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Spider toxins activate the capsaicin receptor to

produce inflammatory pain

Jan Siemens', Sharleen Zhou?, Rebecca Piskorowski’t, Tetsuro Nikai*, Ellen A. Lumpkin’f, Allan |. Basbaum®,

David King” & David Julius'

Bites and stings from venomous creatures can produce pain and
inflammation as part of their defensive strategy to ward off pre-
dators or competitors">. Molecules accounting for lethal effects of
venoms have been extensively characterized, but less is known
about the mechanisms by which they produce pain. Venoms from
spiders, snakes, cone snails or scorpions contain a pharmacopoeia
of peptide toxins that block receptor or channel activation as a
means of producing shock, paralysis or death’”. We examined
whether these venoms also contain toxins that activate (rather
than inhibit) excitatory channels on somatosensory neurons to
produce a noxious sensation in mammals. Here we show that
venom from a tarantula that is native to the West Indies contains
three inhibitor cysteine knot (ICK) peptides that target the
capsaicin receptor (TRPV1), an excitatory channel expressed by
sensory neurons of the pain pathway®. In contrast with the pre-
dominant role of ICK toxins as channel inhibitors®’, these pre-
viously unknown ‘vanillotoxins’ function as TRPV1 agonists,
providing new tools for understanding mechanisms of TRP chan-
nel gating. Some vanillotoxins also inhibit voltage-gated pot-
assium channels, supporting potential similarities between TRP
and voltage-gated channel structures. TRP channels can now be
included among the targets of peptide toxins, showing that ani-
mals, like plants (for example, chilli peppers), avert predators by
activating TRP channels on sensory nerve fibres to elicit pain and
inflammation.

To identify previously unknown activators of sensory neurons, we
examined venoms from 22 spider and scorpion species whose bites
are known to produce pain. Screening targets included three mem-
bers of the TRP ion-channel family whose activation leads to the
direct depolarization of primary afferent neurons, consequently pro-
ducing irritation or pain. These include TRPV1, TRPA1 and TRPMS,
which are activated by plant-derived irritants such as capsaicin,
mustard oil and menthol, respectively®®. Using calcium imaging as
a functional readout, we found that robust and reproducible signals
were obtained when crude venom from Psalmopoeus cambridgei, a
tarantula native to the West Indies, was applied to TRPV1-expressing
HEK-293 cells. In contrast, no activity was observed with cells expres-
sing TRPA1 or TRPMS8 (Fig. 1a), nor did the venom inhibit activa-
tion of these channels by their cognate chemical agonists (not
shown).

Reverse-phase chromatographic methods were used to purify the
active component(s) from P. cambridgei venom. Three fractions with
TRPV1 agonist activity were identified (Supplementary Fig. 1) and
presumed to consist of peptides on the basis of retention times and

molecular masses (observed monoisotopic masses were 4,008.5,
3,842 and 4,179 Da, respectively). Indeed, Edman sequencing re-
vealed a family of three closely related peptides, which we have
named vanillotoxins (VaTx) 1, 2 and 3. Each peptide consisted of
34 or 35 amino acid residues plus an amidated carboxy terminus
(Fig. 1b), with calculated molecular masses (4,008.5, 3,842.5
and 4,179.6 Da, respectively) matching the observed masses noted
above.

Vanillotoxins are new members of the extended family of ICK
peptides from spiders and cone snails'’. ICK toxins are widely recog-
nized as blockers of cationic channels, perhaps best characterized by
the interaction of hanatoxins (HaTx1 and HaTx2) with voltage-gated
(Kv) potassium channels”'". The typical ICK toxin is a 30—40-residue
peptide in which three disulphide bridges form a cysteine knot, con-
straining the molecule into a rigid and compact structure. A short
(five to seven residues) hypervariable B-hairpin turn protruding
from this compact core is believed to be critical for specifying
toxin—ion-channel interactions'>'*. Interestingly, VaTxl and
VaTx2 are identical at five of the six residues in this hypervariable
turn, whereas VaTx3 shows significant diversity within this region
(Fig. 1b). VaTx1 and VaTx2 show greatest identity to heteroscodra-
toxin 1 (HmTx1) (Fig. 1¢), an inhibitor of Kv2-type voltage-gated
potassium channels". VaTx3 is more closely related to the spider
toxin, huwentoxin 5 (HwTx-V), from Ornithoctonus huwena, for
which a molecular target is not known'. Intrigued by the striking
similarity between these latter two toxins, we examined whether
crude venom from O. huwena could activate the capsaicin receptor.
Indeed, application of highly diluted (1:4,000) venom to TRPVI-
expressing HEK-293 cells produced large calcium responses that were
attenuated by ruthenium red, a non-selective blocker of numerous
TRP channels (Fig. 1d). In contrast, no response was observed with
TRPAI-expressing cells. These results show that P. cambridgei is not
unique in targeting TRPV 1, indicating that VaTx-like peptides might
contribute to the pain-producing actions of other spider venoms.

To show unequivocally that VaTx peptides account for TRPV1
activation by P. cambridgei venom, we examined whether synthetic
VaTx1 peptide could recapitulate the actions of native material.
Synthetic VaTx1 was denatured, refolded in glutathione-based redox
buffer and subjected to Cg reverse-phase chromatography, revealing
a series of overlapping peaks whose most prominent species had a
retention time matching that of native VaTxl peptide (Supple-
mentary Fig. 2). Refolded synthetic material elicited robust TRPV1
activation, confirming the identity of VaTx1 as an active constituent
of P. cambridgei venom.
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As observed with crude venom, each of the purified vanillotoxins
selectively activated HEK-293 cells expressing TRPV1, but not
TRPAI or TRPM8 (Supplementary Fig. 3). Dose-response analy-
sis by calcium imaging revealed a rank order potency of
VaTx3 > VaTx2 > VaTxl, with half-maximal effective concentra-
tions (ECsg) of 0.45 *0.04, 1.35 = 0.15 and 9.9 = 0.97 uM (means
*s.e.m.), respectively (Fig. 2a). We found that vanillotoxins are
present in crude venom at concentrations greatly exceeding their
potency at TRPV1, such that toxin concentration and potency are
inversely correlated, with VaTx3 being least abundant (180 uM) and
VaTx1 most prevalent (1,700 uM). Because TRPV1 is a heat-sensitive
channel®, the most physiologically relevant measure of toxin potency
may be that assessed at skin temperature, corresponding to the site of
venom injection. Under these conditions (34 °C), the ECs, for VaTx3
was substantially enhanced, to 0.2 = 0.03 uM. Taken together, our
findings demonstrate that TRPVI is a specific and physiologically
relevant target for vanillotoxins.

Whole-cell patch-clamp analysis of TRPV1-transfected HEK-293
cells showed that vanillotoxin-evoked currents are characterized by
pronounced outward rectification, resembling that observed with
capsaicin and other TRPV1 agonists (Fig. 2b, and Supplementary
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Figure 1| A subfamily of peptides from tarantula venom activates TRPV1.
a, HEK-293 cells expressing TRPV1, TRPMS8 or TRPA1 were challenged with
capsaicin (CAP; 40 nM), allyl isothiocyanate (mustard oil, MO; 100 uM),
menthol (ME; 75 puM) or crude P. cambridgei (PC) or Grammostola rosae
(GR) venom (diluted 1:1,000), as indicated. Channel activation was assessed
by ratiometric calcium imaging (the colour bar indicates relative calcium
levels). Similar results were obtained with nine independent venom lots
(n=400 cells per visual field). b, Alignment of P. cambridgei vanillotoxins
(VaTxl1, VaTx2 and VaTx3) with related ICK peptides from O. huwena
(HwTx-V), H. maculata (HmTx1), Scodra griseipes (SGTx1), Grammostola
spatulata (HaTx1) and Chilobrachys jingzhao (JzTx-Xi) spiders. Cysteine
residues characteristic of ICK peptides are shown in bold and other highly
conserved residues are highlighted in red. The black bar indicates the
hypervariable turn. Asterisks denote C-terminal amidation in vanillotoxins.
¢, Pairwise comparison of ICK peptides showing percentage amino acid
identities and similarities. d, Venom from O. huwena (1:4,000) elicited
calcium influx into HEK-293 cells expressing TRPV1 (top) that was blocked
by ruthenium red (+RR; 10 uM). Cells expressing TRPA1 were not
affected by O. huwena venom but responded to mustard oil (MO; 100 uM)
(n =400 cells per visual field).
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Fig. 4a). Thermosensitive TRP channels, such as TRPVI and
TRPMS, also show modest voltage dependence, a property that
might contribute to gating by chemical or thermal stimuli'”. In this
regard, we analysed tail currents from TRPV1-expressing HEK-293
cells (Supplementary Fig. 4b) and found that conductance—
voltage relations for capsaicin and VaTx3 were essentially super-
imposable except for a small but significant difference in slope
(0.6 0.0 and 0.9*0.2 for capsaicin and VaTx3, respectively;
P=0.0017, Student’s t-test) (Fig. 2b). Thus we conclude that these
agonists gate TRPV1 by a similar mechanism, although the toxin may
have a somewhat greater effect on voltage dependence of gating.
Capsaicin binds to residues on TRPV1 that face the cytoplasm or
reside within the inner leaflet of the lipid bilayer'*°. In contrast, ICK
toxins have been proposed to interact with their targets by binding to
an exposed extracellular loop®' or partitioning into the outer leaflet of
the plasma membrane to contact residues within the bilayer'>*. It
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Figure 2 | Functional properties of purified vanillotoxins. a, Dose-response
analysis of vanillotoxins (blue, VaTx1; green, VaTx2; black, VaTx3) by
ratiometric calcium imaging of TRPV1-transfected HEK-293 cells.
Responses at each toxin concentration were determined at room
temperature (24 °C) and normalized to the response at saturating capsaicin
concentration (5 uM). VaTx3 potency was also determined at 34 °C (red)
(n = 3 trials per concentration). b, Currents evoked by capsaicin (0.2 pM;
orange) and VaTx3 (5 uM; black) were recorded from TRPV1-transfected
HEK-293 cells in whole-cell configuration, from which current—voltage (left)
and conductance-voltage (right) relationships were derived. Error bars
represent s.e.m.; n = 4 for VaTx3 and n = 5 for capsaicin. Plots were
generated from current traces shown in Supplementary Fig. 4. ¢, Inside-out
(left) and outside-out (middle and right) patches were excised from TRPV1-
expressing HEK-293 cells, exposed to VaTx3 (black bar, 0.5 pM), capsaicin
(orange bar, 2 pM) or ruthenium red (red bar, 10 uM) as indicated, and
currents were recorded at +60mV in calcium (1.5 mM)-containing or
calcium-free (1.0 mM EGTA) bath solution. Current—voltage relations are
shown below each trace (blue curve indicates no agonist control) (n=5
patches per configuration).
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therefore seems likely that vanillotoxins and capsaicin interact with
TRPV1 at opposite faces of the membrane. To address this question,
we examined whether VaTx3 could activate channels when applied to
inside-out versus outside-out membrane patches excised from
TRPV1-expressing HEK-293 cells. Indeed, the toxin elicited res-
ponses in outside-out patches only, whereas capsaicin was effective
in either configuration (Fig. 2¢, and not shown). Parenthetically,
VaTx3-evoked currents showed calcium-dependent desensitization
(Fig. 2c) resembling that observed with capsaicin*'. Taken together,
our observations indicate that capsaicin and vanillotoxins share sim-
ilarities in their mechanisms of TRPV1 activation, but probably
interact with distinct regions of the channel. Consistent with this
was our observation that vanillotoxins activate avian TRPV1 chan-
nels (not shown), which are insensitive to capsaicin and structurally
related agonists'’.
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Figure 3 | Analysis of vanillotoxin specificity. a, VaTx3 activates TRPV1
but not the related thermosensitive or osmosensitive channels TRPV2,
TRPV3 or TRPV4. HEK-293 cells expressing indicated channels were
exposed to VaTx3 (0.5 uM) and responses were analysed by ratiometric
calcium imaging. To control for functional expression, TRPV2, TRPV3 and
TRPV4 were subsequently challenged with the broad-spectrum agonist
2-aminoethyl diphenylborinate (2-APB; 250 uM), or hypo-osmotic Ringer
solution (Osm; 200 mOsm), as indicated. The red trace shows blockade of
toxin response by ruthenium red (10 pM). Traces represent an average of
n = 80 cells. b, Currents were elicited in oocytes expressing voltage-gated
potassium channels, Kv1.2 or Kv2.1, by applying depolarizing pulses (—100
to +50 mV) from a —80 mV holding potential in 10-mV steps (each lasting
500 ms). Current—voltage relationships were plotted before the addition
(black), after the addition (red) and after the wash-out (blue) of the
respective toxin (VaTxl, 20 pM; VaTx2, 5 uM; VaTx3, 0.75 uM). H.
maculata (HM) venom (dilution 1:200) served as positive control for Kv2.1
and Kv1.2 inhibition (n = 4 independent experiments per toxin). c, Left:
dose—response analysis by whole-cell voltage-clamp recording of TRPV1-
expressing oocytes (+80 mV) revealed ECs, values 0f 11.9 & 1.4, 2.53 * 0.02
and 0.32 * 0.09 uM for VaTx1 (blue), VaTx2 (green) and VaTx3 (black),
respectively. All values are in excellent agreement with those obtained by
calcium imaging (see Fig. 2a). Right: toxin-mediated inhibition of Kv2.1 (at
0mV) was assessed in oocytes. The full dose-response is shown for VaTx1
(IC59 = 7.4 = 1.9 uM). Error bars represent s.e.m.; n = 3 trials for each toxin
concentration.
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To address vanillotoxin specificity further, we examined their effects
on other TRPV family members, including TRPV2, TRPV3 and
TRPV4. Neither VaTxl, VaTx2 nor VaTx3 activated HEK-293 cells
expressing these channels (Fig. 3a, and not shown). In light of the
well-established interactions between ICK peptides (for example hana-
toxins and heteroscodratoxins) and voltage-gated potassium channels,
we also examined whether vanillotoxins modulate the activity of
Kv1.2, Kv2.1 or Kv4.2 channels, representing Shaker, Shab and Shal
subfamilies, respectively. Each of these Kv channels was expressed in
oocytes and gating in response to voltage steps (—100 to +50mV)
assessed in the absence or presence of purified vanillotoxins.
Significant inhibition of Kv2.1 was observed with VaTx1 (Fig. 3b,
and Supplementary Fig. 5). Moreover, tail current analysis revealed
that VaTx1 shifted Kv2.1 activation to higher voltages (Supplementary
Fig. 5), resembling the inhibitory effects of hanatoxins and hetero-
scodratoxins'"">. Detailed dose-response analysis showed that
VaTxl is equally potent as a TRPV1 agonist or a Kv2.1 antagonist
(EC50=119*14puM and IC50=74*19uM, respectively)
(Fig. 3c). VaTx2 also inhibited Kv2.1, but only at concentrations
severalfold exceeding its ECs, at TRPVI. VaTx3 showed greatest
selectivity for TRPV1, producing little or no inhibition of Kv channels
at concentrations 10-100-fold exceeding its ECsy at TRPV1 (Sup-
plementary Fig. 5). Conversely, Heteroscodra maculata venom neither
activated nor inhibited TRPV1 (Supplementary Fig. 6), demonstrating
specificity of these ICK toxins for their respective channel targets.

To assess vanillotoxin selectivity in vivo, we first examined their
actions on dissociated sensory neurons from mouse trigeminal gan-
glia. In cultures from wild-type mice, VaTx2 or VaTx3 produced
robust calcium increases among the subpopulation of capsaicin-
sensitive cells (Fig. 4a, b, and not shown), whereas neurons from
TRPV1-deficient mice were completely unresponsive. Moreover,
even crude venom (at 1:500 dilution) produced rapid and robust
calcium increases in capsaicin-sensitive neurons (Supplementary
Fig. 7). A significantly smaller response was observed in all other
neurons, as well as in non-excitable cells such as fibroblasts, presum-
ably reflecting the effects of other peptides, proteases, lipases, and so
on, present in crude venom®. Consistent with this was our obser-
vation that neurons from TRPV1-deficient mice showed only this
smaller ‘background’ calcium response (Supplementary Fig. 7).
Together with our biochemical analysis, these results show that crude
P. cambridgei venom contains ample vanillotoxin to activate sensory
neurons and that most (but not all) of this response is mediated
through the activation of TRPVI.

In wild-type mice, injection of capsaicin into the hind paw elicits
pain-related behaviours, such as licking and flinching of the
affected limb. Injection of purified VaTx3 produced similar res-
ponses in wild-type mice but not in TRPV1-deficient littermates
(Fig. 4c), further demonstrating specificity of the toxin for the cap-
saicin receptor in vivo. We also measured paw thickness as an indica-
tion of neurogenic inflammation resulting from robust activation of
sensory nerve fibres. Indeed, the hind paws of toxin-injected wild-
type mice showed substantial oedema, whereas TRPV1-deficient ani-
mals displayed only minimal swelling akin to that observed with
vehicle-injected wild-type controls (Fig. 4d). Injection of crude
venom into the paw produced equivalent behaviour and swelling
that was independent of genotype, but this was expected in light of
our cellular studies showing a small but finite TRPV1-independent
effect of crude venom on sensory neurons. Taken together, these data
demonstrate that VaTx peptides are agonists for recombinant or
native TRPV1, eliciting pain and inflammation through activation
of this excitatory channel.

ICK toxins from spiders, scorpions and predatory cone snails tar-
get a variety of cationic channels that are gated by membrane voltage
or extracellular ligands. Our findings show that TRP channels can
now be included as molecular targets of ICK toxins, or, for that
matter, any peptide toxin. With the exception of two scorpion ICK
peptides that activate intracellular ryanodine receptors, all other
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known toxins of the ICK group function as receptor or channel
antagonists'®. Thus, vanillotoxins are unique in serving as TRPV1
agonists, a property that enables them to excite sensory nerve endings
to produce pain and inflammation, as commonly associated with
bites or stings from venomous creatures. Our results with O. huwena
venom indicate that a variety of spider species might use ICK toxins
to target sensory TRP channels as a strategy to ward off predators or
competitors. Indeed, this would parallel the mechanisms adopted by
numerous plant species to deter predatory mammals through the
production of chemical irritants (such as capsaicin or isothiocya-
nates) that also target TRP channels on sensory neurons of the pain
pathway.

The sequence similarity between vanillotoxins and heteroscodra-
toxins or hanatoxins is consistent with the idea that TRP channels
resemble voltage-gated potassium channels in their overall trans-
membrane topology and tetrameric subunit organization®. VaTx1
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Figure 4 | VaTx3 activates capsaicin-sensitive trigeminal neurons and
elicits TRPV1-dependent pain responses in mice. a, Trigeminal neurons
from wild-type (TRPV1™™) or TRPV1-deficient (TRPV1~'~) mice were
challenged with VaTx3 (1 uM), capsaicin (CAP; 3 uM), then high-potassium
buffer (K; 100 mM), as indicated, and analysed by ratiometric calcium
imaging. The total number of responsive neurons (percentage of excitable
cells) is shown below each image. b, Average calcium responses for wild-type
(n = 20) and TRPV1-deficient (n = 40) neurons shown in a. VaTx3-evoked
peak ratiometric responses were 2.6 = 0.05 and 1.0 = 0.02, respectively.

¢, d, Hind paws of wild-type (+/+) or TRPV1-deficient (—/—) littermates
were injected with VaTx3 (40 uM in 20 pl of PBS with 0.5%
dimethylsulphoxide) or vehicle alone. Total time spent licking the injected
paw was recorded over 5 min (c) and change in paw thickness was measured
before and 30 min after injection of toxin or vehicle (d). Error bars represent
s.e.m. (n =5 animals per trial; asterisk, P < 0.0003, ANOVA single-factor
analysis). No significant differences were observed between vehicle-injected
TRPV1*'" and toxin-injected TRPV1 '~ mice. All measurements were
performed blind to genotype.
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and VaTx2, which produce significant inhibition of Kv2.1, show
greater sequence similarity to each other or to HmTx1 than they
do to VaTx3 (Fig. 1b, c), presumably reflecting their relative activities
as Kv antagonists and/or TRPV1 agonists. Biochemical and muta-
genesis studies indicate that inhibition of Kv channels by hanatoxin
might involve interaction of the toxin with regions of the third and
fourth transmembrane helices that constitute the voltage sensor
domain'"”. Perhaps vanillotoxins interact with a region of TRPV1
that is topologically equivalent to the voltage sensor domain in Kv
channels, which may be similarly important in modulating the trans-
ition between open and closed states of the TRPV1 channel complex.
Although TRP channels display only modest voltage-dependent
behaviour in comparison with Kv channels®"’, our conductance—
voltage analysis indicates that vanillotoxins, like capsaicin, exert
some effect on the voltage dependence of gating. Future biochemical
and structure—function studies will be required to delineate the exact
nature of vanillotoxin—channel interactions and determine how this
alters the voltage sensitivity of TRP or Kv channels. Vanillotoxins
provide new pharmacological tools for addressing these and other
questions relating to TRP channel structure and gating mechanisms.

METHODS

Cell lines and plasmid constructs. HEK-293 cells stably expressing rat TRPV1,
human TRPA1 or rat TRPMS8 were generated with inducible (pCDNA4/TO) or
non-inducible (pcDNA3) vectors (Invitrogen). Human TRPV1, rat TRPV2 and
human TRPV3 were transiently expressed in HEK-293 cells with the use of
Lipofectamine 2000 (Invitrogen). Kv1.2, Kv4.2 and Kv2.1 plasmids were linear-
ized and transcribed in vitro with T7 or T3 polymerase (Ambion).

Toxin purification and peptide chemistry. Crude spider venom was obtained
from Spider Pharm. Detailed protocols describing vanillotoxin purification and
biochemical characterization are provided in Supplementary Fig. 1. Protocols
for solid-phase synthesis and refolding of VaTx1 are provided in Supplementary
Fig. 2.

Calcium imaging and electrophysiology. Culturing and imaging of sensory
neurons was performed as described®®. Imaging of HEK-293 cells was performed
in 10-pl adhesive silicone isolators (Invitrogen) attached to poly-(D-lysine)-
coated microscope slides (Fisher). Fluorescent images were acquired with
Metafluor Software (Molecular Devices) and analysed with automated routines
written in Igor Pro (Wavemetrics). All experiments were performed at room
temperature (24 °C) except dose-response analysis of VaTx3, which was per-
formed at 34 °C.

Patch-clamp recordings in TRPV1-expressing HEK-293 cells were performed

in whole-cell mode or excised-patch configurations as described previously*.
Currents were recorded with an Axon 200B amplifier and a Digidata 1321A
interface and acquired with pClamp software (Axon Instruments). Pipette res-
istance ranged from 0.9 to 1.5 MQ. For excised patch experiments, no series
resistance compensation was performed, because series resistance was generally
less than 3 MQ. Signals were filtered at 5kHz and digitized at 25 ps. Standard
bath and pipette solutions contained (in mM) 140 NaCl, 5 KCl, 2 MgCl,, 2
EGTA, 10 HEPES, and 10 p-glucose (adjusted to pH 7.4 with NaOH). For the
whole-cell tail current analysis, conductance—voltage curves were normalized to
the maximal conductance at 200mV and fitted with a Boltzmann equation
(G = Gpay/(1 + exp[—2zF(V—V3,,)/RT])). Oocytes were prepared and subjected
to two-electrode voltage-clamp analysis as described previously'. Cells were
bathed in normal ND96 solution for the analysis of Kv channels, or in cal-
cium-free solution (120 mM CsCl, 1 mM EGTA, 10 mM HEPES, 2 mM MgCl,
pH 7.4) for the analysis of TRPV1 channels.
Behaviour. Mice (20-30 g) were housed with a 12 hlight/12 h dark cycle at 21 °C,
and experiments were performed under the policies of the International
Association for the Study of Pain and UCSF Animal Care and Use Committee.
Nocifensive licking responses were measured for a period of 5 min after injection
of vehicle or toxin (20 pl), as described®. Hindpaw thickness was determined
with a spring-loaded caliper before and 30 min after injection. Experiments were
performed with TRPV1"/* and TRPV1 ™'~ littermates while blind to genotype.
Data were analysed with ANOVA single-factor statistical analysis for pairwise
comparisons.

Received 26 July; accepted 27 September 2006.

1. Schmidt, J. O. Biochemistry of insect venoms. Annu. Rev. Entomol. 27, 339-368
(1982).
2. Chahl, L. A. & Kirk, E. J. Toxins which produce pain. Pain 1, 3-49 (1975).

21

©2006 Nature Publishing Group



LETTERS

212

Escoubas, P. & Rash, L. Tarantulas: eight-legged pharmacists and combinatorial
chemists. Toxicon 43, 555-574 (2004).

Miller, C. The charybdotoxin family of K channel-blocking peptides. Neuron 15,
5-10 (1995).

Terlau, H. & Olivera, B. M. Conus venoms: a rich source of novel ion channel-
targeted peptides. Physiol. Rev. 84, 41-68 (2004).

Caterina, M. J. et al. The capsaicin receptor: a heat-activated ion channel in the
pain pathway. Nature 389, 816-824 (1997).

Swartz, K. J. & MacKinnon, R. An inhibitor of the Kv2.1 potassium channel isolated
from the venom of a Chilean tarantula. Neuron 15, 941-949 (1995).

Jordt, S. E., McKemy, D. D. & Julius, D. Lessons from peppers and peppermint: the
molecular logic of thermosensation. Curr. Opin. Neurobiol. 13, 487-492 (2003).
Voets, T., Talavera, K., Owsianik, G. & Nilius, B. Sensing with TRP channels. Nature
Chem. Biol. 1, 85-92 (2005).

Zhu, S., Darbon, H., Dyason, K., Verdonck, F. & Tytgat, J. Evolutionary origin of
inhibitor cystine knot peptides. FASEB J. 17, 1765-1767 (2003).

Swartz, K. J. & MacKinnon, R. Mapping the receptor site for hanatoxin, a gating
modifier of voltage-dependent K™ channels. Neuron 18, 675-682 (1997).
Oswald, R. E., Suchyna, T. M., McFeeters, R., Gottlieb, P. & Sachs, F. Solution
structure of peptide toxins that block mechanosensitive ion channels. J. Biol.
Chem. 277, 34443-34450 (2002).

Takahashi, H. et al. Solution structure of hanatoxin1, a gating modifier of voltage-
dependent K" channels: common surface features of gating modifier toxins. J.
Mol. Biol. 297, 771-780 (2000).

Wang, J. M. et al. Molecular surface of tarantula toxins interacting with voltage
sensors in K, channels. J. Gen. Physiol. 123, 455-467 (2004).

Escoubas, P., Diochot, S., Celerier, M. L., Nakajima, T. & Lazdunski, M. Novel
tarantula toxins for subtypes of voltage-dependent potassium channels in the Kv2
and Kv4 subfamilies. Mol. Pharmacol. 62, 48-57 (2002).

Zhang, P. F., Chen, P., Hu, W. J. & Liang, S. P. Huwentoxin-V, a novel insecticidal
peptide toxin from the spider Selenocosmia huwena, and a natural mutant of the
toxin: indicates the key amino acid residues related to the biological activity.
Toxicon 42,15-20 (2003).

Voets, T. et al. The principle of temperature-dependent gating in cold- and heat-
sensitive TRP channels. Nature 430, 748-754 (2004).

Jung, J. et al. Capsaicin binds to the intracellular domain of the capsaicin-activated
ion channel. J. Neurosci. 19, 529-538 (1999).

Jordt, S. E. & Julius, D. Molecular basis for species-specific sensitivity to 'hot’ chili
peppers. Cell 108, 421-430 (2002).

. Gavva, N.R. et al. Molecular determinants of vanilloid sensitivity in TRPV1. J. Biol.

Chem. 279, 20283-20295 (2004).

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

NATURE|Vol 444|9 November 2006

Salinas, M. et al. The receptor site of the spider toxin PcTx1 on the proton-gated
cation channel ASICTa. J. Physiol. (Lond.) 570, 339-354 (2006).

Lee, S. Y. & MacKinnon, R. A membrane-access mechanism of ion channel
inhibition by voltage sensor toxins from spider venom. Nature 430, 232-235
(2004).

Suchyna, T. M. et al. Bilayer-dependent inhibition of mechanosensitive channels
by neuroactive peptide enantiomers. Nature 430, 235-240 (2004).

Tominaga, M. et al. The cloned capsaicin receptor integrates multiple pain-
producing stimuli. Neuron 21, 531-543 (1998).

Ramu, Y., Xu, Y. & Lu, Z. Enzymatic activation of voltage-gated potassium
channels. Nature 442, 696-699 (2006).

Ramsey, I. S., Delling, M. & Clapham, D. E. An introduction to TRP channels. Annu.
Rev. Physiol. 68, 619-647 (2006).

Phillips, L. R. et al. Voltage-sensor activation with a tarantula toxin as cargo. Nature
436, 857-860 (2005).

Jordt, S. E. et al. Mustard oils and cannabinoids excite sensory nerve fibres through
the TRP channel ANKTM1. Nature 427, 260-265 (2004).

Hamill, O. P., Marty, A., Neher, E., Sakmann, B. & Sigworth, F. J. Improved patch-
clamp techniques for high-resolution current recording from cells and cell-free
membrane patches. Pfliigers Arch. 391, 85-100 (1981).

Martinez-Caro, L. & Laird, J. M. Allodynia and hyperalgesia evoked by sciatic
mononeuropathy in NKI receptor knockout mice. Neuroreport 11, 1213-1217
(2000).

Supplementary Information is linked to the online version of the paper at
www.nature.com/nature.

Acknowledgements We thank D. Minor and members of his laboratory for Kv4.2
and Kchip complementary RNAs and advice with chromatographic methods;

D. Clapham and R. Aldrich for providing TRPV3 and Kv2.1 plasmids, respectively;
K. Shokat and J. Blethrow for initial help with mass spectrometry; members of the
Julius laboratory for discussions; and R. Nicoll, R. Edwards and H. Chuang for
critical reading of the manuscript. This work was supported by NIH grants (to D.J.,
A.lB.and E.A.L.) and by postdoctoral fellowships from the Swiss National Science
Foundation, Novartis Stiftung, and the International Human Frontier Science
Program Organization (to J.S.).

Author Information Reprints and permissions information is available at
www.nature.com/reprints. The authors declare no competing financial interests.
Correspondence and requests for materials should be addressed to D.J.
(julius@cmp.ucsf.edu).

©2006 Nature Publishing Group




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 450
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 450
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    35.29000
    35.29000
    36.28000
    36.28000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50000
    8.50000
    8.50000
    8.50000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [665.858 854.929]
>> setpagedevice


