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Abstract The transient receptor potential channel A1
(TRPA1) is unique among ion channels of higher vertebrates
in that it harbors a large ankyrin repeat domain. The TRPA1
channel is expressed in the inner ear and in nociceptive
neurons. It is involved in hearing as well as in the perception
of pungent and irritant chemicals. The ankyrin repeat do-
main has special mechanical properties, which allows it to
function as a soft spring that can be extended over a large
range while maintaining structural integrity. A calcium-
binding site has been experimentally identified within the
ankyrin repeats. We built a model of the N-terminal 17
ankyrin repeat structure, including the calcium-binding
EF-hand. In our simulations we find the calcium-bound state
to be rigid as compared to the calcium-free state. While the
end-to-end distance can change by almost 50% in the apo

form, these fluctuations are strongly reduced by calcium
binding. This increase in stiffness that constraints the end-
to-end distance in the holo form is predicted to affect the
force acting on the gate of the TRPA1 channel, thereby
changing its open probability. Simulations of the transmem-
brane domain of TRPA1 show that residue N855, which has
been associated with familial episodic pain syndrome, forms
a strong link between the S4-S5 connecting helix and S1,
thereby creating a direct force link between the N-terminus
and the gate. The N855S mutation weakens this interaction,
thereby reducing the communication between the N-
terminus and the transmembrane part of TRPA1.

Keywords Ankyrin repeat . EF-hand . Familial episodic
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Introduction

Transient receptor potential (TRP) channels are a large su-
perfamily of nonselective cation channels that play an impor-
tant role in many sensory functions. The TRP cation channel,
subfamily A, member 1, (TRPA1) is a protein of 1119 amino
acids (in human) with the molecular weight of 127.4 kDa [1].
It is expressed in hair cell epithelia of the inner ear [2] and the
nociceptive neurons [1]. A distinguishing feature of TRPA1
is its long N-terminus with 14-18 predicted ankyrin repeats
[1, 3–6]. The only other TRP protein with a comparable
number of repeats is the mechanosensory channel TRPN1,
which is not present in genomes of higher vertebrates.
Ankyrin repeats [7, 8] represent a short motif of 33 amino
acids which have a conserved sequence and three-
dimensional architecture with an antiparallel helix-turn-
helix motif followed by a hairpin loop. Ankyrin repeats have
long been implicated in protein-protein interactions, elastici-
ty, and forming molecular springs [9].
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TRPA1 can be activated by many different stimuli in-
cluding exogenous pungent compounds and irritants, brady-
kinin and other endogenous proalgesic agents, cold, and by
mechanical force [1, 6, 10–13]. Animal models indicate that
TRPA1 is the only sensor that is activated by respiratory
irritants at acute exposure [13–16]. Calcium ions have been
reported to directly activate TRPA1 through binding to an
EF-hand [17, 18]. TRPA1 channels can be regulated by
phosphatidylinositol bisphosphate (PIP2) [19, 20], which
is present in the inner leaflet of cell membranes, where it
constitutes ~1% of lipids.

The remarkable elastic properties of ankyrin repeats have
been studied experimentally by AFM microscopy [9, 21]
and by steered molecular dynamics simulations [4, 22],
showing that the protein can extend over a range of 5-
10 nm while keeping structural integrity.

In this study, we present a model of the N-terminal
domain of TRPA1 containing 17 ankyrin repeats and the
EF-hand calcium-binding domain, as well as the transmem-
brane domains. We find that binding of calcium to the EF-
hand translates into a change in the overall flexibility and
into a preference for long end-to-end distances, which we
find to range between 6 and 11 nm in the apo form, and
between 8.5 and 11.5 nm in the calcium-bound form. We
propose that the multifunctional sensory properties of the N-
terminus of TRPA1 do all translate into a change in the force
acting onto the gate.

Materials and methods

Model generation

N-terminal

We selected the human ankyrinR [23] (PDB ID: 1N11) as a
template for modeling of hTRPA1, as it contains 12 ankyrin
repeats and shows ~25% identity to the ankyrin repeats of
the TRPA1 channel. We doubled the 1N11 structure to
obtain a template for the full length ankyrin repeat of
TRPA1. Ankyrin repeats are conserved motifs, which pos-
sess the canonical pattern [G-(X)-TPLH-(X)-A-(X3)-G-
(X7)-LL-(X2)-GA-(X5)]. Ankyrin repeat identification, sec-
ondary structure prediction and alignment were done using
ProteinPredict [24], HHpred [25], I-TASSER [26], Phyre
[27], and ClustalW [28]. The final alignment used for mod-
eling is shown in supplemental Fig. 1 of online resource 1.
Conservation of the ankyrin repeat pattern revealed that
TRPA1 contains 17 ankyrin repeats. Model building was
done using MODELLER [29].

A calcium-binding EF-hand was identified and verified
by site-directed mutagenesis [17]. The coordinates of a
human calprotectin EF-hand (PDB ID: 1XK4) [30] were

placed accordingly. Models of the TRPA1 ankyrin repeats
were created using the automodel procedure of MODEL-
LER [29]. The quality of the calculated models was assessed
using Procheck [31], Prosa [32] and the MODELLER ob-
jective function.

TM domain

The crystal structure of the Kv1.2 potassium channel [33]
(PDB ID: 3LUT) was used as a template for building a
model of the transmembrane domain (TM) of TRPA1. TM
helices were identified using TMHMM [34], PredictProtein
[24], and TMpred [35]. The sequence alignment was carried
out by ClustalW [28], T-Coffee [36], and Muscle [37] and
manually adjusted. TM helix predictions as well as the final
alignment are shown in the supplement Figs. 2 and 3 of
online resource 1, respectively. Models were built using
YASARA [38]. Model quality was assessed using the Z-
score provided by YASARA.

Simulations

The selected model of N-terminal ankyrin repeat domain
was inserted into a water box for all atom molecular dynam-
ics simulation (MD). Two simulations were carried out - for
calcium-bound, and calcium-free state. The OPLS all-atom
force field was used. Water was represented by the SPC [39]
water model. All simulations were performed using the
Gromacs 4 MD package [40, 41]. The integration time step
was set to 2 fs. Periodic boundary conditions were applied in
all dimensions. The neighbor search list was updated every
10 steps. A constant temperature of 300 K was maintained
using the Berendsen algorithm [42] and a coupling time of
0.1 ps, coupling independently the water and the protein to
an external bath. A pressure of 1 bar was maintained iso-
tropically, using the Berendsen pressure coupling scheme
[42] with a time constant of 4 ps. Bond lengths were con-
strained using the LINCS method [43]. A cutoff of 1.0 nm
was applied for VdW interactions. Long-range electrostatic
interactions were calculated according to the particle mesh
Ewald (PME) method [44], using a cutoff of 1 nm. The
reciprocal space interactions were evaluated on a 0.14 nm
grid using B-splines of fourth order.

The model of the membrane domain was embedded into
a pre-equilibrated POPC bilayer consisting of 512 lipid
molecules using the inflategro method [45]. Berger lipids
[46], converted into the format of the OPLS all-atom force
field [47], following the procedure proposed by Neale [48],
were used to describe the POPC molecules. The semi-
isotropic Berendsen coupling scheme was used for pressure
coupling, while other parameters were the same as applied
in simulation of the N-terminus. Simulations were carried
out for 35 ns.
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Results

Pleckstrin homology domain

The theoretical possibility for the existence of a split pleckstrin
homology (PH) domain on the N-terminus of TRPA1 that
would be able to bind PIP2 was testet, as the function of TPR
channels is regulated by PIP2 [49, 50], but not much is known
about the interaction sites [19, 51]. Initially, existence of a split
pleckstrin homology domain involved in PIP2 binding was
hypothesized for TRPC3 channel [52]. However, the hypothe-
sis that a split PH domain of TRPC3 and the split PH domain in
PLC γ1 could together form a full PH domain could not be
confirmed [53] as only the two isolated halves of the split PH
domain of PLC γ1 lead to formation of a full PH domain.

To test if the predicted PH domain [51] could exist in
TRPA1, we applied the search algorithm described for
TRPC3 by van Rossum et al. to identify a potential hidden
PH domain [52]. Sequence hybrids of N-terminal TRPA1
sequence and C-terminal domain of PLC γ1 PH domain
were submitted to the conserved domain database [54] to
query for the identification of a complete PH domain. We
scanned the N-terminus of TRPA1 (M1 to D63 and S569 to
Y714), with the exception of the region containing classical
ankyrin repeats. We could identify one region, for which the
union with the PLC γ1 split PH domain resulted in a
putative complete PH domain (K591-M634). Four potential
locations of hidden PH domain in TRPA1 sequence were
predicted by Karashima et al. based on canonical PIP2-
binding site of PH domains [K-Xn-(K/R)-X-R] [51]. How-
ever, multiple sequence alignment of mammalian sequences
showed conservation at only two potential sites on TRPA1
(K442-K447 and K591-R604). The canonical fold of the PH
domain consists of seven-stranded antiparallel β-sheets fol-
lowed by an C-terminal α-helix [55]. Secondary structure
prediction indicated only two regions on TRPA1 N-terminus
with a β-strand propensity: K7 to S43 and A572 to T624.

This analysis indicated that the region of the 16th ankyrin
repeat could potentially contain a hidden split PH domain.
We created a model of the TRPA1 N-terminus in which the
16th ankyrin repeat was modeled as a PH domain to test this
hypothesis. Analysis of the 20 ns simulation showed a very
high RMSD for the putative split PH domain region. We
observed a loss of beta-strand secondary structure leading to
instability of three dimensional shape of the motif. These
results and the fact that the split PH domain would replace
one ankyrin within the ankyrin repeat domain suggested that
the existence of a split PH domain on the N-terminus of
TRPA1 is very unlikely.

Ankyrin repeat

We constructed a 3D model of the N-terminus of TRPA1, in
which the loop between 12th and 13th ankyrin repeat is
represented by the EF-hand domain which showed that
these structural elements can coexist without affecting the
canonical ankyrin repeat structure. The N-terminal domain
of TRPA1 is unique among TRP channels: it contains a large
number of ankyrin repeats, a common protein motif impli-
cated, e.g., in protein-protein interactions, cell-cell signal-
ing, elasticity, and molecular springs.

Ankyrin repeats are highly conserved. In the present
work we built a homology model of the TRPA1 N-
terminus containing 17 ankyrin repeats, using the structure
of human ankyrinR [23] (PDB ID: 1N11) as a template. The
structure of the ankyrinR template, which contains 12
repeats, was doubled at the site of the EF-hand and then
truncated to 17 repeats. Figure 1a shows the structure of the
N-terminal 17 ankyrin repeats. The model formed a canon-
ical horseshoe structure containing 33 residues per ankyrin
repeat. The best model showed good quality stereochemistry
with 82.4% of the residues in the most favored region of the
Ramachandran plot, while the overall g-factor showed a
value of -0.19.

Fig. 1 Panel a shows the
structure of the 17 ankyrin
repeat, color code red to blue
from N- to C-terminus. The
calcium ion is shown in yellow.
Panel b shows the calcium ion
bound to the EF-hand between
ankyrin repeat 12 and 13. The
side chains of those residues are
shown, which coordinate the
calcium ion. Panel c shows an
alignment of TRPA1 sequences.
Residues coordinating the cal-
cium ion are conserved
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Intracellular calcium has been reported to play an impor-
tant role in the regulation of TRPA1. An important step
toward understanding calcium-dependent regulation has
been the identification of an EF-hand at the N-terminus
[6]. The EF-hand is a widely distributed motif for calcium-
binding. However, sequence analysis did not predict the
existence of a classical EF-hand in TRPA1, but rather a
calcium-binding loop, located between the 12th and the
13th ankyrin repeat. Nevertheless, experimental results have
indicated the importance of the motif for channel regulation
by intracellular calcium [17, 18]. Residues D468 and D479
have been described to be required for calcium-binding.
This is in line with classical EF-hand properties, where the
last residue of the EF-hand motif (D479 in TRPA1) is the
most conserved and provides two oxygens for calcium
binding. In addition, some decrease in response to calcium
has been observed for S470 and Y472 [18]. In contrast,
Doerner et al. reported only L474 to be critical for the
sensitivity of TRPA1 to the calcium [17]. We have now
identified an EF-hand calcium-binding motif in TRPA1
between ankyrin repeat 12 and 13. It is located between
residues D468 and D479 and consists of 12 residues ar-
ranged in a helix-loop-helix structure. The above described
residues (D468, S470, Y472, L474 and D477) correspond to
five positions (1, 3, 5, 7 and 12) characteristic of classical
EF-hands (Fig. 1b).

Sequence similarity, conservation and amino acid types
in helices of the ankyrin repeats next to the calcium-binding
site (as shown in Fig. 1c) pointed us to speculate that the
canonical ankyrin repeat structural assembly might be main-
tained in the calcium-free structure. The calcium-free state is
the ground state, as intracellular calcium concentration in
resting cells is very low. The helices of the EF-hand are
almost parallel. Although atypical of EF-hands, a similar

helix – helix arrangement has been observed, for example,
in grancalcin [56]. The template (PDB ID: 1XK4) for mod-
eling the EF-hand was selected by comparing EF-hand
sequences from different protein families available in the
EF-hand Calcium-binding Proteins Data Library [http://
structbio.vanderbilt.edu/cabp_database/]. The EF-hand re-
gion was initially aligned with the template using ClustalW
and the resulting alignment was manually edited. The align-
ment of the EF-hand region was then fused with the align-
ment of the complete ankyrin repeat domain.

Consequences of calcium-binding

We set out to ascertain whether calcium-binding affects the
local geometry and helical arrangement, and whether the
interactions in the core of the ankyrin repeat structure are
strong enough to counteract conformational constraints
resulting from calcium binding. 'Conformational selection'
postulates that all protein conformations pre-exist, and the
ligand selects the most favored conformation for binding
[57]. As a consequence the ensemble undergoes a popula-
tion shift, redistributing the conformational states. We
docked calcium into the EF-hand, and used molecular dy-
namics simulations to probe for structural and dynamical
effects of calcium-binding in our case. Simulations were
carried out with and without calcium. The simulations were
stable and showed well conserved secondary structure ele-
ments (see supplementary Fig. 4 of online material 1). Panel
C to E of Fig. 2 show the observed global shapes of the N-
terminus of TRPA1 and the end-to-end distance plot, mea-
sured from K108 (ankyrin repeat 2) to K593 (ankyrin repeat
16) quantifying the change in distances as a measure of the
transition of the global conformations. The global horse
shoe shape of the ankyrin repeat structure was maintained

Fig. 2 Analysis of the distance between K108 (ankyrin repeat 2) and
K593 (ankyrin repeat 16). Panel a shows the time evolution of our
simulations. Panel b shows a histogram of observed distances of panel
a, using the same color coding. Panel c, d and e show representative

structures: c extend structure of the calcium-bound state, d starting
structure of our simulation, and e structure from the calcium-free
simulations with short end-to-end distance. The circles indicate the
position within the trajectories, from which the structures were taken
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in the calcium free simulations, but we observed large
fluctuations and, on average, a shrinkage in the end-to-end
distance as compared to the starting model. When calcium is
bound in the implanted EF-hand the ankyrin repeat structure
stays stable in an extended horse shoe conformation. The
larger fluctuations in calcium-free simulations which also
sampled calcium-bound conformations suggested a more
dynamic behavior of the ankyrin repeat domain. Calcium
“selects” the extended horse shoe conformation from the
ensemble of conformational states and the ensemble under-
goes a population shift with the end-to-end distance in the
calcium-bound structures on average larger by ~1.85 nm.

In order to better compare the dynamic changes of all
simulations we carried out principal component analysis
(see Fig. 3). Simulations were fitted to a common references
frame, fitting to the helices of the first 11 ankyrin repeats,
because the global shape of those helices remains very
similar in all simulations. Motions of each simulation were
projected onto the same two largest eigenvectors in order to
allow for direct comparison [58]. We found a clear separa-
tion between the calcium-bound and the calcium-free simu-
lations, showing that indeed an only partially overlapping
phase space was sampled. Both calcium-bound simulations
converged to the same area suggesting sufficient sampling.
Similar observations were made for the calcium-free simu-
lations. The sampled phase space of both calcium-free sim-
ulations showed that a larger area was sampled, consistent
with the observation from the end-to-end distance plot (see
Fig. 2). Both sets of simulations showed strong sampling
along the first eigenvector, which describes the extension of
the structure along of the end-to-end distance vector; with a
clear separation: calcium-free simulation partitioned toward
lower values, while simulations of calcium-bound ankyrin
repeats showed a transition toward higher values. The pro-
jection of the calcium-free simulations indicated that the

motion along eigenvector one has an amplitude that is twice
as large as in the calcium-bound state. The shape of the
ankyrin repeats is therefore much less constrained and can
reach a stretched conformation that is similar to the calcium-
bound state.

Eigenvector two describes a change in the super-helicity
normal to the end-to-end connecting line. We observed that
the calcium-bound simulations display a much smaller
range of sampling along eigenvector two as compared to
the calcium-free state. We again observed that the calcium-
free simulations show overlap with the calcium-bound, but
largely sample additional phase space.

Largest changes in bending are present in the area around
the EF-hand for both eigenvectors, indicating that the local
changes induced by calcium-binding do directly translate in
a selection of an overall shape. Calcium-binding has, in-
deed, been shown to increase ion flux through the TRPA1
channel. We observe that insertion of calcium to the EF-
hand between ankyrin repeats 12 and 13 induces a change in
the helix-helix crossing angle. Figure 4a shows the parallel
arrangement of ankyrin repeat helices in the calcium free
state to the EF-hand. The local geometry changes are pro-
moted by coordination of the calcium ion. Residue D479 on
ankyrin repeat 13 is maintained in closer proximity to D405
on the second helix of ankyrin repeat 12 in the calcium
bound state, thereby promoting the rotation of ankyrin re-
peat 13 relative to the preceding ankyrin repeat. Figure 4b
shows the change in distance between ankyrin repeat 12 and
13. We observe that this distance is 0.52 nm longer in the
calcium free simulations than if constrained by calcium
binding to the EF-hand. This small local change becomes
amplified by the extended ankyrin repeat structure and
translated into the large population shift in end-to-end
distance.

Binding of chemical irritants

The TRPA1 channel is known to sense irritant chemical
substances that are hydrophobic in nature and readily react
with sulfhydryl groups [6, 16, 59–61]. The human TRPA1
possess 20 cysteine residues in its N-terminus. Three of
them have been found to react with isothiocyanates [6].
Two of these cysteines, C621 and C641, are located close
in space on the 17th ankyrin repeat (see Fig. 5), while the
third cysteine residue (C665) is in close proximity in se-
quence. Experimental data indicate that all three cysteines
contribute similarly to the effect of chemical irritants. We
did not predict the structure of the TRPA1 N-terminus
following the 17th ankyrin repeat, because we focused on
the ankyrin repeats. Ankyrin repeats at the edges of the
ankyrin repeat domain are often less conserved then those
in the middle [3], but the sequence after the 17th repeat did
not show any sequence similarity to an ankyrin repeat. The

Fig. 3 Projection of the simulations into a common framework of the
first two largest eigenvectors. Eigenvector 1 describes the extension of
the ankyrin repeat, eigenvector two a change in the superhelicity
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16th and 17th ankyrin repeats differ already from the clas-
sical pattern, supporting our interpretation of domain termi-
nation after repeat number 17. Although we did not build a
structure following the 17th ankyrin repeat the exposed
hydrophobic surface of the last ankyrin repeat suggested
that the polypeptide chain should fold against it. We can
therefore, in light of the experimental data, assume that
C665 should be located next to C621 and C641.

Transmembrane domain

TRPA1 is a non-selective cation channel with topology
predicted to be similar to potassium channels consisting of
six transmembrane helices (S1-S6) and a pore formed be-
tween the fifth and the sixth helix. We created a model of the
TRPA1 transmembrane domain using the crystal structure of
Kv1.2 potassium channel [32] (PDB ID: 3LUT) as a tem-
plate. The best model, selected by applying the Yasara Z-
score and Ramachandran plot analysis, was inserted into a
pre-equilibrated membrane as described in material and
methods. After system equilibration, a simulation of 30 ns
was carried out. The global structure of the TRPA1 channel
remained stable over this time window, showing a RMSD
for the Cα atoms of 0.6 nm, and a stable secondary structure
(supplementary Fig. 5 of online material 1), indicating cor-
rectness of the model.

Calcium ions play a key role in channel regulation, as
they can inactivate the channel by blocking the ion perme-
ation path at negative membrane potential of -80 mV [62],
while more positive potential above -20 mV can unblock the
channel. The residue D915 aligned with the analogue aspar-
tate D379 of Kv1.2. We found this residue to be part of the
selectivity filter. Mutation of D915 has been shown to
reduce the calcium permeability through the channel [63].
The same residue, if mutated, abolishes zinc permeation
[64]. Our model shows that D915 is located at the entrance
of the pore. It forms a ring of negative charges that are
exposed to the extracellular solvent and can therefore attract
cations.

Figure 6b shows a zoom onto the amphiphilic helix
connecting S4 with S5. Residue N855, which is in the loop
between S4 and the S4-S5 connecting helix, is associated
with familial episodic pain syndrome [65]. In this hereditary
disease, N855 is mutated to serine. Residue N855 seems to
have a role in strengthening the interaction between S1 and

Fig. 4 Panel a shows the relative orientation of ankyrin repeat 12 and
13. The upper structures are the start structures of the simulations, the
lower structures are taken from the last frame. The left side shows the
structures from the apo simulation and the structures for the right
figures are taken from the simulation with bound calcium. Panel b
shows the change in the distance between D405 and D416, reflecting
the difference in orientation of ankyrin repeat 12 vs. ankyrin repeat 13

Fig. 5 Residues C608 (pink), C621 (red) and C641 (orange), all
chemically modified by irritants, are located on ankyrin repeat 16
and 17 and can be found in close proximity. Residues C608 and
C621, which have been found to form disulfide bounds [72] are in
close contact
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the S4-S5 connecting helix. We observed, in all four TRPA1
subunits, stable hydrogen bonds between the side chain of
N855 and the N-terminus of S1, especially with N724
located on the N-terminus of S1, while the other interactions
with the S1 helix are hydrophobic in nature. This interaction
does create a direct link between the N-terminus and the S4-
S5 connecting helix. The serine side chain of the mutant is
less polar and has a lower hydrogen bonding capability,
therefore weakening the hydrogen bonds between the two
helices, and as a consequence, loosening the mechanical
coupling to the ankyrin repeats.

Structural assembly

A 16 Å resolution structure of TRPA1, resolved by single-
particle cryo-electron microscopy (cryo-EM) has recently
been reported [66]. The cryo-EM map shows the tetrameric
architecture of the channel. The transmembrane and the
intracellular domains are clearly visible. Together with the
EM structure of TRPA1 a homology model of the channel
was proposed by Cvetkov et al. [64], consisting of a 12
ankyrin repeat N-terminus, the transmembrane domain and
the C-terminus. Although our model lacks the C-terminal
domain, as the low sequence similarity does not allow to
generate a model suitable for molecular dynamics simula-
tions and therefore cannot be compared here, the N-terminus
model in our case stays on a 17 ankyrin repeat structure
based on theoretical predictions. Both transmembrane mod-
els are based on the potassium Kv1.2 structure containing
six transmembrane domains with a pore loop between the
fifth and sixth TM domain. We separately fitted our models
of the TRPA1 N-terminus and the TM domain into the cryo-
EM map using Chimera/Segger [67, 68], applying the same
volume threshold, that corresponds to a protein molecular
mass of 525 kDa, as used by Cvetkov et al. [66]. The TM
domain was fitted in its tetrameric assembly into the density
map. We observe a similar fit of the transmembrane domain
into the density map as previously reported. The N-terminal
17 ankyrin repeat domain was first fitted as a single mono-
meric molecule, followed by reconstruction of the full tet-
rameric assembly by symmetry operations using the
Chimera tools. A representative snapshot based on end-to-

end distance from both the calcium-bound as well as from
the calcium-free ankyrin repeats simulation was selected.
We were able to place both structures into the hanging
basket architecture of the TRPA1 cryo-EM density map,
but obtained a better fit with the model of the calcium-
bound ankyrin repeat. The fitted conformations of the 17
ankyrin repeat structures, as shown in Fig. 7, differ between
the calcium-bound and the calcium-free state, as curvature
and end-to-end distance are not the same. However, both
models fit satisfactorily into the curve shape of the density
map, while leaving additional space at the bottom, thereby
allowing to accommodate the first 62 N-terminal residues
not included in our model.

Discussion

TRPA1 is the only mammalian channel that carries more
than 10 ankyrin repeats on its N-terminus. It is expressed
only in the inner ear and in the nociceptive nerve system.
TRPA1 is important in sensing of pain, and has been asso-
ciated with several functions, including hearing, sensing of
mechanical stress, and detection of chemical irritants. Sev-
eral interaction sites, most of them on the long intracellular
N-terminus, have been identified. Figure 8 shows a schema-
tic view of TRPA1. Ankyrin repeats are known protein-
protein interacting domains, which can also serve as molec-
ular springs, due to their elastic nature. The spring constant
and the stretchability of the ankyrin repeat have been deter-
mined, showing that the ankyrin repeat structure can extend
by 6-7 nm while maintaining structural integrity [4, 9]. In
order to control the function of the TRPA1 channel, the
force on the ankyrin repeats must be propagated to the pore
and gate. The force, as shown in Fig. 7, can directly prop-
agate from the ankyrin repeat to the inner gate via the S1-S4
domain and the amphiphilic S4-S5 connecting helix. The
following sites on TRPA1, which can modulate the open
probability of the channel are shown: i) the calcium-binding
EF-hand, ii) the binding site for irritants, which activate the
channel by covalent modification of cysteine residues and
iii) the site of the N855S mutation that is associated with
familial episodic pain syndrome [65].

Fig. 6 Transmembrane domain
of TRPA1. Panel a shows the
membrane inserted channel.
The four subunits are colored
differently. Residue N855 is
highlighted in magenta. Panel b
shows a zoom onto N855,
which is at the turn between S4
and the S4-S5 linker helix. The
side chain of N855 forms stable
interactions with S1
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The apo state is characterized by large fluctuations of the
end-to-end distances, as we observe a fluctuation amplitude
of almost 50% of its total length. We find that binding of
calcium to the EF-hand stiffens the ankyrin repeat structure
and selects for the long overall end-to-end distance. Similar
observations of a selection of a conformation by ligand
binding from a strongly fluctuating apo state have been
made in the arginine repressor [69]. It is predicted that a
net effect of this change in the ankyrin repeat property is a
change of the force acting on the gate. Calcium-binding to
the EF-hand has been shown to open the channel at low

membrane potential. Only at a negative membrane potential
of -80 mV can inactivation be observed, thought to occur by
direct blockage of the ion permeation pore [60, 70, 71].

It is unknown what the structural effects are of reversible
covalent binding to cysteines by hydrophobic pungent mol-
ecules like the active compounds diallyl disulfide in garlic,
allyl isothiocyanate of mustard oil and cinnamaldehyde [6,
59–61]. It is tempting to speculate that chemical modifica-
tion of C621, C641 and C665 could lead to an alteration of
the local structure and hydrophobic interactions in the small
domain (approximately from residue 645 to 715) between

Fig. 7 A fit of our models
representing the transmembrane
and the N-terminal domain of
TRPA1 into the recently pub-
lished Cryo-EM map [66] is
shown from the membrane
and the intracellular site. Panels
a and b show the fit of the
calcium-free N-terminus, panels
c and d show the calcium-
bound state from a side and an
intracellular view, respectively.
The density map is shown in
gray using the volume thresh-
old, which corresponds to the
molecular mass of TRPA1

Fig. 8 Model of TRPA1
activation. The ankyrin repeats
and those sites are marked that
are known to affect the open
probability of the channel
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the ankyrin repeats and the S1-S4 domain. The effect of
cysteine modification has been shown to be cumulative [6],
indicating an increasing probability of structural changes
with increasing chemical modification. It is likely that the
compactness of this region changes, which under mechani-
cal force translates into a modification of the forces acting
from the N-terminus on the gate.

The familial episodic pain syndrome associated with
mutation N855S does not alter the maximum ion flux
through TRPA1, but increases the open probability of the
channel. We observe in our simulation of the TM domain of
the TRPA1 (S1 to S6) channel that N855 does form a strong
interaction with the N-terminus of S1. This interaction,
visible in all four subunits, effectively creates a direct
force-link between the N-terminus and the S4-S5 linker
helix, and therefore to the gate. The N855S mutation weak-
ens this interaction. The net effect is therefore a reduction of
the mechanical force by which the N-terminus pulls on the
gate.

Very different signals can activate TRPA1 in the noci-
ceptive nerve system. It would be difficult to envision an ion
channel in which every different signal could activate the
channel by a completely independent mechanism. We pro-
pose the existence of a single force transduction path, which
is activated by possibly all signals that act via the N-
terminus of TRPA1. The dimension of the N-terminal struc-
ture (from the ankyrin repeat via the S1-S4 domain to the
gate) allows to integrate several switches. These switches
represent interaction sites for the different physiological
signals recognized by TRPA1, such as force, ions or chem-
ical irritants. All these sites translate the binding event into a
mechanical signal that acts on the gate. Opening of the gate
then allows ion flux and generation of a nerve impulse [49].

The N-terminus of TRPA1 is not the sole interaction site
for signal creation. TRPA is regulated by the signaling lipid
PIP2, but the interaction site is unknown. We tested the
possibility of the existence of a split PH domain within the
N-terminus. Our efforts suggest that the putative split PH
domain most likely does not exist. The interaction with PIP2
therefore probably involves a mechanism other than forma-
tion of an intermolecular split PH domain.

The voltage sensing region has been identified within the
C-terminus of TRPA1, and has been found to be sensitive to
allyl isothiocyanate at relatively high doses [70, 71]. Re-
cently, direct activation of TRPA1 channel by intracellular
zinc has been reported [64]. It has been demonstrated that
the C641 residue within the N-terminus, as well as the H983
and C1021 residues within the C-terminus are involved in
Zn-dependent TRPA1 activation. Mutations of C641 mod-
estly reduce the dependency of the channel function on zinc,
while mutations of the two residues identified at the C-
terminus show a strong effect. Our structural analysis of
the N-terminal domain predict that the residues C621,

C641 and H644 are located very close in space (see
Fig. 5). It is conceivable that C665 is also located in close
proximity. These residues might represent a weak zinc bind-
ing site.

Recently, disulfide bridges between the cysteine C665
and C621, C665 and C462, C665 and C192, as well as
C621 and C608 have been observed using mass spectrosco-
py [72]. Our 17 ankyrin repeat model (see Fig. 5) of the N-
terminus shows that residues C621 and C608 are indeed
next to each other, showing an average Cα distance of
0.69 nm. Cysteine 665 is 17 residues from the C-terminus
of our ankyrin repeat model, which terminates with residue
D648. We can therefore only speculate about the position of
C665. The experimentally observed disulfide bond between
C665 and C192 is difficult to reconcile with our TRPA1
model, because we find that the two residues are on oppos-
ing ends in structures fitted into the EM density map of the
intracellular N-terminal domain. A close association be-
tween C665 and C621 seems possible, given the proximity
in sequence. Residue C462 is on the same ankyrin repeat
structure most likely to be distant from D648, therefore
precluding a close association with C665 even if the se-
quence stretch between D648 and C665 is completely ex-
tended. On the other site, C462 on the next protomer is just
apposed to the ankyrin repeat number 17, suggesting that
C462 and C665 could be in contact. We observe distances of
6.1 nm (calcium free) and 6.9 nm (calcium bound) between
the Cα atoms of C621 and C462 on the adjacent N-
terminus, measured in our models that were fitted into the
electron density map. This indicates that two conformations
should exist, which differ in the distance between C665 and
C621, and between C665 and C462, because even if we take
the large uncertainty of fitting our model into the 16 Å Cryo-
EM density map into account, it is difficult to envision that
C665 could be simultaneously close to both residues.

The TRPA1 channel has been associated with crea-
tion of an electrical signal from the vibrations of the
stereocilia in the inner ear [73–75]. Tension on the
TRPA1 channel is created and maintained by myosin-
1c, which holds the channel at its most sensitive point
[76–78]. Ankyrin repeats have been predicted to possess
biophysical properties that would match the experimen-
tally measured properties of the gating spring in the
inner ear [4, 79]. We predict that the TRPA1 channel
in nociceptive neurons uses a similar principle for func-
tion as involved in hearing. The channel is gated by
several different stimuli acting on its N-terminus. While
in hearing, the vibrations of the stereocilia are translated
into an electrical signal, in nociceptive neurons the
different stimuli modify the length of the N-terminus,
thereby changing the force acting on the gate and as a
consequence changing the open probability of the
TRPA1 channel.
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Conclusions

We have developed a unifying model of TRPA1 gating by
mechanical force, chemical modification by irritants, calcium-
binding, and zinc-binding. The N-terminus senses physiolog-
ical signals, and acts as a mechanical spring that connects
directly to the gate. The ankyrin repeats play a central role in
controlling the open probability of the gate by acting as soft
springs. The ankyrin repeats can be extended by several nm
without unfolding. Even if overstretched, they have been
shown to spontaneously refold [4, 9]. These properties allow
the ankyrin repeat domain to fine-tune the force acting on the
channel, and at the same time to act as a security net against
mechanical damage. Our model predicts that the different
physiological signals acting via the N-terminus all affect
TRPA1 function by transducing mechanical force to the gate.
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