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Background: TRPA1 channel is modulated by Ca**, but the molecular mechanisms are unclear.

Results: Mutations in the distal C-terminal acidic domain altered Ca?>* dependence of TRPAL.

Conclusion: The C-terminal acidic cluster is involved in the Ca*>*-induced potentiation and inactivation of TRPAL.
Significance: Identification of the Ca®>"-dependent domain is important for understanding the role of TRPA1 in chemical

nociception.

The transient receptor potential ankyrin 1 (TRPA1) channel
is a Ca®*-permeable cation channel whose activation results
from a complex synergy between distinct activation sites, one of
which is especially important for determining its sensitivity to
chemical, voltage and cold stimuli. From the cytoplasmic side,
TRPAL is critically regulated by Ca®>* ions, and this mechanism
represents a self-modulating feedback loop that first augments
and then inhibits the initial activation. We investigated the con-
tribution of the cluster of acidic residues in the distal C terminus
of TRPA1 in these processes using mutagenesis, whole cell elec-
trophysiology, and molecular dynamics simulations and found
that the neutralization of four conserved residues, namely
Glu'®” and Asp'®®°-Asp'®®? in human TRPAI, had strong
effects on the Ca>*- and voltage-dependent potentiation and/or
inactivation of agonist-induced responses. The surprising find-
ing was that truncation of the C terminus by only 20 residues
selectively slowed down the Ca”>*-dependent inactivation 2.9-
fold without affecting other functional parameters. Our findings
identify the conserved acidic motif in the C terminus that is
actively involved in TRPA1 regulation by Ca>*.

The gating of transduction ion channels in response to vari-
ous potential life-threatening events is a crucial mechanism
underlying the function of sensory neurons. Among the chan-
nels that act as important signaling molecules involved in the
perception of noxious chemical, mechanical, and cold stimuli
in primary afferent neurons, there is one specific protein whose
unique polymodal activation properties have drawn much
attention over recent years for their potential therapeutic appli-
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cations: the transient receptor potential ankyrin subtype 1
(TRPA1)? channel (1, 2). In addition to a host of pungent and
other chemicals that either covalently interact with (isothiocya-
nates, cinnamaldehyde, acrolein, and allicin) or bind to TRPA1
(cannabinoids, icilin, eugenol, thymol, and nicotine), the chan-
nel can also be activated by deep cooling (<17 °C) or depolar-
izing (>+100 mV) voltages (3—10).

One of the ubiquitous and probably the most important
physiological activators of TRPA1 are calcium ions (Ca®"),
which enter through the channel or are released from internal
stores and, depending on the activation state of the channel,
dynamically control its critical properties such as unitary con-
ductance, ion selectivity, channel opening probability (8,
11-13), and surface expression levels (14). At micromolar con-
centrations, Ca®>" ions activate the channel from the intracel-
lular side (EC5, = 0.9 -6 um) (15, 16) and strongly potentiate its
chemically and voltage-induced responses. This potentiation is
followed by an almost complete and irreversible inactivation,
and both processes are accelerated at higher intracellular con-
centrations of Ca®>* (17). Although physiologically extremely
important, the molecular mechanisms of Ca>*-dependent acti-
vation and inactivation are still a matter of controversy.

The obvious candidates for a domain through which Ca®*
could modulate TRPA1 are acidic residues on the intracellular
side of TRPA1; unfortunately, information about the potential
role of this portion of the receptor is still very scarce, and it is
difficult to single out, in the human isoform, from the 112 cyto-
plasmic acidic residues. As for the cytoplasmic C terminus, evi-
dence for the important functional roles of charged regions
came from recent studies identifying a number of basic residues
that confer both chemical and voltage sensitivity to the TRPA1
channel, several of them located within or near the two penul-
timate a-helices H4 and H5 (18). These two predicted helices
flank a loop containing a highly conserved acidic stretch of
amino acids, '*””ETEDDD'?® (see Fig. 14), and sharing sub-

2 The abbreviations used are: TRPA1, transient receptor potential ankyrin 1;
Cin, cinnamaldehyde; RMSD, root mean square deviation.
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stantial sequence similarity with the Ca®>*-binding domain
found in the hBestl channel (19) or the so-called Ca*>* bowl
domain of the superfamily of BK channels (20). Here we examined
the role of the above conserved acidic sequence motif and found
that it is involved in the Ca*>*-mediated modulation of TRPAL1.

MATERIALS AND METHODS

Expression and Constructs of h'TRPA1 Channel—HEK293T
cells were cultured in Opti-MEM I medium (Invitrogen) sup-
plemented with 5% FBS as described previously (21, 22). The
cells were transiently co-transfected with 300 — 400 ng of cDNA
plasmid encoding wild-type or mutant human TRPA1 (wild
type in the pCMV6-XL4 vector, OriGene) and with 300 ng of
GFP plasmid (TaKaRa) per 1.6-mm dish using the magnet-as-
sisted transfection (IBA GmbH) method. The cells were used
24 —48 h after transfection. At least two independent transfec-
tions were used for each experimental group. The wild-type
channel was regularly tested in the same batch as the mutants.
For membrane-targeting experiments, we used the C-termi-
nally GFP-tagged mutant D1080A of hTRPA1 (wild type in the
pCMV6-AC-GFP vector; OriGene) and the cyan fluorescent
protein-tagged pleckstrin homology domain of phospholipase
C 81 (kindly provided by Tamas Balla, NICHD, National Insti-
tutes of Health, Bethesda, MD). For fluorescence measure-
ments, we used the Cell’R imaging system based on an Olym-
pus IX-81 inverted microscope (Olympus) equipped with a dual
emission setup (Dual-View Optical Insights), a Polychrome V
polychromator (Till Photonics), and a Hamamatsu Orca ER
camera (Hamamatsu Photonics). Intensity profiles were meas-
ured using the program Image] (National Institutes of Health).
The mutants were generated by PCR using the QuikChange XL
site-directed mutagenesis kit (Stratagene) and confirmed by
DNA sequencing (ABI PRISM 3100; Applied Biosystems).

Electrophysiology—Whole cell membrane currents were
recorded by employing an Axopatch 200B amplifier and
pCLAMP 10 software (Molecular Devices). Patch electrodes
were pulled from a glass tube with a 1.65-mm outer diameter.
The tip of the pipette was heat-polished, and its resistance was
3-5 M(). Series resistance was compensated by at least 70% in
all recordings. The experiments were performed at room tem-
perature (23—25 °C). Only one recording was performed on any
one coverslip of cells to ensure that recordings were made from
cells not previously exposed to chemical stimuli. 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-depen-
dent gating parameters were estimated by fitting the conduct-
ance G = [/(V — V) as a function of the test potential Vto the
Boltzmann equation: G = [(G,,,,, = G,in)/(1 + exp (—zF(V —
Viy)/IRT))] + G,y Where z is the apparent number of gating
charges, Vi, is the half-activation voltage, G,,;, and G, ., are the
minimum and maximum whole cell conductance, V., is the
reversal potential, and F, R, and T have their usual thermody-
namic meaning. A system for rapid superfusion of the cultured
cells was used for drug application (23). The extracellular bath
solutions contained: 150 mm NaCl and 10 mm HEPES, with an
added 2 mm HEDTA for the Ca®* -free solution, and 2 or 10 mm
CaCl,, for the Ca**-containing solutions, adjusted to pH 7.3

min
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with NaOH, 300 mOsm. The I-V relationships were measured
in the bath solution containing 160 mm NaCl, 2.5 mm KCl, 1 mm
CaCl,, 2 mm MgCl,, 10 mm HEPES, 10 mum glucose, adjusted to
pH 7.3 and 320 mOsm. The whole cell pipette solution con-
tained the high buffer internal solution: 145 mm CsCl, 5 mm
EGTA, 3 mm CaCl,, 10 mm HEPES, 2 mm MgATP, pH 7.3,
adjusted with CsOH, 320 mOsm. The pipette solution contain-
ing 100 uMm free Ca®>" was obtained by adding 10.24 mm Ca*"
and 10 mm EGTA to the internal solution. Cinnamaldehyde
solution was prepared prior to use from a 0.1 M stock solution in
Me,SO. All of the chemicals were purchased from
Sigma-Aldrich.

Homology Modeling and Molecular Dynamics Simulations—
The structure of the human BK channel was obtained from the
Protein Data Bank (code 3MT5). The BK-TRPA1 chimera was
constructed by replacing Ca®>" bowl residues (20) with homol-
ogous residues from human TRPA1. Sequences were aligned
with ClustalW software (24) and then manually refined to
ensure the alignment of conserved residues in the TRPA1 chan-
nel matches calcium-binding residues in the Ca*>* bowl of the
BK channel. A model of the chimera was built using the soft-
ware package MODELLER (25) resulting in 10 candidate mod-
els. The best structure was selected according to the MOD-
ELLER objective function, deviation of unmodified parts of the
channel from the template and visual inspection. An all-atom
structure was generated using the program LEaP from the
AMBER suite (26) using the Amber99SB force field and TIP3P
water model. One calcium ion and sulfate ion was added at a
location corresponding to the template. Total net charge of the
structure was neutralized using 17 sodium ions, and the struc-
ture was solvated with 21,109 water molecules. The initial
equilibration of the system was performed using NAMD2.7
(27) with a time step of 1 fs, cutoff 10 A, Particle Mesh Ewald
grid size of 128 X 128 X 128, Langevin damping 5/ps. The
system was first minimized for 10,000 steps and then thermal-
ized to 310 K and equilibrated at 1 atm for 1 ns. Volume and
potential energy was monitored and reached stable values. For
production runs, we used the ACEMD software package (28)
running on a local work station equipped with an Nvidia GPU.
The simulations were run in the NVT ensemble with the same
parameters as for equilibration, except a time step of 4 fs
enabled by the hydrogen mass repartition scheme (29). Data
were analyzed using the program PTRAJ from the AMBER
suite (26) and visualized using VMD (30).

Statistical Analysis—All of the data were analyzed using
pCLAMP 10 (Molecular Devices), and curve fitting and statis-
tical analyses were done in SigmaPlot 10 (Systat Software). Sta-
tistical significance was determined by Student’s ¢ test or the
analysis of variance; differences were considered significant at
p < 0.05, where not stated otherwise. For statistical analysis of T,
data, a logarithmic transformation was used to achieve normal
distribution. All of the data are presented as the means * S.E.

RESULTS

Truncations in C Terminus Reveal Region Involved in Ca’" -
dependent Inactivation—We set out to investigate the Ca®"-
dependent potentiation and Ca®*-dependent inactivation in
human TRPA1 channels transiently expressed in HEK293T
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FIGURE 1. Truncations in C terminus reveal region involved in Ca®*-dependent inactivation. A, alignment of distal C terminus of TRPA1 from various
species. The predicted secondary structure for hnTRPA1 is indicated above the alignment. The region of interest is boxed. The residues in human TRPA1 that were
mutated in this study are indicated in bold type. B, time course of representative whole cell currents through human TRPA1 measured at +80 mV and —80 mV
as marked. The application of 100 um Cin and subsequent addition of 2 mm Ca?* are indicated above. The right panel shows current-voltage relationships of
traces measured at times indicated by g, b, and c. C and D, voltage-ramp protocol as in B used for truncation mutants. Note the obviously slower inactivation
of the TRPA1-A20 truncation mutant upon the addition of 2 mm Ca?* to the bath solution compared with WT in B. E, average rate of current decay represented
as T, for wild-type TRPAT and truncation mutant TRPA1-A20. To obtain a similar rate of inactivation to the wild-type TRPA1, a 5-fold higher concentration of
calcium needed to be introduced for the TRPA1-A20 mutant. *, p = 0.006, Student’s t test. The data represent the means =+ S.E.; n = 6 for wild type and n = 3

for mutant.

cells. Because some activation properties considerably differ
between the mammalian TRPA1 orthologs, we first quantified
the effects of Ca®* by exploiting the same stimulation protocol
as has been previously used by Wang et al. (17) for a detailed
characterization of the rat TRPA1 variant (Fig. 1B). The mem-
brane potential was ramped from —80 to +80 mV (1 V/s), and
whole cell membrane currents were measured in the absence of
extracellular Ca>* and in the presence of agonist (cinnamalde-
hyde, Cin, 100 uMm for 40 s). The agonist was then washed out for
10s, and Ca®" at a concentration of 2 mm or 10 mm was added
to the extracellular solution. Intracellular Ca®>" was buffered
with 5 mm EGTA in the patch pipette. In accordance with (17),
Cin evoked slowly developing currents (2.4 = 0.2 nA at +80 mV
after 40 s, n = 38) that slightly relaxed (by 17 * 1%) to a lower
maintained level upon washout. The addition of Ca** to the
bath solution induced a marked potentiation that was followed
by an inactivation that was almost complete within 1 min (Fig.
1B). The degree of Ca>* -induced potentiation was quantified as
the fold increase in the amplitude after the addition of Ca*"
with respect to the preceding current level. For 2 mm Ca>*, this
value was 4.0 + 0.4 at +80 mV and 6.0 = 1.1 at —80 mV (n =
24), which is higher than that for the rat ortholog and is in good
agreement with the value previously reported for human
TRPA1 (17). The 10-90% rise time for potentiation was clearly
dependent on external Ca®>", being 7.8 = 1.0 and 2.5 + 0.5 s
(n = 22 and 16) for 2 and 10 mm Ca>*, respectively.

For Ca®"-dependent inactivation, the decay was adequately
described using a half-decay time, relative to the peak (7).
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After the introduction of 2 mm Ca>*, the currents decayed to
50% of their peak valuein 31.9 = 4.0 s at +80 mV and in 18.9 *
2.0sat —80 mV (1 = 19). At 10 mMm Ca*>*, the inactivation was
substantially faster (16.3 = 3.0 sat +80 mV and 11.2 = 2.0 s at
—80mV; n = 15), which was most likely the cause of a concom-
itant reduction in the degree of Ca®*"-induced potentiation
(3.1 = 0.4), compared with 2 mm Ca** (p = 0.15). We did not
find any clear correlation between T, and the degree of Ca**-
dependent potentiation (r = —0.35, 2 mm Ca**, +80 mV; n =
19; Spearman’s rank order correlation), which supports the pre-
vious suggestion that the inactivation of TRPA1 is not strictly
coupled to potentiation (11, 17, 31).

Having established the main characteristics of the Ca**-de-
pendent modulation for wild-type channels, we constructed a
series of mutants in which the negative charges in the C-termi-
nal subregion Glu'°”>~Asp'®®? were individually neutralized by
alanine substitution. In addition, two charge-reversing muta-
tions were created for the acidic cluster glutamates, E1077K
and E1079K. Furthermore, to test the overall structural require-
ments of the distal C terminus for channel activation, we intro-
duced stop codons at Glu'®®* and Asn'', resulting in two
C-terminal truncation mutants, TRPA1-A20 and TRPA1-A26.
The conservation of the primary structure of this region and the
residues chosen for mutagenesis are summarized and depicted
in Fig. 1A.

Mutation TRPA1-A26 did not produce measurable currents
in response to any of the stimuli tested, thus preventing further
evaluation (Fig. 1C). In contrast, functional channels were
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FIGURE 2. Mutations in C-terminal acidic region alter voltage and cinnamaldehyde sensitivity of TRPA1. A, left bar graph depicts average TRPA1 currents
at +80 mV in Ca®*-free extracellular solution before (control) and after 40 s of 100 um Cin exposure. The right bar graph indicates relative activation by Cin for
wild-type channel and individual mutants. The data represent the means * S.E; n = 6. The asterisks indicate significant differences between mutant
and wild-type TRPA1. ¥, p < 0.05, unpaired t test. Broken vertical lines indicate the mean values obtained from wild-type TRPA1. B, average currents at +80 mV
for wild-type TRPA1 and gain of function mutants E1077A and E1077K. The horizontal bars above the records indicate the duration of Cin and Ca®* application.
Note the difference in basal activation level at the very beginning of the record. The data represent the means = S.E.for n = 6. C, representative current traces
in response to indicated voltage step protocol (holding potential, —70 mV; voltage steps from —80 to +200 mV; increment +20 mV), recorded ~1 min after
whole cell formation. The bath solution contained 160 mm NacCl, 2.5 mm KCl, 1 mm CaCl,, 2 mm MgCl,, 10 mm HEPES, 10 mm glucose. D, average conductances

obtained from voltage step protocols as in C. The data represent the means + S.E; n = 8.

obtained with the TRPA1-A20 truncation mutant (Fig. 1D).
Compared with wild-type TRPA1, this mutant exhibited strik-
ingly slower inactivation upon the addition of Ca®>" (Tj, of
89.0 == 18.4 s for 2 mm Ca*>* and 34.7 = 6.0 s for 10 mm Ca>™;
p <0.01; n = 6 and 3; Fig. 1E). In other respects, this truncation
mutant exhibited a normal degree of Ca®"-induced potentia-
tion (3.0 = 0.1; p = 0.63; n = 6) and a normal responsiveness to
voltage and Cin (Fig. 24). The finding that truncation of the C
terminus by a further six residues was deleterious indicates an
important functional role for the distal part of the C terminus,
particularly a likely structural role of the predicted a-helix H5.
These initial screenings identified the distal C terminus as a
critical modulatory domain of TRPA1 involved in its Ca®"-de-
pendent inactivation, and we therefore further examined
whether the acidic region preceding this H5 helix could play its
presumed role of a high affinity Ca®>" sensing site.

Mutations in C Terminus Reveal Strongly Sensitizing TRPA 1
Phenotypes—The functionality of all constructed mutants was
compared by measuring the maximum outward currents at
+80 mV, in the absence and presence of 100 uM Cin. We
detected a dramatic increase in the amplitude of the outward
currents induced by voltage ramps in control Ca*>*-free bath
solution through the E1077A and E1077K mutant channels at
the 0.01 probability level (Fig. 2, A and B). Also, the conduct-
ance to voltage (G-V) relationships for these two mutants were
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significantly shifted toward less depolarizing potentials (the
voltage for half-maximal activation, V, 110.8 * 5.8 and
104.5 = 6.0 mV; n = 18 and 12), compared with wild-type
TRPA1 channels (128.0 £ 2.7 mV; n = 57; Fig. 2, Cand D). In
E1077K, but not in E1077A, the inactivation produced by the
introduction of 2 mm Ca®" was significantly faster compared
with the wild type (T, = 14.4 = 5.5 s; 1 = 6; p < 0.05), and the
currents decayed to a steady value 66 = 10% below their initial
basal activity levels (Fig. 2B). In both mutants, E1077A and
E1077K, the degree of potentiation of Cin responses by 2 mm
Ca®" was markedly reduced (2.5 *+ 0.4; n = 6; p = 0.087 and
1.9 £ 0.3; n = 7; p = 0.009), obviously because of their initial
close to saturation state at +80 mV.

We suspected that this sensitizing effect reflected either a
gain of function (constitutively active) phenotype or tonic acti-
vation caused by an increased expression of the functional
mutant channels on the cell surface. Indeed, within our region
of interest, a sequence prediction analysis revealed two strong
consensus phosphorylation motifs containing serine 1076 and
threonine 1078, both predicted to be targeted by casein kinase
CK2 (as determined from the prediction servers NetPhosK or
NetPhorest). A similar phosphorylatable acidic cluster has been
reported to constitute a cytosolic sorting motif that controls the
trafficking and surface expression of some ion channels, includ-
ing TRPA1-related TRPP2 and TRPV4 (32). To test this possi-
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bility, we constructed additional four mutants in which either
serine or threonine were replaced by either alanine or aspartate
to mimic the nonphosphorylated and phosphorylated forms of
the protein, respectively. To our surprise, mutation T1078D
resulted in TRPA1 channels whose conductance to voltage
(G-V) relationships were also strongly augmented (from 27 + 2
to71 £ 5nSat +200 mV; # = 59 and # = 8) and shifted toward
less depolarizing potentials (Vy,, 98.1 = 6.8 mV; Fig. 2D). This
mutant responded relatively normally to Cin in Ca®>*-free bath
solution (Fig. 2A4) but had a faster 10 -90% rise time of outward
current potentiation of Cin responses upon the addition of 2
mm Ca** (2.7 = 0.2 s; n = 4; p < 0.05) and slightly (p = 0.094)
faster inactivation (16.1 = 5.2 's; n = 5) compared with the T;,
for wild-type channels.

Whereas T1078D was observed to have large effects on volt-
age-dependent activation when using the voltage-step protocol
(Fig. 2, C and D), only modest effects on voltage- and cinnam-
aldehyde-dependent activation were seen when the standard
voltage-ramp protocol was utilized (Fig. 24). This apparent
divergence seemed to be due to the alterations in the onset
kinetics upon voltage changes (7., = 36 £ 3 ms versus 59 = 5
ms for wild-type; measured at +160 mV; n = 6 and 17; Fig. 2C)
and indicates that mutation T1078D affected the gating kinet-
ics of TRPA1. This interpretation is further supported by our
finding that mutation T1078A exhibited substantially reduced
responses to voltage and Cin and was capable of strong poten-
tiation by 2 mm Ca®" (5.5 = 0.8; n = 6; p = 0.125). The non-
phosphorylatable mutant S1076A and the phosphorylation-
mimicking S1076D mutant channels were otherwise normal in
all general aspects of functionality.

This series of experiments indicates that a single mutation at
Glu'®”’, or the introduction of an additional negative residue at
Thr'”® are both likely to destabilize the charge balance at the
highly acidic C-terminal cluster of TRPA1. The findings that a
neutralizing or charge-reversing mutation at Glu'®”” had sen-
sitizing effects support the notion that the functional changes
caused by mutations are likely to be steric or local, rather than
affected by increased membrane insertion of the channels
because of disruption of a phosphorylation consensus. More-
over, single point mutations at the specific residues, located in the
primary sequence far from the membrane proximal regions, are
capable of increasing the sensitivity of TRPA1 to membrane volt-
age without affecting its responsiveness to Cin. In other words, a
pathway distinct from voltage-dependent modulation and cova-
lent modification effectively controls the activity of TRPA1 via
conformational changes in the C-terminal acidic region.

Asp'® Asp'®®!, and Asp’®5? Are Residues Most Involved in
Ca”" -induced Potentiation of TRPAI—When the maximum
Cin-induced outward currents were related to the control volt-
age-induced responses obtained at the same membrane poten-
tial of +80 mV, none of the single mutations, apart from
E1077A and E1077K, exhibited a substantially decreased rela-
tive sensitivity to Cin compared with wild-type TRPA1, as
depicted in Fig. 2A. What we found, however, was that the
kinetics of the Ca>" -dependent potentiation were dramatically
changed in four out of the six charge-neutralized mutants:
E1073A, D1080A, D1081A and D1082A. The former mutation
strongly increased the degree of Ca®>*-dependent potentiation
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at both Ca®>* concentrations and caused a delay in the peak
potentiation time in a significant number of cells (Fig. 3, A and
B). Distinct phenotypes were generated by the latter three neu-
tralizing mutations. Not only did these mutations lead to a
marked slowing down of the rise time and delayed the peak
potentiation time, they also led to a strongly reduced averaged
degree of potentiation observed within an interval of ~120 s
after the introduction of Ca®>*, which was readily apparent from
the averaged current traces obtained from all cells tested (Fig.
3A). Ca’"-dependent potentiation was most apparently
blunted in the D1080A mutant. In five of ten D1080A-express-
ing cells that were treated with 2 mM Ca®* and in three out of
seven cells treated with 10 mm Ca®™, no potentiation at all was
observed within the time interval tested (3—4 min); instead, the
Cin-induced currents decayed in the presence of Ca>" to their
initial value obtained before the agonist was applied to these
cells (Fig. 3A). Weaker but similar effects were observed in
D1081A and D1082A. The former mutation produced currents
that also exhibited a “delayed phenotype®, but when measured
over a period longer than the median time to peak for the wild
type (14 s), they frequently attained a similar degree of potenti-
ation to wild-type TRPA1 (Fig. 3, A and B).

For wild-type channels, the peak potentiation time, meas-
ured from the time at which 2 mm Ca®>" was introduced, varied
from 4 s to more than 30 s with a median of 14's (n = 22) and this
value became lower and normally distributed around the mean
of 6.0 = 1.1 s when the external Ca®>" concentration was
increased to 10 mm (n = 16; Fig. 3C). The maximum potentia-
tion time has been previously shown to depend on external
Ca®>" concentration (17), and thus the observed changes in the
kinetics of the Ca®>*-dependent modulation in the mutants
shown in Fig. 3A could be due to a decreased sensitivity to
external Ca”>". Because the data for peak potentiation time in
wild-type TRPA1 was not normally distributed, to achieve reli-
able statistical significance in the distribution for the mutants
would require an unrealistically large number of cells to be
tested for each group. However, it was still evident that the
period of maximum potentiating effect was delayed in a consid-
erable proportion of cells expressing D1080A, D1081A and
D1082A (Fig. 3A and supplemental Fig. S1). The most affected
mutant, D1080A, was functionally well expressed (Fig. 24) and
appeared to be correctly targeted to the cell membrane (Fig.
3D). In this mutant, the addition of a higher concentration of
external Ca?" (10 mMm) reduced the 10-90% rise time (from
18.7 £7.25t07.0 = 2.4's; measured from five and four respond-
ing cells; Fig. 4A4), accelerated inactivation (Fig. 4B), and
increased both the degree and probability of occurrence of the
maximum Ca*"-induced potentiating effect (Fig. 4C).

The high buffer internal solution used in our experiments
was estimated to contain 150 nm free Ca>*, which approxi-
mately corresponds to the basal intracellular concentration of
Ca®". We therefore further tested whether allowing the inter-
nal concentration of Ca®™ to increase would change the activ-
ity, especially for the D1080A mutant, which exhibited the most
significantly modified kinetics of Ca®>"-dependent potentia-
tion. We compared the degree of potentiation and the rate of
inactivation in cells dialyzed with an intracellular solution con-
taining 100 uMm free Ca>* (Fig. 4, C and D). Under these condi-
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intensity profile plotted for the cell and cross-section indicated above. The excitation wavelength was 430 nm, and emission was detected at 475 nm.

tions, the D1080A mutant channels produced robust currents
in response to Cin in Ca®>*-free bath solution, and after the
addition of external 10 mm Ca®*, the currents were consistently
potentiated (2.2 = 0.4-fold; n = 5) without any delay. In con-
trast, Ca®" -induced responses through wild-type channels dia-
lyzed with the same internal solution were mostly inactivated
immediately after the addition of external 10 mm Ca®", indicat-
ing a predominant effect on promoting inactivation over Ca**-
induced potentiation (Fig. 4C). Despite differences between
D1080A and wild-type channels in the degree of potentiation,
we did not detect any difference in the rate of inactivation
between D1080A-expressing cells dialyzed with an intracellular
solution containing 100 um free Ca>* (T, of 16.9 + 4.6 s; n =
5) and the wild-type channels (p = 0.919) or the D1080A
mutant channels (12.1 = 2.0 s; p = 0.374; n = 4), measured with
the high buffer internal solution. Because the identified muta-
tion D1080A exhibits a normal responsiveness to Cin and
approaches the wild-type phenotype when internal Ca** is
allowed to increase to 100 uMm, these results suggest that this
mutation most likely has an effect on Ca®™" affinity.

Molecular Dynamics Simulations Indicate That C-terminal
Acidic Cluster Is Capable of Playing Role of High Affinity Ca®*-
binding Site—The observations that Asp'°®*® indeed contrib-
utes to the Ca®>*-dependent modulation of TRPAI, together
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with the fact that substitutions at Glu'®”” produced sensitized
phenotypes, further supports the idea that the whole region
containing the cluster of negative residues is structurally
important and involved in the Ca*>*-dependent modulation of
TRPA1. How could the C-terminal acidic domain in TRPA1
accomplish the role of a high affinity Ca®>" sensor?

To address this question, we utilized molecular dynamics
simulations to probe the Ca?"-binding capability of the acidic
region from TRPAL1, using the Ca®" activation apparatus of the
human BK channel (20) as the template protein (hSlo1; Protein
Data Bank entry code 3MT5). Each of the four a subunits of the
high conductance, Ca®>"- and voltage-activated potassium BK
channel contain two tandem regulatory C-terminal domains
(RCK) that form an intracellular gating ring (33). The second of
these domains (RCK2) encompasses a primary binding site for
Ca®", known as the Ca®>" bowl, which exhibits a considerable
sequence similarity to the C-terminal acidic sequence of
TRPAL1 (Fig. 5A4). We used homology modeling to replace the
stretch of 10 consecutive residues GIn®**°-Asp®® (QFLDQD-
DDDD) in the structure of the Ca®* -binding domain of BK with
10 residues Ile’®”*—Ser!®®® (IISETEDDDS) from human
TRPA1 (Fig. 5B), and using molecular dynamics simulations,
we explored whether this region is capable of binding Ca*".
The system was simulated for a total of 200 ns after equilibra-
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tion. The time course of the root mean square deviation
(RMSD) over the 200-ns period indicates that the system was
sufficiently relaxed after 70 ns, and the calcium-binding motif
was sufficiently relaxed after 110 ns (Fig. 5C). The displacement
of the calcium ion inside the calcium-binding motif was under 1
A for most of the simulation (Fig. 5C), indicating that the ion
was quite stable. A significant increase in RMSD at the end of
the simulation was identified to be caused by the loose ends of
the polypeptides at residues 833—869. The structure between
these residues is missing from the Protein Data Bank structure
3MTS5 and is missing from the model structure as well. There-
fore, we explored the influence of excluding these loose ends
(residues 830-862) from the RMSD calculation (Fig. 5C).
Because these residues do not interact with the residues of
interest, except for weak interactions in the last 25 ns of the run,
we do not expect this to have significant influence on the sim-
ulation results presented here.

The results of this computational experiment confirm that
the calcium ion is bound in the structure and thus prove the
ability of the acidic cluster from the TRPA1 C terminus to form
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a Ca®*-binding domain. Fig. 5D depicts the time course of the
number of calcium contacts with the protein and in total. The
average number of contacts throughout the simulation period
was 7.6, which is in good agreement with experimental meas-
urements carried out on various other Ca>*-binding proteins
(34). Two residues, 11e%%° (Ile'°”* in TRPA1) and Glu®®?
(Glul077), are in contact with the calcium ion via their main
chain carbonyl oxygen atoms (Fig. 5C). Two residues, Asp®””
(Asp'®®®) and Asp®”” (Asp'°®?), use oxygen atoms from their
side chains for direct contact with the calcium ion. These bonds
are largely stable throughout the whole simulation period,
which is again in good agreement with the binding mechanism
of calcium ions in the Ca®>* bowl in the BK cytoplasmic domain
(20).

To further test the model and to explore the effects of muta-
tions on the stability of calcium ion binding, we performed
additional molecular dynamics simulations using ix silico ala-
nine mutations: E894A, D895A, D896A, and D897A (E1079A,
D1080A, D1081A, and D1082A in TRPA1). Disruptions of the
calcium-binding pocket were observed in D895A (D1080A)
and in D897A (D1082A) after, respectively, 11 and 4 ns of
molecular dynamics simulation (Fig. 6A4). Mutations E894A
(E1079A) and D896A (D1081A) had no effect on the stability of
calcium binding during a 20-ns simulation. These findings sub-
stantiate the importance of the residues D1080A and D1082A
for Ca>" binding.

Next, we examined whether the side chain volume at posi-
tions Asp'®®° and Asp'%®? is important for the functionality of
the channel. Using site-directed mutagenesis, we individually
replaced these two residues with isoleucine and measured
whole cell responses to Cin in the absence and presence of 2 mm
Ca®" (Fig. 6B). Similar to what has been observed for D1080A,
mutation D1080I produced channels that responded normally
to cinnamaldehyde but exhibited strong changes in Ca*>*-de-
pendent modulation. In three of seven D1080I-expressing cells
that were treated with 2 mm Ca®>™, no potentiation at all was
observed within the time interval tested (Fig. 6B, left panel).
The D1082I mutant exhibited even more pronounced defects
(compared with D1082A and the wild type), yielding channels
that produced robust currents in response to Cin in Ca** -free
bath solution, but the addition of external 2 mm Ca®* did not
exert any noticeable effect within the time interval tested (Fig.
6B, right panel). These results indicate that the side chain vol-
ume at Asp'?®? is important for channel function and that iso-
leucine substitution at this position may create steric hindrance
for Ca®* access to the acidic region.

DISCUSSION

In this study, we identify the residues within the distal C-ter-
minal domain of the human ankyrin receptor TRPA1 that when
mutated affect the Ca®>*- and voltage-dependent gating of the
channel. The first key finding of our study is that truncation of
the C-terminal domain by 20 amino acids reduces the inactiva-
tion of the TRPA1 channel without altering its activation by the
thiol-reactive compound cinnamaldehyde or the degree of
Ca®*-dependent potentiation. This result provides further sup-
port for the previous suggestion that the inactivation mecha-
nism of TRPA1 is not coupled to activation/potentiation (17).
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Moreover, the inactivation requires Ca®>" entry through the
activated channel, and thus the structural regions close to the
channel pore were proposed to undergo Ca*>" -induced confor-
mational changes to regulate TRPA1 gating (11-13). The prox-
imal C-terminal domain of TRPA1 is thought to contain func-
tionally important juxtamembrane helix H1 (Ile®**~Lys*®*®)
adjacent to the predicted inner vestibule of the channel. We
have previously demonstrated that mutations in this domain
have strong effects on several aspects of TRPA1 functioning,
including changes in its voltage-dependent activation/deacti-
vation kinetics and a significant increase in the current variance
at depolarizing potentials (18). We then hypothesized that the
pore-forming S6 helix of TRPA1 may extend to the cytoplasmic
region so that the proximal helix H1 could directly participate
in the regulation of gating or permeation properties of the
channel. The new finding that a distal C-terminal structure
provides the TRPA1 channel with its ability to respond to exter-
nal calcium leads to the notion that the quarternary organiza-
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tion of the C-terminal domain includes an intracellular gating
ring on the cytoplasmic surface, functionally reminiscent of the
Ca®"-dependent operation of the human BK channel gating
ring apparatus (20, 35). This hypothesis is further supported by
arecent report demonstrating a strong continuous density near
the transmembrane region revealed by single-particle electron
microscopy (36). Another line of evidence also supports this
possibility.

Our second key finding that the two neighboring mutations
within the acidic region, E1077K and T1078D, caused a shift in
the conductance-voltage (G/V) curve to less depolarized mem-
brane voltages indicates that the TRPA1 channel pore might be
controlled by voltage via a connection between the distal por-
tion of the C terminus and the putative voltage sensor or the
S6-H1 module. Compared with voltage-gated potassium chan-
nels, the voltage dependence of TRPA1 is very weak, with the
estimated apparent number of gating charges less than 1 (10,
18). It is anticipated that the putative voltage-sensing domain,
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whole protein, calcium-binding site, and displacement of calcium ion in the
predicted calcium-binding site for each mutant. Calcium ion was stable in
E1079A and D1081A. Disruptions of the calcium-binding pocket were
observed in D1080A and in D1082A after 11 and 4 ns of molecular dynamics
simulation. The simulation of D1082A (D897A) mutation was particularly
unstable, and the calcium ion left the binding site very soon after simulation
entered production run. This simulation was interrupted after 10 ns of run.
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which has not been identified yet, most likely lies outside the
conventionally considered fourth transmembrane segment
(S4), because this region does not contain any charged residues
at all. Within the S4-S5 linker of human TRPA1, a gain of func-
tion point mutation N855S has been identified to exhibit a
5-fold increase in inward currents on activation by cinnamal-
dehyde, menthol, or the endogenous aldehyde 4-hydroxynon-
enal at normal resting membrane potentials (37). Removing
extracellular Ca®>" ions shifts the voltage-dependent activation
by approximately +20 mV in both the wild type and the N855S
mutant, compatible with the sensitizing effect of Ca®>". This
behavior can be explained well by the allosteric model of
TRPA1 activation by two different stimuli (38). In addition, the
decreased cooperativity of voltage-dependent gating under the
Ca*"-free conditions found in N855S indicates that this muta-
tion destabilizes the closed conformation, which could account
for a more general effect on channel gating (39) and is consis-
tent with the proposed functional role for the S4-S5 linker in
the gating of other thermosensitive TRP channels (40 —42).
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We do not have a strong structural explanation for the gain of
function effects seen in the E1077A, E1077K, and T1078D
mutants. The T1078D mutation in particular had large effects
on voltage-dependent activation when using the voltage-step
protocol, but only modest effects on voltage- and cinnamalde-
hyde-dependent activation when the standard voltage-ramp
protocol was utilized (Fig. 2). We attribute this apparent dis-
crepancy to the fast onset kinetics of the mutant channel upon
voltage changes and suggest that Thr'°”® is implicated in allos-
teric coupling between the activation site(s) (voltage sensor,
Ca®>" sensor) and the movement of the gate. As for the pro-
posed role of the whole acidic region in Ca®>* binding, one
notion might be that the E1077K mutation mimics the Ca®*-
bound (i.e. sensitized) state of the channel. On the other hand,
the addition of a negative charge at T1078 could help to attract
and hold the positive calcium ions or transduce the Ca®" signal
further downstream. This interpretation would support the
suggestion that this region is important both for TRPA1 inac-
tivation and also for Ca®>*-dependent potentiation. Site-di-
rected mutagenesis studies have previously shown that neutral-
izations at two basic residues predicted to be located in the
distal helices H4 and H5, flanking the acidic C-terminal
domain, Lys'®”" and Lys'°?, are capable of significantly reduc-
ing the responsiveness of TRPA1 to allyl isothiocyanate at neg-
ative membrane potentials but also cause defects in its voltage-
dependent gating (18). Mutations at the cysteine or histidine
residues located in this region had no effect on TRPA1 activa-
tion (3). Therefore, together with our results, it appears that
specific charged residues within the entire region between
helices H4 and H5 may comprise an important functional unit
which, depending on Ca®" binding, transmits a chemical signal
from the N terminus to the gate. The recent 16 A resolution
structure of TRPA1 indicates that covalent modifications
within the N termini might bridge adjacent monomers and
induce conformational changes in the cytoplasmic domains of
TRPA1 that lead to channel gating (36). By looking at this struc-
ture, it is tempting to speculate that the C-terminal helices
forming a symmetrical structure parallel to the membrane
plane might be stabilized by interactions between the positively
charged region Lys®**—Arg'°™ and the acidic cluster of the
adjacent subunit. Upon Ca®* binding, this interaction is dis-
rupted, which might result in the opening of the channel.

The third key finding of this study provides essential evi-
dence that the cluster of acidic residues in the TRPA1 cytosolic
C terminus plays an important role in Ca®>" -dependent modu-
lation and may represent a candidate region for the site of Ca*>*
binding. This portion of the TRPA1 protein does not possess a
“classical” Ca®" -binding motif; thus our homology model can-
not lend any direct structural support for identifying the Ca**-
binding site. However, this model does fit the requirements for
the '”*IISETEDDDS"'*®** motif being a Ca*>*-binding loop; it
provides a basis for additional structural insights into the pos-
sible receptor-Ca®" contacts and in general is consistent with
our experimental results. According to our simulations, the two
residues Asp'®®° and Asp'°®? are predicted to be crucial for
binding calcium, whereas the side chains of Ile'*”* and Glu'®””
are in contact with the calcium ion using their main chain car-
bonyl oxygen atoms (Fig. 5B). Indeed, we identified residues
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Glu'®”3, Glu'®”7, Asp'®®°, Asp'®®! and Asp'%®?, the specific
properties of which are not involved in Cin activation, but all
appear to be most important for the modulation of the TRPA1
channel by Ca®>*, thus supporting the homology model as a
plausible structure. To gain additional information toward a
possible structural explanation of our data, we conducted
measurements in which we explored the effects of the charge-
neutralizing double mutations E1077Q/E1079Q, E1079Q/
D1081N, and D1080N/1082N. All of the double mutants did
not produce measurable currents in response to any of the stim-
uli tested, supporting the structural importance of the acidic
motif.

We can be reasonably certain that in most cases, the changes
in the magnitudes of the responses to cinnamaldehyde or depo-
larizing voltage are not due to changes in expression levels or
plasma membrane targeting, because (a) simultaneous applica-
tion of voltage and Ca®" revealed considerable differences in
the relative cross-sensitization capacity between the mutants,
(b) several mutants were more specifically responding to volt-
age, Le. their current-voltage relationships were qualitatively
different from that in the wild-type channel, and, moreover, (c)
we found that the strong consensus phosphorylation motifs
containing serine 1076 and threonine 1078 ('°*“*KMEI-
ISETEDD'*®! and '*”*EIISETEDDDS'%%3), both predicted to be
targeted by casein-kinase CK2 with similar probabilities to
TRPP2 (NetPhorest Posterior probability of 0.6386 and 0.6261
versus 0.6453 (43)), unlike TRPP2 (32), do not constitute a cyto-
solic sorting motif involved in the trafficking and surface
expression of TRPA1. The findings that the nonphosphorylat-
able mutations S1076A and T1078A and the phosphorylation-
mimicking mutation S1076D generated near to wild-type phe-
notypes indicates that the functional changes caused by other
substitutions in this region are likely to be steric or local, rather
than related to changes in the membrane insertion of the chan-
nels. In any case, we cannot exclude the possible involvement of
the identified residues in the recently proposed, but yet to be
determined, mechanism by which localized Ca>* influx upon
TRPA1 activation controls channel functionality through its
acute translocation to the membrane (14).
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