
Immunoprecipitation
See Supplementary Information for the detailed protocol. In brief, cells were lysed in
Nonidet P-40 (NP-40) buffer and cleared by centrifugation at 4 8C. Antibody-conjugated
agarose was added to the supernatant and incubated at 4 8C for 3 h or overnight. Beads were
washed four times in NP-40 buffer plus 500 mM NaCl. Co-immunprecipitations were
treated in the same way, except that the beads were washed in NP-40 buffer without salt.

Immunofluorescence
Cells were washed with PBS and fixed in 3.7% formaldehyde. Permeabilization, washes
and antibody dilutions were done with 1% calf serum and 0.25% Triton X-100 in PBS.
Primary antibodies were diluted 1:80. FITC-conjugated goat anti-mouse was used at a
dilution of 1:300, and goat anti-rabbit was used at 1:1,000. For the experiments in Fig. 4f,
the cells were washed with PBS then incubated in cold 0.1% Triton in PBS for 10 min at
4 8C. The cells were then fixed and immunostained as described above. All images were
captured at a magnification of £40 on a confocal microscope (Leica).

For fluorescence in situ ERK activation assays (Fig. 4e), cells were stained with
antibodies against phosphorylated ERK1/2 (Cell Signalling, diluted 1:100) and
antibodies against ERK1 (Santa Cruz, 1:100), followed by AlexaFluor-680-conjugated
anti-mouse (Molecular Probes, 1:100) and IRDye800-conjugated anti-rabbit (Rockland,
1:100) secondary antibodies. Signal detection and quantification were done by the
Odyssey system (Li-Cor) as directed by the manufacturer.

In situ ERK activation assay
We infected KSR12/2 cells with bicistronic retroviruses encoding KSR1–IRES–GFP and
IMP–IRES–YPF or control viruses, and sorted them for green and yellow fluorescence by
FACS. Sorted cells were seeded at 1.5 £ 104 cells per well in 96-well plates 24 h before
analysis. Cells at 70% confluence were deprived of serum for 4 h, and treated with
100 ng ml21 EGF or 25 ng ml21 PDGF for 5 min, before being assayed for ERK activation
by a quantitative fluorescence in situ plate assay.

Phosphatase and Raf kinase assays
See Supplementary Information for the phosphatase assays. For the Raf kinase assays, Raf1
or RafBXB was immunoprecipitated and washed five times in NP-40 buffer, once in PBS,
and once in 25 mM HEPES (pH 7.5) and 10 mM MgCl2. The beads were then added to
kinase assay reagents comprising 10 mM MgCl2, 83 mM ATP, 25 mM HEPES (pH 7.5) and
50 ng ml21 recombinant MEK(K94A). The reaction was incubated at 30 8C for 40 min with
regular mixing, and stopped on the addition of 2 £ sample buffer.
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Wasabi, horseradish and mustard owe their pungency to iso-
thiocyanate compounds. Topical application of mustard oil (allyl
isothiocyanate) to the skin activates underlying sensory nerve
endings, thereby producing pain, inflammation and robust
hypersensitivity to thermal and mechanical stimuli1,2. Despite
their widespread use in both the kitchen and the laboratory, the
molecular mechanism through which isothiocyanates mediate
their effects remains unknown. Here we show that mustard oil
depolarizes a subpopulation of primary sensory neurons that are
also activated by capsaicin, the pungent ingredient in chilli
peppers, and by D9-tetrahydrocannabinol (THC), the psycho-
active component of marijuana. Both allyl isothiocyanate and
THC mediate their excitatory effects by activating ANKTM1, a
member of the transient receptor potential (TRP) ion channel
family recently implicated in the detection of noxious cold3,4.
These findings identify a cellular and molecular target for the
pungent action of mustard oils and support an emerging role for
TRP channels as ionotropic cannabinoid receptors5–8.

Capsaicin and mustard oil are plant-derived natural products
that elicit pain and inflammation when applied to the skin1,2. These
effects are produced by the depolarization of sensory nerve fibres
that detect noxious stimuli (so-called nociceptors). In addition to
transmitting ‘pain signals’ to the spinal cord, nociceptors may also
release peptides—such as substance P and calcitonin-gene-related
peptide (CGRP)—peripherally to produce vascular leakage and
vasodilation, leading to inflammation and tenderness at the site
of irritant application9,10. Capsaicin mediates these effects by acti-
vating the vanilloid receptor TRPV1, a heat-sensitive cation channel
on nociceptor terminals11–13. TRPV1 belongs to the greater family of
TRP channels, many of which are key components of signal
transduction pathways in a variety of sensory systems14–16.

Topical administration of mustard oil also produces nociceptor
excitation, but whether this occurs through a direct action on
sensory neurons or through a specific membrane receptor is not
known17. TRPV1-deficient mice retain sensitivity to mustard oil,
indicating that capsaicin and isothiocyanates excite nociceptors
through distinct molecular mechanisms18. However, inflammatory
responses to these irritants show partial cross-desensitization,
suggesting that they act through convergent cellular signalling
pathways19,20.

To identify the cellular site of action of mustard oil, we used
calcium imaging to ask whether allyl isothiocyanate (20 mM) excites
dissociated sensory neurons from rat trigeminal ganglia. Approxi-
mately 35% of cultured neurons showed rapid and robust increases
in intracellular free calcium with the application of this compound
(Fig. 1). Subsequent exposure to capsaicin (1 mM) excited a larger
cohort of neurons (,55%), encompassing all of the mustard-oil-
responsive cells. Capsaicin-evoked responses result from an influx
of divalent cations directly through the TRPV1 channel21. Similarly,
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mustard-oil-evoked responses were eliminated when calcium was
removed from the extracellular medium (not shown), consistent
with a mechanism involving an influx of calcium across the plasma
membrane.

The plant-derived cannabinoid receptor agonists THC and
cannabinol have recently been shown to relax hepatic or mesenteric
arteries in vitro by activating capsaicin-sensitive, CGRP-containing
perivascular sensory nerve endings that innervate the smooth
muscle22. This effect is not inhibited by antagonists of known
G-protein-coupled cannabinoid receptors, but is blocked by ruthe-
nium red, an inhibitor of TRPV1 and certain other members of the
TRP channel family. Moreover, THC-evoked vasorelaxation is
dependent on extracellular calcium and persists in TRPV1-deficient
mice22. Like THC, isothiocyanates induce endothelium-indepen-
dent vasorelaxation23, and activation of sensory nerve endings by
these compounds is blocked by ruthenium red24 and persists in
TRPV12/2 mice18. We therefore asked whether THC and allyl
isothiocyanate excite the same population of neurons. Indeed, all
THC-excitable cells responded to mustard oil (Fig. 1a, b), and
responses to either agonist were blocked by ruthenium red (10 mM)
(Fig. 1c). A significant percentage (,35%) of mustard-oil-sensitive
neurons were not excited by THC, but most of these cells showed
relatively weak responses to mustard oil (25% less than THC-

sensitive cells, P , 0.001) and their failure to respond to THC
may reflect the less robust effect of cannabinoids as excitatory agents
for these cells (Fig. 1). Whole-cell patch-clamp recordings from
trigeminal neurons confirmed our observation that a subpopu-
lation of capsaicin-sensitive cells is dually responsive to mustard oil
and THC (Fig. 1e). These agonists produced currents that reversed
near 0 mV (consistent with the opening of non-selective cation
channels), showed slight outward rectification and were blocked by
ruthenium red (Fig. 1e).

Taken together, these results suggest that THC and mustard oil
excite nociceptors through a similar, if not identical mechanism
involving activation of a calcium-permeable, ruthenium-red-block-
able channel on capsaicin-sensitive, CGRP-containing sensory
neurons. In considering a potential molecular target for these
agents, we realized that all of these characteristics are met by
ANKTM1, a member of the TRP channel family recently proposed
to function as a detector of noxious cold by peptidergic, TRPV1-
expressing primary afferent neurons4. To test this possibility
directly, we measured responses of rat ANKTM1-expressing
human embryonic kidney (HEK) 293 cells to mustard oil. Indeed,
application of mustard oil (20 mM) produced large increases in
intracellular free calcium, whereas capsaicin (1 mM) had no effect
(Fig. 2a). This response was specific to ANKTM1, as TRPV1- or

Figure 1 THC and mustard oil activate a subset of sensory neurons. a, Responses of

dissociated rat trigeminal neurons to 20 mM THC, 20 mM mustard oil (MO) or 1 mM

capsaicin (Cap), as measured by Fura-2 ratiometric imaging (scale bar indicates the

intracellular calcium concentration, [Ca2þ]i, in mM). b, [Ca2þ]i response in a

representative neuron to THC, mustard oil and capsaicin (see box in part a). c, Calcium

responses evoked by THC (green) and mustard oil (yellow) are blocked by 10 mM

ruthenium red (RR). As shown in panel b, responses are sustained in the absence of

ruthenium red. Calcium increases returned to basal levels when agonists were washed

out (not shown). d, Percentage of cultured neurons exhibiting a stimulus-evoked rise in

[Ca2þ]i in response to 20 mM THC, 20 mM mustard oil or 1 mM capsaicin.

e, Electrophysiological response of a representative neuron to 20 mM THC (green) or

20 mM mustard oil in the absence (yellow) or presence (red) of 5 mM ruthenium red.

Voltage ramps from 2100 to þ80 mV (200 ms) were applied every 2 s. THC-evoked

currents display slight outward rectification. Mustard oil activates identical currents of

larger amplitude in the same cell. Ruthenium red (10 mM) blocks THC- and mustard-oil-

evoked currents.
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vector-transfected cells were unresponsive. Mustard oil also elicited
large and reversible membrane currents in oocytes expressing
ANKTM1, where dose–response analysis revealed a half-maximal
effective concentration (EC50) of 11 ^ 1 mM (Fig. 2b). To further
verify the specificity of these ligands for ANKTM1, we tested a
number of other TRP channels expressed by sensory neurons,
including TRPV2, TRPV3 and TRPM8, none of which responded
to mustard oil.

A variety of isothiocyanate compounds, including allyl, benzyl,
phenylethyl, isopropyl and methyl isothiocyanate, constitute the
main pungent ingredients in wasabi, yellow mustard, Brussels
sprouts, nasturtium seeds and capers, respectively. Calcium imaging
showed that each of these compounds was capable of activating the
human ANKTM1 channel (Fig. 2c). Electrophysiological responses
were also observed in oocytes expressing human ANKTM1, where
large membrane currents were elicited in response to crude extracts
prepared from brown mustard seed or wasabi paste (Fig. 2d), or to
the isothiocyanates described above (Fig. 2e).

In view of our observation with trigeminal neurons, we asked
whether cells heterologously expressing ANKTM1 also respond to
THC or cannabinol. Calcium imaging showed that both the rat and
the human receptor could be activated by these ligands (Fig. 3a, b),
consistent with the idea that isothiocyanates and cannabinoids
excite sensory neurons through the same molecular mechanism.
Recordings from ANKTM1-expressing oocytes showed that canna-
binoids elicit membrane currents that have similar, if not identical,
properties to those produced by mustard oil (Fig. 3a, c), including
slight outward rectification and block by ruthenium red (not

shown). The synthetic cannabinoid receptor agonists HU-210 and
CP55,940 do not produce neurogenic vasodilation17 and failed to
activate ANKTM1 (not shown). Finally, responses to cannabinoids
were significantly smaller than those elicited by equal concen-
trations of isothiocyanates (Fig. 3c). Taken together, these charac-
teristics closely resemble those observed in sensory neurons or
sensory nerve fibres.

In situ hybridization studies indicate that only 4% of cells within
mouse dorsal root ganglia express ANKTM1 transcripts4, whereas
we found that THC or mustard oil excites a larger population of
neurons from rat trigeminal ganglia. This difference could reflect
greater channel expression in rat trigeminal versus mouse dorsal
root ganglia, upregulation of channel expression in culture and/or
greater sensitivity of calcium imaging versus histological analysis. A
significant part of this difference can be explained by the first of
these possibilities, as in situ hybridization analysis that we carried
out with trigeminal ganglia from newborn rats detected ANKTM1
expression in 20 ^ 2% of neurons (644 of 3,221 cells) with a mean
soma diameter of 18 ^ 1 mm (n ¼ 88). These numbers are consist-
ent with our functional studies showing that mustard oil and THC
excite $20% of cultured trigeminal neurons, encompassing 30–
50% of small-diameter, capsaicin-sensitive cells. We therefore
propose that mustard oils and THC mediate their excitatory effect
on nociceptors through ANKTM1. Whether these compounds also
act at other sites will be determined by the analysis of ANKTM1-
deficient mice.

TRPV1 and TRPM8/CMR1 are thermosensitive channels that
enable primary afferent neurons to detect heat and cold, respect-
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Figure 2 Activation of ANKTM1 by mustard oils in transfected mammalian cells and

Xenopus oocytes. a, Mustard oil (allyl isothiocyanate, 20 mM) activates calcium influx into

rat ANKTM1-expressing HEK293 cells (middle row), measured by Fura-2 fluorescence.

Cells transfected with vector (pcDNA3, top) or TRPV1 (bottom) are insensitive to mustard

oil. Only TRPV1-expressing cells are activated by capsaicin (1 mM). b, Dose–response

curve for activation of rat ANKTM1 by mustard oil in oocytes (holding potential,

V h ¼ 240 mV) recorded in nominally calcium-free ND96. Currents were normalized to

maximal response evoked by 125 mM mustard oil. Half-maximal activation occurred at

11 ^ 1 mM (n ¼ 5). c, Activation of human ANKTM1 by different pungent mustard oils

(benzyl-, phenylethyl-, isopropyl- and methyl isothiocyanate) in transfected HEK293 cells,

measured by Fura-2 fluorescence. d, Activation of human ANKTM1 currents in oocytes by

natural extracts of brown mustard and wasabi (V h ¼ 260 mV). e, Representative trace

from an oocyte expressing human ANKTM1, showing activation by allyl-, benzyl- or

phenylethyl isothiocyanate (10 mM each; V h ¼ 260 mV). Agonist structures are

indicated below the current trace. f, Activation of human ANKTM1 by mustard oil in

transfected HEK293 cells, as measured by whole-cell patch clamp (V h ¼ 260 mV). Brief

application of mustard oil (50 mM for 3 s) activated large inward currents with a mean

amplitude of 2.3 ^ 0.3 nA (n ¼ 11).
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ively12,25,26. Activation of these receptors by plant-derived chemical
agonists (capsaicin or menthol) produces sensations akin to those
associated with the cognate thermal experiences. Recent studies
suggest that ANKTM1 can be activated by thermal stimuli below
20 8C and may therefore serve as a detector of noxious cold4.
Isothiocyanates produce a noxious sensation, as would be predicted
for activation of a nociceptor, but the experience is qualitatively
different from what one would expect if ANKTM1 simply served as
a cold sensor. There are several possible explanations for this
conundrum: (1) chemical and thermal agonists gate the channel
and depolarize nociceptors differently to encode distinct psycho-
physical sensations; (2) isothiocyanates target several receptors, in
addition to ANKTM1, to mediate their psychophysical effects; (3)
activation of ANKTM1 alone produces a burning-like irritation,
whereas the sensation of noxious cold requires the activation of
additional channels, such as TRPM8; (4) a primary function of
ANKTM1 may be to respond to chemical stimuli that produce pain
and oedema, such as inflammatory peptides and neurotransmit-
ters27.

To address these possibilities, we carried out calcium imaging
experiments with cultured rat trigeminal neurons to look for
overlap between mustard oil and cold sensitivity. Among mus-
tard-oil-sensitive neurons, 96% did not respond to a cold stimulus
(5 8C). The 4% that were cold sensitive also responded to menthol,
suggesting that activation of TRPM8 can account for cold sensitivity
in these cells. When analysing neurons responding to cold, 95%
responded to menthol and the remaining 5% were insensitive to
both menthol and mustard oil. These results indicate that ANKTM1
is unlikely to underlie cold sensitivity in cultured trigeminal
neurons, even in the small subpopulation of menthol-insensitive
cells (Supplementary Fig. 1). We also examined the cold sensitivity
of ANKTM1-expressing HEK293 cells and found no responses
to 5 8C, even though they exhibited robust sensitivity to mustard
oil. By contrast, TRPM8-expressing cells showed robust and repro-
ducible responses to cold or menthol (Supplementary Fig. 1). In

view of our inability to observe reliable responses of ANKTM1-
expressing cells to cold, we asked whether the effects of mustard oil
might be augmented by cold. Instead we found that cooling of the
perfusate reduced mustard-oil-evoked currents in ANKTM1-
expressing oocytes (Supplementary Fig. 2), as one might expect
for effects of cold on a non-thermally responsive ion channel.

Many TRP channels are activated or modulated downstream of
neurotransmitter or growth factor receptors that stimulate phos-
pholipase C (PLC) pathways14,16. In considering alternative physio-
logical roles for ANKTM1, we asked whether it might function as a
receptor-operated channel in transfected HEK293 cells co-expres-
sing the PLC-coupled M1 muscarinic acetylcholine receptor
(mAChR). In cells expressing mAChR alone, activation by carba-
chol (100 mM) produced a modest rise in intracellular calcium due
to release from intracellular stores (Fig. 4a). However, in cells co-
expressing ANKTM1, carbachol application produced a much more
sustained and robust increase in cytoplasmic calcium that could be
blocked by ruthenium red (Fig. 4a). All cells showing this enhanced
calcium response (40/100) were also activated by mustard oil
(20 mM), whereas cells showing only the small release transient
(60/100) were insensitive to mustard oil. Taken together, these
results show that the large, sustained calcium increases were
mediated through activation of ANKTM1. This was further sup-
ported by whole-cell patch-clamp recordings in which the appli-
cation of acetylcholine (50 mM) produced rapidly developing
inward currents in cells co-transfected with ANKTM1 and
mAChR, but not in cells expressing mAChR alone (Fig. 4b).

Recent studies suggest that TRP channels can be regulated by one
or more consequences of PLC activation, including phosphatidyl-
inositol bisphosphate hydrolysis, the production of lipid metab-
olites or the release of calcium from intracellular stores14,16. To ask
whether calcium release is sufficient to activate ANKTM1, we
treated cells with thapsigargin to increase intracellular calcium in
a receptor-independent manner. In vector-transfected control cells,
thapsigargin (1 mM) induced a small and gradual increase in

Figure 3 Activation of ANKTM1 by cannabinoids. a, Left, THC-induced calcium influx into

HEK293 cells transfected with rat ANKTM1, as measured by Fura-2 fluorescence. Right,

activation of inward currents at 260 mV by cannabinol (20 mM) or THC (20 mM) in an

oocyte expressing rat ANKTM1. b, Activation of human ANKTM1 by THC (20 mM, top row),

cannabinol (20 mM, bottom row) or mustard oil (20 mM) in transfected HEK293 cells.

c, Oocytes expressing rat ANKTM1 were perfused with cannabinol (CB, red), THC (green)

or mustard oil (yellow) (20 mM for 1 min each). Voltage ramps (290 to þ80 mV) were

applied every 2 s. Averaged currents (n ¼ 5 cells) were normalized to maximal mustard-

oil-evoked responses at þ80 mV. d, THC dose–response curve for human ANKTM1 in

oocytes (V h ¼ 260 mV) recorded in nominally calcium-free ND96. Currents were

normalized to maximal responses evoked by THC (40 mM). Half-maximal activation (EC50)

occurred at 12 ^ 2 mM, n Hill ¼ 2.3 ^ 0.4 (n ¼ 3). THC solubility is poor at

concentrations exceeding 40 mM, thus preventing full saturation of the dose–response

curve.
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intracellular calcium (Fig. 4c). By contrast, cells expressing
ANKTM1 showed large and rapid calcium increases that were
blocked by ruthenium red (10 mM), suggesting that calcium release
is sufficient to activate ANKTM1. We were therefore curious to
know whether activation of ANKTM1 by THC or mustard oil is
calcium dependent. We found that both the rate and the magnitude
of responses to these agonists were enhanced in the presence of
extracellular calcium (Fig. 4d). However, THC- or mustard-oil-
evoked responses persisted even when both intracellular and extra-
cellular calcium were chelated (Fig. 4e). This shows that calcium is
not required for the activation of ANKTM1 by mustard oil or THC,
but augments responses to these agonists through an as yet
undetermined mechanism. Although these results are consistent
with a model in which mustard oil and THC serve as direct channel
agonists, they do not exclude an indirect activation mechanism
requiring other cellular factors.

We have shown that plants of the genus Brassica (for example,
wasabi, horseradish and mustard) and Capsicum (chilli peppers)
use similar molecular strategies to produce irritation and inflam-
mation in herbivorous mammals, both involving activation of
excitatory TRP channels on primary sensory nerve endings. Our
current findings also extend the concept that some TRP channels
may serve as ionotropic cannabinoid receptors, which, in the
context of the primary afferent nerve fibre, may contribute to
inflammatory hypersensitivity or vasodilation5–8,28. Although
THC and cannabinol are natural plant products, they are not
known to function as endogenous transmitters in the vertebrate
nervous system. In preliminary studies, we have not observed
activation of ANKTM1 by known ‘endocannabinoids’, such as
anandamide or sn-2-arachidonylglycerol (2-AG), but our findings
raise the possibility that other structurally related lipid second
messengers may excite nociceptors by targeting this member of
the TRP channel family. Finally, our data suggest that ANKTM1

may also serve to excite nociceptors in response to one or more pro-
algesic or pro-inflammatory agents—for example, bradykinin, his-
tamine, serotonin, ATP and neurotrophins—that activate PLC
signalling pathways in these cells27. Future genetic and pharmaco-
logical studies will determine the extent to which this channel
contributes to thermal or chemical nociception. A

Methods
Neuronal cell culture, calcium imaging and patch-clamp recording
Trigeminal ganglia from newborn (postnatal day 0) Sprague–Dawley rats were cultured as
previously described25. Calcium imaging using Fura-2/AM (Molecular Probes) was
analysed using automated routines written in Igor Pro (Wavemetrics). For
electrophysiology, gigaseals were formed with pipettes (WPI, Inc.) that had a resistance of
3–5 MQ in standard pipette solution. Liquid junction potentials (measured in separate
experiments) did not exceed 3 mVand thus no correction for this offset was made. Whole-
cell voltage clamp was performed at a holding potential of 220 mV with a 200 ms voltage
ramp from 2100 mV to þ80 mV at 3.6 Hz. Data were acquired using Pulse and Pulsefit
(HEKA GmbH) software. Recordings were sampled at 20 kHz and filtered at 2 kHz.
Extracellular Ringer’s solution contained (in mM): 155 NaCl, 4.5 KCl, 2 CaCl2, 1 MgCl2, 10
D-glucose and 5 HEPES-Na (pH 7.4). For calcium-free solution, 2 mM MgCl2 and 1 mM
EGTA were substituted for CaCl2. For mustard oil and muscarinic activation of ANKTM1
in HEK293 cells, recording solutions were as follows (in mM): external, 140 NaCl,
1 MgCl2, 1 CaCl2, 1 EGTA and 10 HEPES-Na (pH 7.4); internal, 140 NaCl, 1 MgCl2,
10 HEPES-Na (pH 7.2), 1 EGTA and 0.2 NaGTP.

ANKTM1 cloning and in situ hybridization histochemistry
Rat ANKTM1 sequence was identified by BLAST align of the ENSEMBL and GenBank rat
genomic databases with the published mouse sequence (XM_232586.1 and contig
RNOR01102533). Full-length complementary DNA (GenBank accession number
AY496961) was cloned by polymerase chain reaction (PCR) from an adult rat trigeminal
cDNA library using oligonucleotides ATG AAG CGC AGC TTG AGG AGG GTT CTG (5

0
)

and CTA GAT GTC TGG GTG GCT AAT AGA ACA ATG TG (3 0 ) and KOD polymerase
(Novagen-Toboyo). A human ANKTM1 cDNA was kindly provided by B. Trueb3.
Apparent mismatches with the ENSEMBL genomic sequence were corrected by PCR and
the final product cloned into the pFROG3 mammalian/oocyte expression vector29. In situ
hybridization histochemistry was performed as previously described12 using probes
corresponding to nucleotides 569–3,378 of the rat ANKTM1 sequence.

Figure 4 ANKTM1 is a receptor-operated channel. a, Application of carbachol (100 mM)

to HEK293 cells expressing human ANKTM1 and mAChR evoked large [Ca2þ]i responses

(blue trace). Co-application of ruthenium red (10 mM, red trace) reduced responses to

levels observed in cells transfected with mAChR alone (black trace). ANKTM1 expression

was assessed by sensitivity to mustard oil (20 mM). Traces represent averages of three

experiments, 35–100 cells in each. b, Application of acetylcholine (ACh, 50 mM)

produced inward currents in HEK293 cells expressing mAChR1 and human ANKTM1

(V h ¼ 260 mV). c, Application of thapsigargin (1 mM) was sufficient to elicit robust

increases in [Ca2þ]i in ANKTM1-expressing HEK293 cells (blue trace). Co-application of

thapsigargin and ruthenium red (10 mM, red trace) reduced responses to the level

observed in vector (pcDNA3)-transfected control (black trace). d, Mustard-oil-evoked

currents are augmented by extracellular calcium. An ANKTM1-expressing oocyte was

activated twice by mustard oil (25 mM) in the presence of extracellular calcium

([Ca2þ]o ¼ 1.6 mM), and subsequently in calcium-free medium (0.5 mM EGTA).

e, Activation of ANKTM1 by mustard oil does not require extracellular or intracellular

calcium. Currents evoked by mustard oil (50 mM), measured in calcium-free medium,

were identical before and after BAPTA injection (63 nl of a 120 mM solution was sufficient

to eliminate receptor-mediated activation of calcium-dependent chloride current; see

Supplementary Fig. 3). A slowly developing basal current could be blocked by ruthenium

red (5 mM).
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Expression in HEK293 cells and oocytes
HEK293 cells were plated on polylysine-coated coverglass or Lab-Tek II CC2
chamberslides (Nalgene-Nunc). Cells were transfected with Lipofectamine 2000
(Invitrogen) using 5–25 ng rat or human ANKTM1 plasmid per cm2; pcDNA3 vector was
added to bring the total amount of plasmid DNA to 100 ng cm22. For muscarinic
activation, 100 ng cm22 human mAChR plasmid was co-transfected with 10 ng cm22

ANKTM1 plasmid. Sixteen hours after transfection, cells were loaded with Fura-2AM
(5 mM) for 30 min and imaged in Ringer’s solution. For oocyte expression, constructs were
linearized with MluI and transcribed with T7 polymerase (Ambion). Oocytes were
incubated in ND96 containing 5 mM ruthenium red as described4. Currents were recorded
in ND96 (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2 and 5 mM HEPES pH
7.6) or calcium-free ND96 (containing 100 mM BaCl2) as indicated.

Preparation of natural extracts
For brown mustard, 3 g of ground brown mustard seeds were suspended in 10 ml ND96
and incubated for 2 h at room temperature. Extract was cleared by centrifugation at 3,000g
for 20 min. The supernatant fluid was filtered through a 0.2 mm filter and diluted 20-fold
in ND96. For wasabi, 0.5 g of 100% pure wasabi paste (Pacific Farms, Oregon) was
suspended in 1 ml ND96, clarified by centrifugation at 18,000g, filtered and diluted 50-fold
in ND96.
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erratum

Structure and conserved RNA
binding of the PAZ domain

Kelley S. Yan, Sherry Yan, Amjad Farooq, Arnold Han, Lei Zeng
& Ming-Ming Zhou

Nature 426, 469–474 (2003).
.............................................................................................................................................................................

In this Letter, the last two sentences of the second paragraph of the
left column on page 470 should read: “Preliminary data using an
immobilized 5

0
phosphorylated ssRNA with a 3

0
-biotin modifi-

cation showed that this RNA failed to pull down purified Ago1 PAZ
domain (data not shown). By NMR titration, this RNA had a
reduced binding affinity (K d greater than 20 mM), suggesting that
the 3

0
end may also play a role in PAZ domain interaction.” A

..............................................................

corrigendum

Eya protein phosphatase activity
regulates Six1–Dach–Eya
transcriptional effects in
mammalian organogenesis

Xue Li, Kenneth A. Ohgi, Jie Zhang, Anna Krones, Kevin T. Bush,
Christopher K. Glass, Sanjay K. Nigam, Aneel K. Aggarwal, Richard Maas,
David W. Rose & Michael G. Rosenfeld

Nature 426, 247–254 (2003).
.............................................................................................................................................................................

In this Article, K. A. Ohgi’s surname was misspelled. It is presented
correctly here and has been amended in the HTML version of the
paper on Nature’s website (http://www.nature.com/nature/). A
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