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Zinc activates damage-sensing TRPA1 ion channels

Hongzhen Hu, Michael Bandell*, Matt J Petrus', Michael X Zhu? & Ardem Patapoutian’3

Zinc is an essential biological trace element. It is required for the structure or function of over 300 proteins, and it is increasingly
recognized for its role in cell signaling. However, high concentrations of zinc have cytotoxic effects, and overexposure to zinc
can cause pain and inflammation through unknown mechanisms. Here we show that zinc excites nociceptive somatosensory
neurons and causes nociception in mice through TRPAT1, a cation channel previously shown to mediate the pungency of wasabi
and cinnamon through cysteine modification. Zinc activates TRPA1 through a unique mechanism that requires zinc influx through
TRPAT1 channels and subsequent activation via specific intracellular cysteine and histidine residues. TRPA1 is highly sensitive to
intracellular zinc, as low nanomolar concentrations activate TRPA1 and modulate its sensitivity. These findings identify TRPA1

as an important target for the sensory effects of zinc and support an emerging role for zinc as a signaling molecule that can

modulate sensory transmission.

Zinc is an indispensable heavy metal in the human body. It is mostly
bound to proteins and enzymes, for which it serves as an essential
catalytic, co-catalytic or structural element!. Furthermore, free
(unbound) zinc acts as a signaling molecule affecting both neuronal
and non-neuronal systems®. Consequently, zinc is an essential com-
ponent of our daily food intake, and zinc deficiency can lead to a
variety of pathological symptoms. However, zinc is also known to have
cytotoxic potential, and endogenous zinc distribution is tightly
regulated by efficient homeostatic mechanisms>2 Indeed, exposure
to excessive zinc can be harmful and can have pathological conse-
quences. For example, exposure through ingestion can cause symp-
toms including nausea and gastric pain®. Zinc exposure can also occur
as a consequence of inhalation, as zinc is a common constituent of
particulate air pollution, and is an occupational toxin present in
welding fumes and smoke bombs. Inhaled zinc causes airway irritation
and (in severe cases) zinc fume fever—a disease characterized by
pulmonary inflammation and flu-like symptoms caused by the water-
soluble fraction of inhaled zinc oxide®>=. The mechanism behind the
pain, irritation and inflammation associated with zinc toxicity is
unknown. Noxious levels of zinc could cause irritation by upregula-
tion of inflammatory mediators and subsequent activation of soma-
tosensory neurons®%7. Alternatively, zinc could interact directly with
nociceptive sensory nerve fibers, thereby initiating pain and neuro-
genic inflammation.

Sensory neurons inform the central nervous system of the thermal,
mechanical and chemical conditions of the skin and internal organs.
Noxious conditions such as extreme temperatures, tissue damage or
noxious chemicals are detected by a subpopulation of sensory neu-
rons—the so-called nociceptors, which upon excitation signal pain
and induce neurogenic inflammation. Recent studies have shown that
TRPVI1 and TRPAI, both cation channels of the transient receptor

potential (TRP) family, are expressed in nociceptive neurons where
they function as polymodal receptors for noxious stimuli®. Specifically,
TRPV1 functions as a receptor for noxious hot temperatures
(>42 °C) and capsaicin (1), the pungent ingredient in chili peppers®.
TRPA1 is the receptor for mustard oil (2), cinnamaldehyde (3) and
various other pungent phytochemicals, and has been proposed as a
receptor for noxious cold (<17 °C)!%-16, Conditions of inflammation
and injury can sensitize nociceptive neurons through various mechan-
isms, including the upregulation of endogenous TRP channel agonists
and modulators. Inversely, TRP channel agonists can cause neurogenic
inflammation by causing excitation of nociceptive sensory neurons
and subsequent neurogenic release of inflammatory peptides®.

Here we tested the hypothesis that zinc toxicity may involve direct
excitation of somatosensory neurons. We show that zinc excites
nociceptive sensory neurons and causes pain and irritation through
activation of TRPA1 via a unique mechanism, which suggests that a
neurogenic mechanism underlies at least part of the sensory symp-
toms associated with zinc toxicity.

RESULTS

Zinc activates sensory neurons through TRPA1

We used calcium imaging to investigate whether zinc could activate
cultured sensory neurons from mouse dorsal root ganglia (DRG).
Indeed, approximately 15% of the neurons exhibited increases in
calcium levels upon exposure to zinc (Fig. 1a). Approximately 80% of
the zinc-responsive neurons also responded to a subsequent applica-
tion of mustard oil, a TRPA1 agonist. This suggests that zinc acts on a
subset of nociceptive neurons'”. To identify the mechanism by which
zinc causes calcium influx in sensory neurons, we used a candidate
approach to investigate whether TRP ion channels reported to be
expressed in sensory neurons could account for the observed zinc
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activation. No activation was observed for TRPV1, TRPV2, TRPV3,
TRPV4 or TRPMS at zinc concentrations between 0.3 pM and 3 mM
when assayed by calcium imaging of a human embryonic kidney
(HEK) 293 cell line transiently expressing these ion channels (data not
shown). In contrast, zinc potently activated TRPA1, and this activation
was inhibited by ruthenium red (4), a TRPA1 blocker (Fig. 1b and
data not shown). TRPA1 activation was observed at zinc concentra-
tions as low as 300 nM, with an effector concentration for half-
maximum response (ECsy) of approximately 2 pM. However, at
concentrations higher than 300 pM, zinc also exhibited an inhibitory
effect on TRPA1 (data not shown), which suggests that there might be
a low-affinity inhibitory site for zinc in TRPAI (ref. 18). We also tested
for activation by another heavy metal with properties similar to those
of zinc: cadmium. Much like zinc, cadmium was a potent TRPA1
agonist (ECsy of ~2 pM, data not shown), whereas no activation of
TRPV1, TRPV2, TRPV3, TRPV4 or TRPMS8 was observed.

We next tested whether TRPAL is required for zinc responses in
DRGs. Sensory neurons from Trpal™~ mice were completely unre-
sponsive to zinc, but they retained responsiveness to capsaicin
(Fig. 1c,d). These results indicate that TRPAL1 is the sole target for
zinc-induced sensory neuron responses as assayed by calcium imaging.

Mustard oil application caused a larger number of neurons to
respond than zinc, which suggests that not all TRPAl-expressing
neurons respond to zinc (Fig. 1la). A similar phenomenon was
observed when comparing the TRPA1-specific agonists cinnamalde-
hyde and mustard oil (more neurons responded to mustard oil)'!.

Zinc induces nociception through TRPA1

We next investigated whether TRPA1 is involved in the pain and
irritation effects of zinc in vivo. In spite of the fact that zinc is well
documented as an irritant in humans, to our knowledge the direct
nociceptive effect of zinc in mice had not been tested. In agreement
with the described noxious effects of zinc, injection of 30 mM zinc
acetate in mouse hindpaw caused licking and flicking of the injected
paw, which indicates irritation and/or pain (Fig. 2a). In a control
experiment no responses were observed in mice injected with 30 mM
calcium acetate, which indicates that the behavior is mediated by zinc
rather than the counter ion acetate (Fig. 2b). Trpal~~ mice displayed a
substantially attenuated zinc-induced nociception. These results
indicate that TRPA1 is required for the irritation and pain symptoms
associated with excess zinc exposure.

Figure 1 Zinc activates sensory neurons through TRPA1. (a) Ratiometric
calcium imaging of cultured mouse dorsal root ganglia neurons. Each trace
corresponds to fluorescence in a single neuron. Neurons were exposed to

30 uM ZnCl,, 100 pM mustard oil and 100 mM KClI for the indicated times
(black bars). DRG neurons were isolated from Trpal*™* mice, facilitating a
direct comparison to c. Mustard oil-responsive neurons are shown in red.
21% of the neurons responded to ZnCl,, and 48% responded to mustard
oil. (b) Zinc dose-response relationship on HEK293 cells expressing TRPAL,
measured using FLIPR assay. Data points indicate average (+ s.e.m.) of
fluorescence increase in 4 wells. The ECsq (+ s.e.m.) was determined at
2.3 + 0.3 pM. (c) Calcium imaging of Trpal~~ DRG neurons, exposed to

30 uM ZnCly, 1 uM capsaicin and 100 mM KCI for the indicated times.
Note the absence of zinc-responsive neurons. (d) Summary of zinc responses
in neurons isolated from Trpal*'* and Trpal” mice. Average % (+ s.d.) of
three (Trpal*™*) and two (Trpal™) individual preparations are shown. In
total, 1,900 Trpal** neurons were tested, among which 243 responded to
ZnCly. Out of 1,141 Trpal™- neurons tested, O responded to ZnCls.

The use of millimolar zinc concentrations in these experiments is
consistent with other nocifensive behavioral studies involving TRPA1
agonists such as formaldehyde (5), iodoacetamide (6) and mustard oil,
for which solutions of 66 mM (0.2%), 15 mM and 75 mM,
respectively, have been used, even though in vitro experiments indicate
micromolar ECs, values'®!%20, The differences between the in vivo
and in vitro potency of these compounds may reflect their pharma-
cokinetic properties or the route of exposure.

Zinc activates TRPAT1 via an intracellular site

We next set out to characterize the mechanism by which zinc activates
TRPAL. First we investigated whether activation requires intracellular
components or is membrane-delimited. To answer this question we
measured zinc-induced currents in cell-detached membrane patches
of HEK293 cells expressing TRPAI. Using the inside-out configura-
tion, we perfused zinc onto the intracellular face of the membrane,
which induced a reversible and concentration-dependent TRPA1
activation (Fig. 3a—d). Dose-response experiments revealed that
intracellular zinc at a concentration as low as 10 nM activated
TRPA1, with an ECs of approximately 50 nM (Fig. 3a—c). Therefore,
TRPA1 is much more sensitive to zinc when assayed intracellularly.
Channel activity was inhibited by ruthenium red and camphor (7),
two known TRPALI blockers, and was not observed in control patches
without TRPA1 (refs. 10,21) (Supplementary Fig. 1 online and data
not shown). We also observed that 10 nM zinc augments TRPA1
activation by calcium, thus providing further evidence that low levels
of zinc modulate TRPA1 activity (Supplementary Fig. 2 online).
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Figure 2 TRPA1 mediates zinc-induced nocifensive behavior. (a,b) Zinc
acetate (a) or calcium acetate (b) at a concentration of 30 mM was injected
in the hindpaw of wild-type and Trpal~ mice, and nocifensive responses
(paw flicking and licking) were recorded over a period of 5 min (see Methods
for details). Error bars represent s.e.m.
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These results suggest that zinc activates TRPAl in a membrane-
delimited fashion. Zinc activated TRPA1 channels at both positive
and negative membrane potentials in the inside-out configuration
(Fig. 3d). On the other hand, zinc (100 nM) applied to inside-out
patches from untransfected HEK293 cells failed to evoke channel
activities in five out of five patches (data not shown).

In the above experiments, zinc was only added to the intracellular
buffer. In fact the extracellular (pipette) buffer contained 1 mM
EGTA, which strongly chelates zinc (Kyz, ~1 nM), which
indicates that TRPALI is activated specifically by intracellular zinc.
In the reciprocal experiment, we used the outside-out configuration to
perfuse zinc onto the extracellular face of the membrane while
chelating intracellular zinc with 1 mM EGTA. In contrast to
intracellular zinc, extracellular zinc did not increase single channel
activity above basal level, even though a control agonist did, which
suggests that extracellular zinc by itself is unable to activate the
channel (Fig. 3e,(f). These data suggest that zinc activates TRPA1
through intracellular sites.

TRPAT1 is zinc permeable

Because zinc is not membrane permeable, the above data raised
the question of how extracellularly applied zinc can cause TRPA1
activation in intact HEK293 cells and neurons. One possibility is
that zinc enters the cell through active uptake via zinc transporters
or through ion channels co-expressed with TRPAl. Given that
TRPA1 could be activated by zinc in various cell types (CHO,
HEK293, DRG; Fig. 1 and data not shown), we hypothesized
that TRPA1 itself might mediate the zinc influx. To explore this,
we used intracellular zinc imaging using the zinc-selective
fluorophore fluozin-3 (8)?2. In agreement with our hypothesis,
zinc imaging revealed that extracellular application of zinc
resulted in zinc influx in TRPA1l-transfected HEK293 cells, which
was absent in cells transfected with vector control (Fig. 4a). No
fluorescence increase was observed upon addition of ionomycin (9),
which indicates that the signal could not have been due to influx of
calcium (Fig. 4a).
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Figure 3 Zinc activates TRPA1 through intracellular sites. (a) TRPA1
channel activity in an excised inside-out patch in response to indicated
concentrations of ZnCl,. EGTA (1 mM) was included in the pipette solution.
(b) Histogram illustrates zinc-induced single channel open probability in an
excised inside-out patch as shown in a. NPo refers to channel open
probability. (c) Concentration-response curve of zinc-evoked increase of
single channel open probability of TRPAL in excised inside-out patches. All
points were normalized to the effect of 100 nM zinc. The curve shown is the
best fit of the data to the logistic equation y = Epna/(1 + (XEC50)~ "), where
Emax is the maximal response, ECsq is the agonist concentration producing
50% of the maximal response and n is the slope factor. Numbers of patches
tested at each concentration are indicated. Error bars represent s.e.m.

(d) Zinc-activated TRPA1 channels at both positive and negative membrane
potentials in an excised patch with inside-out patch configuration. Voltage
ramps of 200 ms to +100 mV after a brief (20 ms) step to —100 mV from
holding potential of O mV were applied every second in the absence (basal)
and presence of 300 nM zinc. (e) TRPA1 channel activity in an excised
outside-out patch in response to ZnCl, and mustard oil (MO). No activity is
observed in response to zinc (n = 6). EGTA (1 mM) was included in the
pipette solution. (f) Histogram illustrates the time course and effect of zinc
and MO on single channel open probability of TRPA1 as shown in d.

To test whether zinc permeation is also a property of natively
expressed TRPAI, we assayed intracellular zinc levels in dorsal root
ganglia, after exposure to zinc. Notably, neurons from Trpal*/* mice
exhibited increases in fluozin-3 fluorescence ranging from 1 to ~8
times the basal level. In contrast, the fluorescence increases in neurons
from Trpal™ mice were limited largely to less than twofold (Supple-
mentary Fig. 3 online). These results suggest that natively expressed
TRPA1 mediates zinc influx. Notably, TRPA1-independent mechan-
isms of zinc influx may also exist, as zinc induced moderate fluores-
cence increases in Trpal ™~ neurons.

These results indicate that TRPA1 can facilitate zinc influx. It is
known that TRPAI, like many other TRP channels, exhibits basal
channel activity in the absence of any stimulus?>?*. We therefore
proposed a working model in which zinc enters the cell through low-
level basal activity of TRPA1 channels resulting in subsequent full
activation through zinc interaction with intracellular sites. To further
test this hypothesis, we generated a mutation in the selectivity filter of
TRPA1 known to affect TRP channel permeability to divalent
cations®®. This mutant channel (D915A) was functional, but exhibited
a lower conductance than the wild-type channel, which is indicative of
a mutation affecting the ion permeation pathway (Supplementary
Fig. 4a—c online). Notably, no zinc influx could be observed in this
mutant, even in the presence of saturating concentrations of the
TRPA1 agonist cinnamaldehyde. This suggests that TRPA1 D915A
abolishes zinc permeation (Fig. 4b). Consistent with this, no activation
of TRPA1 D915A by zinc was observed in whole-cell configuration,
despite the fact that zinc activated large currents at both positive and
negative membrane potentials in wild-type TRPA1 (Fig. 4c—d). TRPA1
DII15A is robustly activated by zinc in inside-out patches, which
demonstrates that this mutant channel can still be activated by
intracellular zinc (Fig. 4e,f). These results suggest that activation by
extracellular zinc requires its permeation through TRPAl to gain
access to intracellular sites.

Structural requirements for zinc activation

To further elucidate the mechanism underlying zinc activation, we set
out to identify structural elements required for TRPA1 activation by
zinc. Detailed insight into protein-zinc interaction sites has come from
structural studies on metalloenzymes. These indicate that zinc binding
is most commonly mediated by the coordination of multiple side
chains from aspartate, glutamate, histidine and cysteine residues, with
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the latter two being most prevalent among zinc binding sites"?°.
Although TRPAI bears no apparent structural similarity to metal-
loenzymes, it does contain three N-terminal cytoplasmic cysteine
residues that have been implicated in channel activation by electro-
philic (cysteine-reactive) TRPA1 agonists>’?5, We therefore investi-
gated whether these cysteines are also involved in zinc activation.
TRPA1 mutants in which these cysteines were
replaced by serines were tested for responses
to zinc, cinnamaldehyde (a cysteine-reactive
agonist) and flufenamic acid (10; FFA, a
nonreactive compound that we recently
found to be a potent human TRPA1 agonist).
Individual mutation of the cysteines only
moderately affected the zinc responses (Sup-
plementary Fig. 5a—c and Supplementary
Table 1 online). A human TRPA1 channel 0
mutated at all three cysteines responded

5,000

Fluorescence increase (a.u.) Q)

Figure 4 Zinc permeation through TRPA1 is required for activation by
extracellular zinc. (a) Zinc imaging (fluozin-3) of wild-type TRPA1-
transfected cells exposed to 30 uM ZnCl, (red trace) or 2 uM ionomycin
(IM, blue trace) at the indicated time (arrow). Vector control-transfected
cells were exposed to 30 uM ZnCl, (black trace). (b) Zinc imaging of cells
transfected with wild-type TRPA1 (red trace), D915A mutant (blue trace)
and vector control (black trace). Cells were exposed to 30 uM ZnCl, in
combination with cinnamaldehyde (CA, 1 mM) at indicted time (arrow).

(c) Time course of zinc (30 uM)-activated whole-cell currents taken at
+100 mV or —100 mV membrane potential in HEK293 cells transfected
with wild-type TRPA1 or TRPA1 D915A mutant. (d) 30 uM zinc-induced
whole-cell current densities at +100 and —100 mV of HEK293 cells
transfected with wild-type TRPA1 and TRPA1 D915A mutant clones

(n = 8 for wild type and n = 7 for TRPA1 D915A mutant). Error bars
represent s.e.m. (e) Zinc increased single channel opening in an inside-out
patch excised from a HEK293 cell transfected with TRPA1 D915A

(n = 7). Single channel traces are taken at +80 mV. (f) Histogram illustrates
concentration-dependent activation of single channels in an excised inside-
out patch from a TRPA1 D915A mutant-expressing HEK293 cell.

and 2 online). This led us to identify the C1021S mutant in the
C-terminal cytoplasmic region, which shows a partial but highly
specific loss of zinc sensitivity (Fig. 5a—c; Supplementary Table 1).
Combining this mutation with the N-terminal C641S mutation
(which among the three N-terminal mutations appeared most selec-
tively affected in its zinc sensitivity) resulted in a mutant that was
severely compromised in its responses to zinc, whereas activation by
other agonists was not substantially affected (Fig. 5a—c; Supplemen-
tary Table 1). Among the histidine mutants, H983A caused a severe
loss of zinc activation, whereas other agonists could still activate these
channels, albeit less potently (Fig. 5d—f). In our mutagenesis experi-
ments, we disregarded mutants that were inactive in response to a
non-electrophilic agonist. Thus structural elements required for
activation by all agonist types would have been missed.
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further mutagenesis studies to investigate
whether other cysteine or histidine
residues are required for zinc activation.
We thus individually mutated every histidine
and cysteine present in human TRPA1 (Sup-
plementary Fig. 6; Supplementary Tables 1

Figure 5 Role of cysteine and histidine residues in TRPA1 activation by zinc. Dose-response profiles for
the indicated TRPA1 mutants in response to cinnamaldehyde (a cysteine-reactive TRPA1 agonist), FFA
(a nonreactive TRPA1 agonist) and ZnCl, as determined by calcium imaging (FLIPR). (a—c) C1021S
(brown squares), C641S (red triangles) and combined C1021S C641S double mutant (inverted blue
triangles) compared with wild-type TRPA1 (black circles). (d—f) H983A (inverted blue triangles) mutant
compared with wild-type TRPA1 (black circles). Error bars represent s.e.m.
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Figure 6 H983A and C641S C1021S double mutant exhibit decreased
intracellular zinc sensitivity. (a—c) Single channel activity in excised inside-
out patches of HEK293 cells expressing wild-type, H983A and C641S
C1021S TRPA1 at holding potential of +80 mV in response to 10 nM (a),
100 nM (b) and 1,000 nM (c) ZnCl,. All responses were normalized to the
open probability of 500 uM cinnamaldehyde-evoked response in the same
patch. n = 7 for wild type, n = 6 for H983A mutant and n = 7 for C641S
C1021S mutant. Error bars represent s.e.m.; *P < 0.05; ns refers to no
significance. (d) Cartoon of human TRPA1 with position of histidine and
cysteine residues involved in channel activation. Darker green circles
indicate cysteines specifically involved in zinc activation.

As the above experiments tested responsiveness to extracellular zinc,
the loss in zinc activation could be explained by either a defect in zinc
influx or a loss of sensitivity to intracellular zinc. Therefore we tested
the most zinc-insensitive mutants in inside-out patches. Zinc applica-
tion to the intracellular side of the membrane showed that both the
C641S C1021S and H983A mutants were severely deficient in intra-
cellular zinc sensitivity (Fig. 6a—c). Importantly, single channel con-
ductance of these mutant channels was similar to that of wild-type
TRPA1 (Supplementary Fig. 4). Taken together, these results demon-
strate that both intracellular cysteine and histidine residues are
involved in TRPA’s sensitivity to intracellular zinc.

DISCUSSION

Overexposure to zinc is often associated with acute irritation and
inflammation. However, whether this is due to direct activation of
nociceptors or to indirect consequences of zinc toxicity has not
been investigated. In this study, we find that zinc potently excites
nociceptive sensory neurons in a TRPAI-dependent mechanism.
Furthermore, zinc-induced irritation is substantially reduced in
Trpal™~ mice. These results suggest that TRPAI is a major target
for sensory symptoms elicited by zinc exposure. Although our
data suggest a major role for TRPA1, a minor zinc irritation remained
in Trpal~~ mice, which indicates that additional zinc-sensing mechan-
isms may exist. Furthermore, zinc toxicity (with symptoms includ-
ing inflammation and even fever) is likely complex. Although activa-
tion of TRPAI in lung or gut sensory neurons forms an attractive
hypothesis to explain at least some of these symptoms, further
studies will be required. Given our finding that cadmium is
also a TRPAI agonist, further studies could also test the role of
TRPALI in cadmium toxicity, the symptoms of which appear similar
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to those of zinc toxicity, including gastrointestinal and respi-
ratory pain, irritation and inflammation?%%,

The result that TRPA1 acts as a sensor for exogenous zinc raises the
question of whether TRPA1 can also sense endogenous zinc. Endo-
genous free zinc ions are increasingly recognized as a signaling
molecule, and dynamic fluctuations of both intra- and extracellular
free zinc have been reported. In hippocampal neurons for instance,
zinc released from presynaptic vesicles can lead to synaptic concentra-
tions of 10-30 puM, which inhibits NMDA (11) and GABA (12)
receptor function, and in mast cells intracellular free zinc is upregu-
lated upon IgE receptor (FceRI) signaling®’!. TRPA1 is among the
most zinc-sensitive ion channels and receptors presently known,
which suggests that TRPA1 might play an important role in sensing
endogenous zinc*>33. Our results show that 10 nM intracellular zinc is
enough to modulate TRPA1 activity. Intracellular free zinc concentra-
tions have been estimated to be in the picomolar to nanomolar range,
although little is known about variations in concentration in different
mammalian cell types**. Possibly, upregulation of intracellular free
zinc could yield concentrations in a range where it could augment
TRPA1 function and thus participate in nociception, hyperalgesia and
allodynia. Notably, histochemical stainings of DRG neurons have
shown the presence of intracellular zinc, and have documented an
increase of this staining upon neuronal injury>.

In addition to intracellular zinc, extracellular endogenous zinc
could activate TRPA1. In analogy to hippocampal neurons, several
studies have indicated the existence of zinc-containing vesicles in
dorsal root ganglia neurons and in layers of the dorsal horn involved
in sensory transmission3>=37, Therefore, vesicular zinc release at the
spinal projections of the dorsal root ganglia could potentially
affect TRPA1 channels present there®®. It should be noted here that
under some conditions zinc can also have antinociceptive effects,
which suggests that zinc modulation of sensory signaling is likely
complex®*#!. Sensory neurons also innervate peripheral targets that
have high levels of zinc. Skin, the major innervation target of sensory
neurons, is, for instance, highly enriched with zinc, containing 32
times more total zinc than plasma*2. Another intriguing innervation
target is the pancreatic islets of Langerhans. Islet beta cells have been
shown to co-secrete zinc with insulin, and extracellular concentrations
of 0.6-7 UM free zinc have been measured, which would be sufficient
for TRPA1 activation and modulation*>**, Notably, TRPV1-expres-
sing sensory neurons have recently been shown to innervate the
vicinity of islets, and to control beta cell stress and islet inflammation
in autoimmune diabetes?*. Given that TRPA1 is expressed in TRPV1-
expressing neurons, zinc could act as a messenger for a neuroendo-
crine link between pancreas and sensory neurons. Whether dynamic
changes in endogenous zinc can regulate TRPAI requires further
study. Notably, modulation by zinc is readily reversible in nature,
which is in contrast to recently proposed TRPA1 modulation by
reactive endogenous metabolites®.

Our findings indicate that zinc activation of TRPA1 is reversible and
membrane delimited. Although it is not formal proof, this is con-
sistent with a direct effect of zinc on the channel. Our results further
show that TRPA1 activation is mediated via intracellular zinc inter-
action sites. TRPA1 activation by extracellular zinc thus requires zinc
influx. Many TRP channels, including TRPA1, exhibit tonic (basal)
activity, and TRPA1 is shown here to be zinc permeable (but not gated
by extracellular zinc, as demonstrated in outside-out patches)23’24.
Thus our preferred model is that tonic activity of TRPA1 mediates
influx of small amounts of zinc, which can initiate further activation.
Consistent with this model, a D915A mutation in the ion permeation
pathway of TRPAIl abolished zinc permeation and activation by
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extracellular but not intracellular zinc. This model may explain the
large difference in ECsy for intracellular zinc (as measured using
inside-out patches) and extracellular zinc as measured in intact cells
(using a fluorescent imaging plate reader (FLIPR)). In the former
experiment, intracellular zinc has direct access to the intracellular
activation site, whereas in the latter experiment activation depends on
accumulation of intracellular zinc, which is limited by the rate of
influx through TRPA1 on one hand and zinc homeostatic mechanisms
present in intact cells on the other (including zinc chelation by
intracellular proteins). Thus higher concentrations of extracellular
zinc are required to achieve the same effect as intracellular zinc.

Whether TRPAl-independent mechanisms of zinc influx in
sensory neurons, such as through zinc transporters, can also
influence zinc activation of TRPAI remains to be determined.
Furthermore, mechanisms of zinc activation may be complicated,
and we cannot rule out that full activation may require zinc
interactions with both intra- and extracellular sites. Regardless of
mechanism, intracellular action of zinc is an important determi-
nant of TRPA1 activation.

TRPAL is activated by various reactive and nonreactive chemi-
cals, by cold temperatures, and in response to receptor-mediated
phospholipase C activation®. The activation of TRPA1 by zinc has
given us further insight into the diversity of noxious signals that
can activate TRPAl. Zinc-protein interactions have been well
studied in metalloproteins and suggest that zinc binding involves
coordination by two to four amino acid side chains, with cysteine
and histidine being the most prevalent coordinating sites"2°,
Consistent with this, we identified two cysteine (Cys641 and
Cys1021) residues and one histidine (His983) residue that clearly
affect zinc sensitivity. The N-terminal Cys641, which was previously
identified as a residue involved in responses to reactive chemicals,
showed only a modest requirement for zinc sensitivity. This finding
does, however, indicate that zinc sensitivity and cysteine reactivity
may use partly overlapping mechanisms. The modest deficits in
known cysteine mutants led us to identify additional residues
involved in zinc activation. The two newly identified residues
(Cys1021 and His983) reside in the intracellular C-terminal
domain of the channel, which to our knowledge has not been
previously implicated in TRPA1 activation (Fig. 6d). Cys1021
displays the most selective requirement for zinc responses, as
mutation in this residue shows profound deficits in response to
zing, but not to FFA or cinnamaldehyde. This indicates that zinc
activation is at least partly separable from activation by cysteine
modifiers and nonreactive chemicals. His983 is the most robust
zinc mutant, severely affecting zinc responses. However, His983 is
also partly required for other TRPA1 agonists. Notably, Cys641 and
His983 are conserved between mouse and human TRPAI, and
Cys1021 is a histidine in the mouse sequence, which suggests a
possible functional conservation. Although mutagenesis studies
have to be interpreted with caution, it is tempting to hypothesize
that zinc directly binds to the cysteine and histidine residues
identified. As the identified residues are in distinct domains of
the protein, this raises the question of whether the N and C termini
come together to form a zinc binding site. Alternatively, the
different sites could form multiple zinc binding sites. Notably,
intracellular zinc sites have also been described in voltage-gated
K* channels®’.

Our studies show that the activation of TRPAI by zinc can explain
some of the pathological consequences of zinc toxicity. In addition,
the activation of TRPA1 by zinc has given us further insight into the
diversity of noxious signals that are sensed by TRPA1, and the diversity

of mechanisms involved in the activation of this ion channel. Future
studies will address how zinc binding or covalent modification of
cysteines and histidines translates into TRPA1 ion channel activation.
Given the sensitivity of TRPA1 to nanomolar concentrations of zinc,
future work will also address whether this channel plays a role in
sensing endogenous zinc.

METHODS

DRG neurons, cell culture and genetic constructs. Dissociation and culturing
of mouse DRG neurons was performed as previously described*®. HEK293
cells were grown at 37 °C, 5% CO, in DMEM containing 4.5 mg ml™! glucose,
10% (v/v) heat-inactivated fetal bovine serum, 50 units ml~! penicillin and
50 pg ml™! streptomycin. For calcium imaging, zinc imaging and electrophysio-
logical studies, cells were transfected with the desired complementary DNA
using Fugene 6.0 (Roche Diagnostics) following the manufacturer’s protocol.
cDNA for human TRPAI, rat TRPVI, rat TRPV2, mouse TRPV3 and rat
TRPV4 were in the pcDNA3/5-FRT vector. Human TRPMS8 was in the
pcDNA4-TO vector. All site-directed mutants were generated by QuikChange
II XL site-directed mutagenesis kit (Stratagene) and verified by DNA sequen-
cing (we used human instead of mouse TRPA1 for all studies described here
because mouse mutants showed more pronounced overall channel dysfunction
in the FLIPR assay).

Calcium and zinc imaging. For single cell intracellular calcium and zinc
imaging, dorsal root ganglion neurons were isolated and cultured for 24 h on
polylysine-coated coverslips as described*®. For single cell zinc imaging,
neurons were incubated for 45-75 min at 37 °C with 4 pM fluozin-3-AM
(a cell-permeant zinc indicator used for detecting low intracellular Zn?" levels
and small concentration changes) and 0.04% (v/v) pluronic F127 (Invitrogen)
in assay buffer (10 mM HEPES-buffered Hanks’ balanced salt solution: 1.26 mM
Ca’*, 0.9 mM Mg?*, 5.8 mM K*, 138.6 mM Na*, Invitrogen). After loading,
cells were washed and constantly perfused with assay buffer. Images of cells
(excitation 490 nm, emission 530 nm) were captured with a cooled CCD
camera attached to an inverted microscope (Nikon) and analyzed using
MetaFluor software (Universal Imaging Corporation). For single cell calcium
imaging, a similar procedure was used!?. Briefly, cells were loaded with the
ratiometric fluorophore fluo-2 and imaged (excitation 340 and 380 nm,
emission 510 nm) while constantly perfused with assay buffer (10 mM
HEPES-buffered Hanks’ balanced salt solution). ZnCl, was added to the buffer
as indicated, and experiments were performed at room temperature (23-25 °C).

Intracellular calcium imaging of HEK293 cells was performed using a
384-well fluorescent imaging plate reader (FLIPR, Molecular Devices) essen-
tially as described*’. Briefly, HEK293 cells were transfected with the desired
c¢DNA (50 ng per well) and seeded in black 384-well clear bottom plates at a
density of 8,000 cells per well. Two days after transfection, cells were washed
with FLIPR assay buffer (see below), loaded with fluo-3 (Invitrogen) according
to manufacturer’s protocol, washed again and placed on FLIPR to measure
fluorescence increase upon addition of agonist. For intracellular zinc imaging,
fluo-3 was replaced by the zinc-specific fluorophore fluozin-3 (Invitrogen) and
1.25 mM probenecid was included in the assay buffer to block dye leakage
observed with this fluorophore. For both Ca?* and Zn?* imaging, the FLIPR
assay buffer consisted of 20 mM HEPES-buffered Hanks’ balanced salt solution
(Invitrogen; 1.26 mM Ca*, 0.9 mM Mg?*, 5.8 mM K™, 138.6 mM Na*). Dose-
response curves were fitted to a variable slope sigmoidal dose-response curve
(PRISM and Sigmaplot), and error bars represent s.e.m. ECs( values £ s.e.m.
are indicated (Sigmaplot).

Electrophysiological recordings. HEK293 cells were cotransfected with
enhanced green fluorescent protein (EGFP) and wild-type or mutant
human TRPA1 constructs in wells of 24-well plates. Transfected HEK293
cells were reseeded on 12 mm round glass coverslips (Warner Instruments)
one day after transfection. Whole-cell recordings were performed the
following day. Recording pipettes were pulled from micropipette glass
(Sutter) to 2—4 MQ when filled with a low buffered internal solution
containing 140 mM CsCl, 2.0 mM MgCl,, 0.02 mM EGTA, 10 mM HEPES,
pH 7.2. Bathing solution contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl,,
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1 mM MgCl,, 10 mM glucose and 10 mM HEPES, pH 7.4. To prevent
TRPA1 desensitization, after the formation of whole-cell configuration,
cells were perfused in the same solution except without addition of
calcium. Isolated cells were voltage clamped in the whole-cell mode using
an EPC9 (HEKA Instruments Inc) amplifier. Voltage commands were made
from the Pulse and PulseFit program, and the currents were recorded at
5 kHz. Voltage ramps of 200 ms to +100 mV after a brief (20 ms) step to
—100 mV from holding potential of 0 mV were applied every second. Cells
were continuously perfused with the bath solution through a Valve-Bank
perfusion system (Automate Scientific). For inside-out and outside-out
patches, both the pipette solution and bath solution contained (in mM)
140 CsCl, 1 EGTA, 1 MgCl,, 10 HEPES, pH 7.4. Excised patches were held
constantly at desired potentials while compounds were repetitively applied
and washed from the bath. Single channel currents were recorded at 10 kHz
and filtered at 3 kHz. For quantitative analysis of single channel recording
data, the Pulse files were converted to Axon Binary Files (ABF Utility,
Synaptosoft). Data were analyzed and plotted using Clampfit 9.2 (Mole-
cular Devices). Single-channel events were identified on the basis of the
half-amplitude threshold-crossing criteria. P(open) was determined from
idealized traces as the ratio of the sum of all open durations to the total
trace duration. Values are given as the means + s.e.m.; n represents the
number of measurements. To determine the statistical significance of
differences between the means, a t-test was used. Differences were
judged to be statistically significant when P < 0.05. All experiments were
performed at 25 °C. For Zn?™- or Ca?"-buffered external solutions,
total Zn>* and Ca®" concentrations were determined using the MaxChe-
lator (http://www.stanford.edu/~cpatton/maxc.html) according to pro-
gram instructions.

Behavioral experiment. Nocifensive behavior upon intraplantar hindpaw
injection was assayed as described®®. Animals were injected intraplantarly with
20 pl 0.9% (w/v) saline containing 30 mM zinc acetate or calcium acetate
(Sigma). The pH of calcium acetate solution was titrated to match the pH of the
zinc acetate solution (pH 6.4). Time spent on nocifencive behavior (flicking,
licking and lifting injected paw) was recorded during 5 min. Genetically
modified animals were tested and compared with their control (wild-type)
littermates. Trpal~~ mice were kindly provided by D. Corey (Harvard Medical
School) ¢, All experiments were performed blind with respect to genotype and
were conducted with the approval of the The Scripps Research Institute Animal
Research Committee. Student’s t-test was used for all statistical calculations.
Error bars represent s.e.m.

Note: Supplementary information and chemical compound information is available on
the Nature Chemical Biology website.
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