liquid
nitrogen facilitated homogenization. Finally, the insoluble cell
rests were separated by centrifugation for 10 min at 4 °C at
20,000 � g. Coomassie dye G-250 was added in ratio 1:4 to
detergent concentration to each supernatant. This step is cru-
cial because anionic Coomassie dye bind the proteins and
enables their migration to the anode buffer at pH 7.5. Coomas-
sie dye was also added in cathode buffer. The preparation of
buffers for blue native gel electrophoresis was done according
to themanufacturer’s instructions (Invitrogen, NativePAGETM
Novex® Bis-Tris gel system). Protein complexes were run in the
first, native dimension as blue-colored bands and were sepa-
rated according to their molecular weight. To estimate Mr of
complexes, the NativeMarkTM unstained protein standard
(Invitrogen) was employed. The single strip containing sepa-
rated complexes from one sample were excised and equili-
brated in SDS buffer with addition of 50 mM dithiothreitol for
30 min. Thus complexes in strip were denatured and could be
applied into the second SDS-PAGE. We have used the ZOOM
gradient 4–12% Bis-Tris gel (Invitrogen) with one immobilized
pH gradient well. We investigated the presence of TRPA1 in
complexes after the first (native) and also the second denatured
dimension in Western blot with mouse anti-V5 antibody.

RESULTS

Structural Insights into E179K Polymorphism—The TRPA1
protein sequence contains a set of 17 ankyrin repeat sequence
motifs (ANK1 to ANK17) within is the cytoplasmic N terminus
(Fig. 1A). Residue Glu-179 (highlighted in red in Fig. 1A) is
located within the fourth ankyrin repeat in TRPA1. Of note,
residue 179 is part of a conserved string of negatively charged
glutamates that line the N-terminal end of the outer helix in
repeats ANK1 through ANK8. Other notable elements include
a motif important for calcium sensitivity in the ANK12 finger
(orange arrow) (5, 14) andANK10 (black arrow), which deviates
markedly from the ankyrin repeat consensus (10, 15). Cysteines
colored blue are important for the activation of TRPA1 by elec-
trophiles (16, 17). Ankyrin repeats are short motifs of �33
amino acid residues that are found in a large number of proteins
and are typically implicated in ligand interactions (18). Ankyrin
repeats form a repeating structural unit consisting of two short
helices and a hairpin “finger” loop. Multiple repeats stack side-
by-side to form a coiling structure. The concave face of the
coiling structure, indicated by the curved arrow in Fig. 1B, is
formed by the inner helices and finger loops and hasmost often
been implicated in ligand interactions (19). To obtain further
insights into the potential role of the residue at position 179 for
the function of human TRPA1, we used the structure of
ankyrinR (19) as a basis to construct a structural homology
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model of the ankyrin repeats of human TRPA1 (Fig. 1B). The
sequence similarity between human TRPA1 and ankyrinR pro-
vides us with a good level of confidence for several elements of
this homology model: (i) the position and sequence register of
the helices; (ii) the overall elongated shape of the model; and
(iii) the predicted length of the loop regions.Other elements are
not predicted with high confidence: (i) the overall coiling angle;
(ii) the exact shape of each loop region (especially the ones that
are longer than the ankyrin repeat motif consensus); and (iii)
the overall structure of repeat ANK10, which, as stated above,
deviates significantly from the ankyrin sequence motif
consensus.
Residue 179 (Fig. 1, red) is located on the convex surface on

the solvent-exposed face of the outer helix of repeat ANK4. The
amino acid residue at position 179 is therefore not predicted to
be crucial to the hydrophobic core packing of the ankyrin
repeat domain. Thus, it is more likely to affect the surface prop-
erties of the ankyrin repeat domain and possibly some yet-to-be
determined ligand interactions, although it is not on the com-
monly used concave interaction surface.
Expression of TRPA1 Variants under Cold and Heat—

TRPA1 protein expression were investigated at 4 and 49 °C for
exposure time of 0, 5, 10, and 15 min, respectively (Fig. 2). Our
results demonstrate that TRPA1 Glu-179 and Lys-179 protein
are differentially regulated under temperature stimulation and
in a time-dependent manner. Short term (5 min) cold treat-
ment was sufficient to increase significantly the amount of wild
type Glu-179 protein (Fig. 2A). The increase of Glu-179 protein
expression was prolonged up to 10min of stimulation (Fig. 2B).
Finally, after 15 min of exposure to 4 °C, Glu-179 expression
declined back to its basal level determined before at 37 °C (Fig.
2C). Interestingly, thewild typeGlu-179TRPA1 protein under-
went also dramatic heat-induced up-regulation after 10 min
(Fig. 2B). In contrast, the variant Lys-179TRPA1protein exhib-
ited only a moderate increase after 10 min of cold stimulation,
and there was no clear change upon heat exposure (Fig. 2B).
Temperature-initiated Trafficking of TRPA1 Variants—To

examine the relationship between thermal stimulation and the

translocation of TRPA1 protein into the plasma membrane, an
immunofluorescence staining with use of anti-V5 antibody was
performed (Fig. 3). The microscopy photographs showed a
strong cytoplasmic expression of both Glu-179 and Lys-179 in
cells at 37 °C (Fig. 3, A and B). HEK293T17 cells have some
features typical of neuronal cells (20) such as neurite out-
growth-like structures, which are important for adhesion
and/or cell-cell contact. Interestingly, these structures were
TRPA1-positive (see arrow in Fig. 3A) The cells maintained for
10 min at 4 °C started to concentrate TRPA1 channels close to
the plasma membrane, whereas a portion of TRPA1 proteins
was still localized in the cytoplasm (Fig. 3,C andD). In contrast,
sharp membrane-associated TRPA1 staining evoked by heat
(49 °C) indicated the complete translocation of channels from
the cytoplasm (Fig. 3, E and F). Prolonged exposure at 49 °C had
lethal consequences on HEK293 cells, with morphological
alterations like rounding and cell death.
Functional Characterization of TRPA1 Variants—To define

the functional differences in the temperature activation
between Glu-179 and Lys-179 TRPA1 channels, intracellular
calcium flux was determined. HEK293T17 cells heterologously
expressing the TRPA1 variants were shifted to temperature of 4
or 49 °C for periods of up to 15min (Fig. 4). Initially, two control
experiments were performed. First, because other endogenous
temperature-sensitive Ca2�-channels could not be excluded in
HEK293T17 cells, the effects of cold and heat on basal calcium
concentrations in native (untransfected) HEK293T17 cells
were determined. Second, calcium influx rates in cells express-
ing eitherGlu-179 or Lys-179were estimated at 37 °C, revealing
no differences. The relative fluorescence units were calculated
as a difference between fluorescence upon cold/heat and fluo-
rescence threshold at 37 °C. The increase of calcium influx in
untransfected cells and cells expressing Lys-179 TRPA1 upon
cold did not differ significantly. This observation suggests that
Lys-179 hast no impact on the cold response of HEK293T17
cells and that there may be other cold-sensitive calcium influx
mechanisms in these cells. In contrast, the fluorescence-visual-
ized calcium influx in Glu-179-expressing cells was signifi-

FIGURE 1. Structural model of the TRPA1 Glu-179 variant. A, sequence of the human TRPA1 ankyrin repeats aligned to the ankyrin repeat consensus (top).
Similar and identical residues are shaded gray and black, respectively. Glu-179 is highlighted in red. Glutamate tends to be conserved at that position (red
arrowhead). A motif important for calcium binding is in the ANK12 finger (orange arrow). ANK10 drastically deviates from consensus sequence (black arrow).
Cysteines (blue) are important for TRPA1 activation by electrophiles. B, ribbon diagram of human TRPA1, rainbow-colored from the N to C termini. The model
contains residues 62– 649 predicted to form 17 ANK repeats. The curved black arrow indicates the direction of the concave surface commonly used for
protein-protein interactions. Residue Glu-179 (red) is on the convex surface of ANK4. The above-mentioned ANK12 and ANK10 are assigned as well.
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cantly higher than that of Lys-179 (p � 0.05) upon exposure to
noxious cold (Fig. 4A). Although the activity difference between
TRPA1 variants reached a maximum after 5 min, correspond-
ing to the peak calcium influx response, Glu-179 TRPA1
showed increased calcium influx levels over the time course of
stimulation. The calcium flux of both genetic variants and
untransfected cells dropped down to basal level after 15 min of
incubation at 4 °C.
Furthermore, we performed experiments with TRPA1-spe-

cific inhibitor HC030031 (15 �M) to prove that cold-initiated
increase of the calcium fluorescence (in cells expressing Glu-
179) is predominantly mediated by Glu-179 channel action. As
shown in Fig. 4B, the presence of HC030031 in cell culture

medium during cold stimulation allowed the initial calcium
increase (2 min of stimulation), however, completely abolished
further calcium increase. We also tested whether the Glu-179
genetic variant at position 179 of TRPA1 results in aberrant
sensitivity to heat. Incubation at a temperature of 49 °C failed to
activate either Glu-179 or Lys-179 TRPA1 (data not shown),
indicating that neither TRPA1 variant is activated by heat.
TRPA1 Involvement in Formation of High Molecular Weight

Protein Complexes—We were questioning the possible under-
lying mechanism why variant Lys-179 channel failed to be acti-
vated by cold temperature. For this purpose, blue native page
was performed. Protein complexes were isolated from untrans-
fected cells, cells expressing either Glu-179 or Lys-179 were

FIGURE 2. Effects of temperature on expression of TRPA1 Glu-179 (WT) and Lys-179. Green fluorescent protein (GFP) was used as a control for transfection
efficiency, and �-actin was used as marker for equal protein loading. TRPA1 proteins were evaluated at time points 5 min (A), 10 min (B), and 15 min (C) upon
cold (4 °C) and heat (37 °C) stimulation. Strong up-regulation of WT Glu-179 was detected at a time point of 10 min of cold and heat treatment, whereas variant
Lys-179 protein was increased moderately only by cold. The results were confirmed in three independent experiments. The full Western blot is presented in
supplemental Fig. 1.

FIGURE 3. Trafficking of variant TRPA1 upon cold and heat. TRPA1 Glu-179 (A) and TRPA1 Lys-179 (B) were localized at 37 °C in the cytoplasm (green
fluorescence). Treatment with cold (10 min at 4 °C) initiated partial translocation of Glu-179 (C) and Lys-179 (D) close to the plasma membrane. Heat shock (10
min at 49 °C) caused a complete translocation of Glu-179 (E) and also Lys-179 (F) TRPA1 into the plasma membrane. The nuclei are colored blue. The scale bars
represent a length of 50 �m.
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stimulated for 10minwith 4 °C, andmembrane-associated pro-
tein complexes were isolated under native conditions. First,
protein complexes were separated during native PAGE in pres-
ence of Coomassie dye G-250 according to their size. Subse-
quently, the gel was blotted, and TRPA1 complexes were
detected with use of antibody raised against V5 epitope (Fig.
5A). The analysis revealed strong differences in amount of
TRPA1 complexes between cell expressing Glu-179 and Lys-
179. We observed that Glu-179 TRPA1 (Fig. 5A, lane 2) forms
high molecular protein complexes upon cold stimulation,
whereas by variant Lys-179 (Fig. 5A, lane 3) this formation was
strongly diminished. The size of complexes was in both cases
identical (molecular range between 1048 and 480). The difficul-
ties to detect TRPA1 monomers on blot represent a limitation
of blue native gel electrophoresis. The reason might be the
improper folding of artificial monomeric protein containing
His tag and V5 epitope, thus preventing the recognition by
anti-V5 antibody. Another known reason is interference of high
concentrated Coomassie day with antibody binding. Prior to
the loading of samples into the blue native gel electrophoresis,
the amounts of TRPA1 variants were estimated in Western blot.
Thus equal loading was quarantined. Moreover, as expected,
we did not detect any TRPA1 complexes in untransfected cells
(Fig. 5A, lane 1).
The second SDS dimension of each lane followed the blue

native PAGE. Prior to separation in an SDS gel, lanes were
maintained in denaturing buffer to destroy any kind of protein
interactions in TRPA1 complexes. Second, the SDS dimension
was also analyzed by immunoblotting with anti-V5 antibody.
Fig. 5B shows that, the complex from lane 2 (originated from
cells expressing Glu-179 TRPA1) in fact contains TRPA1
monomers. As expected, low amount of complexes in sample
from cells expressing Lys-179 TRPA1 led to negligible detec-
tion of monomers (Fig. 5C). Here, also some degradation prod-
ucts of TRPA1 monomers were found.

DISCUSSION

TRP channels are fundamental molecules that sense noxious
stimuli and integrate the generated action potentials of somato-

sensory nociceptors into the cause-and-effect chain of pain per-
ception. The complexity of sensory signaling, including mole-
cules such as TRP channels, challenges previously published
works (21). Our work highlights some functional consequences
of naturally occurring genetic TRPA1 variants. Some evidence
for modulation of human pain behavior by genetic variants in
the TRPA1 gene has been published previously (5, 11, 12, 22).
Recently, we observed that the change of a glutamate residue to
lysine at TRP peptide position 179 (E179K) diminished occur-
rence of PHS in patients suffering from neuropathic pain (12).
The effect was independent of pain syndrome etiology, gender,
or somatosensory profile. Subsequently, designed homology
models of TRPA1 ankyrins facilitated the prediction of the pos-
sible three-dimensional effects of the E179K variant. Because
the glutamate side chain is exposed to solvent in our model, it
appears unlikely that a lysine substitution would cause signifi-
cant changes in protein folding or stability. Although residue
179 is not on the concave face most commonly taking part in
ligand interactions, it may participate in interactions with a
regulatory protein or other ligand or perhaps with another
region of the TRPA1 protein. Substitution of a glutamate to a
lysine could therefore affect the affinity for such a ligand by
affecting the electrostatic properties of the ankyrin repeats.
Additionally, rare PHS occurrence in subjects carrying Lys-

179TRPA1 suggests the aberrant sensitivity to painful cold. It is
worth further discussion if the genetic variant of the cold recep-
tor TRPA1 exhibits loss of functionality or if diminished
expression could be the reason for PHS absence. The role of
TRPA1 in perception of noxious cold has been a controversial
debate. On the one hand, some research groups have shown
thatwhenTRPA1 is expressed in heterologous system,HEK293
cells, it became activated at temperatures below17 °C, also tem-
perature defined as noxious by humans (10, 23). In contrast,
other laboratories (24, 25) observed that exogenously expressed
channels were not activated by noxious cold. Additionally, the
indirect activation of TRPA1 by cold-induced release of intra-
cellular calcium was suggested (5). These conflicting findings
may depend on the following: (i) differences in the preparation

FIGURE 4. Time course of temperature-mediated TRPA1 action in transfected and native HEK cells. Intracellular Ca2� was determined with the cell-
permeable form of Fluo-4 fluorescence indicator upon stimulation with cold. A, cold stimulation was followed by significant increase of intracellular calcium in
HEK cells expressing the TRPA1 Glu-179 channel (p � 0.05); in contrast, no significant increase was observed in untransfected native cells or cells expressing the
Lys-179 variant. B, cold stimulation of native cells or cells expressing TRPA1 Glu-179 pretreated with 15 �M selective TRPA1 inhibitor HC030031. Although cold
stimulation after 2 min was not inhibited, no increase was observed after 5 min or longer. All values (relative fluorescence units, RFU) represent the difference
to calcium fluorescence determined at 37 °C, indicating the change upon temperature stimuli.
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of HEK293 cell expression model, (ii) the stimulation condi-
tions, and finally, (iii) on the genetic profile of TRPA1. The
experiments presented here were designed under conditions
similar to Sawada et al. (23), who suggested that long term
expression (�24 h) could result in loss of TRPA1 cold sensitiv-
ity. Furthermore, they observed that the TRPA1-mediated
inward currents reached maximum at temperature �5 °C.
Moreover, the short term stimulation at 4 °C has been
described as sufficient to increase the expression of TRPA1 in
rat dorsal root ganglion neurons in injury or inflammation (9).
We have performed transient transfection of HEK293T17 cells
followed by the stimulation with 4 °C at selected time points,
20 h after transfection. Additionally, there is evidence that tem-
perature, simulating the noxious heat shock �46–54 °C, trig-
gers stress kinase-orchestrated cellular response accompanied
by increased expression of heat-sensitive TRP channels (26).
Following the established experimental setting, we observed
differential regulation of TRPA1 variants by cold and heat stim-
uli. The inherent differences in expression pattern were
observed after 10min of stimulation.AlthoughGlu-179TRPA1
expression was up-regulated on protein levels, Lys-179 protein
only was increased moderately by cold. Noxious temperatures
probably increase Glu-179 protein stability. Endocytosis traf-
ficking and degradation in the proteasome are the crucial
points to be studied. However, the HEK293 heterologously
expressing TRPA1 channels represent an artificial in vitro cell
system. The TRPA1 cDNA inserted in pcDNA3.1-V5/His vec-
tor under control of the CMV promoter consisted only of the
coding sequence and not the regulatory sequences naturally
affectingTRPA1 gene expression. This fact is a limitation of our
study. Moreover, it is unknown whether the CMV promoter
in pcDNA3.1-V5/His vector is sensitive to cold or hot
temperatures.
There is mounting evidence for the involvement of stress

kinases in the regulation of the cellular responses related to

temperature stimulation. The extracellular signal-regulated
protein kinase 1/2 (ERK1/2) and another type of mitogen-acti-
vated protein kinase, p38 MAPK, have been postulated to be
involved in TRP-associated responses to noxious temperatures
in sensory neurons (13, 27, 28). The impact of kinases such as
p38 and ERK1/2 on the regulation of TRPA1 synthesis and/or
activity upon cold and heat needs to be further investigated.
Subsequently, we questioned whether variant Lys-179 pro-

tein is able to respond to cold comparably with the wild type
Glu-179TRPA1.The proper localization of the channel close to
the plasma membrane is a requirement for its action. It was
proposed previously that TRPA1 translocation to the mem-
brane (exocytosis) represents the controlmechanismofTRPA1
action (29). Immunofluorescence labeling of TRPA1 confirmed
the intact surface trafficking under conditions defined in our
experimental settings. BothGlu-179 and Lys-179 TRPA1 chan-
nels were localized in the cytoplasm, and they underwent traf-
ficking into the plasma membrane upon cold stimulation.
Interestingly, TRPA1 variants exhibited stronger heat-induced
translocation into the plasma membrane than that observed
after cold stimulus. However, overall immunostaining of both
variants was similar and did not give any explanation for the
different protein expression of both variants observed in the
Western blot after temperature stimuli.
Furthermore, functionality of TRPA1 E179K determined

through measurement of intracellular calcium in dependence
on temperature revealed no increase of intracellular calcium in
cells expressing variant Lys-179 channel upon cold stimulation.
Moreover, there is evidence that other cold-sensitive channels
operate inHEK293 cells, thus leading toTRPA1 activation indi-
rectly via increased intracellular Ca2� (5). In our experimental
settings, we observed that the short maintenance of untrans-
fected cells and cells expressing variant Lys-179 TRPA1 at 4 °C
caused moderate increase in intracellular calcium. In contrast,
calcium-related fluorescence detected in cells HEK293T17

FIGURE 5. Identification of TRPA1-containing protein complexes. The two-dimensional blue native PAGE was used to identify TRPA1-protein complexes. A,
TRPA1 complexes separated in first native dimension were detected in immunoblot with mouse anti-V5 antibody. Untransfected cell lysate was used as a
negative control (lane 1). We observed an intensive V5-specific band with a size between 1048 and 480 kDa in samples isolated from cells expressing wild type
Glu-179 TRPA1 (lane 2), whereas a weak V5 signal appeared in the lysate of cells expressing the variant Lys-179 TRPA1 (lane 3). TRPA1 Lys-179 exhibits
diminished ability to form complexes. As additional proof of TRPA1 in complexes detected in native PAGE, we denatured lanes 2 and 3 and separated the single
components of each of them in the second SDS-PAGE. B, a strong V5-specific signal was found in the blot of the second dimension of lane 2. Here, a single TRPA1
molecule was detected in the location related to the previously detected native TRPA1 complexes. C, a weak, partially degraded signal appeared on blot of lane
3. Equal amounts of TRPA1 variants were loaded into the blue native gel.
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expressing Glu-179 TRPA1 was increased significantly in com-
parison with untransfected cells. It is likely that the TRPA1
activation by cold consists of two distinct molecular mecha-
nisms, direct activation (30) and indirect activation via
increased intracellular calcium (5). Additionally, we showed
that only short (2 min) cold activation of Glu-179 TRPA1 is
insensitive to treatment with the TRPA1 inhibitor HC030031.
It is likely that only activated channel can bind HC030031 fol-
lowed by channel inactivation and 2 min of incubation with
inhibitor may be not sufficient. However, the inhibitor experi-
ments gave convincing evidence that cold-triggered calcium
increase is mediated specifically via Glu-179 activation.
Initially, we did not expect any TRPA1 response to heat.

Despite of heat-triggered up-regulation of the wild type TRPA1
protein and its proper localization close to plasma membrane,
heat did not activate TRPA1 channel. Although there is evi-
dence of a cross-talk between TRPA1 and the heat receptor
TRPV1 (10), in our experimental model, TRPV1 was not
expressed, and obviously heat did not trigger significant cal-
cium influx into nativeHEK293T17 cells under our experimen-
tal setting. It has been accepted that TRPA1mediates response
to noxious cold, but nothing is known about its role in keeping
homeostasis upon heat in cells fighting for survival.
Because the residue at position 179 in ANK4 of TRPA1

appears to be important for protein-protein interactions of
channel, we hypothesized that the loss of cold sensitivity by
variant Lys-179 TRPA1 could be caused by its disability to form
larger protein complexes. The data that we obtained in two-
dimensional blue native gel electrophoresis analysis supported
our hypothesis. Indeed, variant Lys-179TRPA1protein showed
diminished ability to form protein complexes upon cold stim-
ulation. Interestingly, it was suggested that active TRPA1 chan-
nels form tetramers (31). We have observed complexes with
molecular weight, suggesting the coexistence of even larger
protein complexes. The identification of single components
included in TRPA1 complexes is yet to be investigated.
In conclusion, our in vitro results support our previously

published clinical association between the TRPA1 genotype
and occurrence of PHS. The enhanced TRPA1 expression in
wild type carriers could cause cold hypersensitivity of nocicep-
tive fibers in neuropathic pain subjects. Additionally, we
defined only the wild type TRPA1 to be activated by cold in our
experimental settings. In contrast, the variant TRPA1 Lys-179
channel was only negligibly activated by cold. The inability of
Lys-179 TRPA1 to respond to cold associates with the loss of
channel ability to form oligomeric forms.
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