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ABSTRACT. Capsaicin receptor channels (TRPV1) are nonselective cation channels that integrate multiple
noxious stimuli in sensory neurons. In an effort to identify new inhibitors of these channels we screened
a venom library for activity against TRPV1 channels and found robust inhibitory activity in venom from
Agelenopsis apertaa north American funnel web spider. Fractionation of the venom using reversed-
phase HPLC resulted in the purification of two acylpolyamine toxins, AG489 and AG505, which inhibit
TRPV1 channels from the extracellular side of the membrane. The activity of AG489 was characterized
further, and the toxin was found to inhibit TRPV1 channels wit &f 0.3 4uM at —40 mV. Inhibition

of TRPV1 channels by AG489 is strongly voltage-dependent, with relief of inhibition at positive voltages,
consistent with the toxin inhibiting the channel through a pore-blocking mechanism. We used scanning
mutagenesis throughout the TM$M6 linker, a region thought to form the outer pore of TRPV1 channels,

to identify pore mutations that alter toxin affinity. Four mutants dramatically decrease toxin affinity and
several mutants increase toxin affinity, consistent with the notion that the—TINW& linker forms the

outer vestibule of TRPV1 channels and that AG489 is a pore blocker.

The capsaicin receptor, also known as TRPV1, belongs A B 10
to the transient receptor potential family of nonselective K,and TRP channels |
cation channelsl). TRPV1 is expressed predominantly by
sensory neuronsl] and responds to noxious stimuli,
including capsaicin (the pungent component of chilli pep-
pers), heat, and aci@), TRPV1 is thought to play a crucial
role in temperature sensing and nocicepti@ &nd has
attracted attention as a molecular target for pain treatment
(4). The TRPV1 channel is predicted to have six transmem-
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brane segments with a pore loop between TM5 and TM6, C D
an architecture that is related to that found in voltage- venom
activated potassium channels (Figure 1A). Although the cagsm
TM5—TMS6 region is thought to contribute to forming the — o=y =
ion conduction pathway5(-11), relatively little is known l'l I (
i

about the structure of this regiohd). Recently, several TRP -, ‘ _103pA
channels were reported to exhibit voltage-dependent gating / \ \ 10s
(13), strengthening the notion that their architecture is similar

to that Qf VOItage'aCt'Vateq po_tas§|um channels. Ficure 1: Activity of A. apertavenom on TRPV1 channels. (A)
Despite the important implications of TRPV1 channel proposed membrane folding diagram for TRP Kodhannels. (B)
inhibitors, only a few have been found so far. The anionic Dose-response curve for capsaicin activation of TRPV1. Mem-
histochemical dye, ruthenium red, was the first TRPV1 brane current was measured-a40 mV and normalized to the
inhibitor described 14, 15). Ruthenium red probably inhibits ~ '€SPOnse to 10M capsaicin. Data points are the mearSEM for
. . six measurements at each concentration. The smooth curve is a fit
TRPV1 channels through a pore-blocking mechanism be- of the Hill equation to the data with Eg= 1.6 4M andn = 1.6.
cause inhibition is voltage-dependent, capsaicin-independent(C) Photograph of theA. aperta spider. (Courtesy of Chuck
and rather nonselective. The first described competitive Kristensen, Spider Pharm, Yarnell, AZ.) (D) Current activated by
antagonist of TRPV1 is capsazepir6(17), and the first capsaicin (M) and its inhibition by a 1:100 dilution oA. aperta

antagonist from natural sources is thapsigargig),(an V&N The holding potential is40 mV.
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through second messenger pathways. two-electrode voltage clamp amplifier (Warner Instrument
We set out to identify new inhibitors of TRPV1 channels, Corp., Hamden, CT). When measuring capsaicin-activated
motivated by their possible utility in pain management and currents at-40 mV, data were filtered at 50 Hz (8-pole
as tools for studying the structure and function of TRP Bessel) and digitized at 200 Hz using a Digidata 1321A
channels. We began by screening venom from poisonousinterface board and pCLAMP 9 software (Axon Instruments).
animals for activity against the TRPV1 channel expressed For experiments in which membrane voltage was varied
in Xenopusocytes and found particularly robust inhibitory —using step protocols (Figure 4), filter frequency was 1 kHz

activity in venom fromAgelenopsis aperta north American

and digitization frequency was 5 kHz. The recording solution

funnel web spider. This venom contains both protein and contained (in mM) 100 NaCl, 5 HEPES, 1 MgCand 0.3
acylpolyamine toxins and has been a rich source of ion BaCk, pH 7.6.

channel inhibitors Z0). Here we describe the purification,

biochemical analysis, and initial biophysical characterization RESULTS AND DISCUSSION

of an acylpolyamine toxin that inhibits TRPV1 channels.

EXPERIMENTAL PROCEDURES

Materials. Capsaicin, PhTx-343, spermine, spermidine,

We began screening for activity against TRPV1 by
expressing the channel Xenopusocytes, using capsaicin
to activate the channel at a holding voltage-gf0 mV. The
concentration dependence for capsaicin activation of the

putrescine, and tryptophan were purchased from Sigma-channel is shown in Figure 1B, with half-maximal activation

Aldrich (St. Louis, MO). JSTX-3 was from Wako Pure
Chemical Industries (Osaka, Japan), aadapertavenom

occurring at 1.6uM, similar to what has been reported
previously (). We screened 44 venoms from scorpions, cone

was from Spider Pharm (Yarnell, AZ). Stock solutions of snails, spiders, snakes, and frogs for activity against the
capsaicin (10 mM) and PhTx-343 (1 mM) were in ethanol TRPV1 channel by adding diluted venom to the extracellular
and methanol, respectively, and all other stocks were in bath solution after activation of the channel withuM

water.

Reversed-Phase HPLC and Mass Spectromeignom
was diluted 16-50-fold into 0.1% TFA in HO, clarified by
centrifugation, and filtered through Ow@n acrodisk filters

capsaicin. Although a number of different venoms contain
both stimulatory and inhibitory activity, the venom frofn
aperta produces a particularly robust inhibitory effect on
currents activated by capsaicin (Figure 1C,D). Addition of

(Gelman Sciences, Ann Arbor, MI). The resulting supernatant A. apertavenom diluted 100-fold into recording solution
was fractionated in two steps using a Beckman analytical produces nearly complete inhibition of capsaicin-activated
gradient reversed-phase HPLC with either a Beckmann C18currents.

column (4.6 mmx 25 cm, 5um, 80 A) or a Vydac C18
column (4.6 mmx 25 cm, 5um, 300 A). Separation and

To purify the inhibitory activity, we fractioned. aperta
venom using reversed-phase HPLC with watacetonitrile

gradient conditions are detailed in the legend to Figure 2. gradients, testing individual peaks for activity against the

Following purification, the concentrations of AG489 or

TRPV1 channel. The HPLC fractionation of crude venom

AG505 were determined by absorbance at 280 nm using theresults in a chromatogram that contains two predominant

extinction coefficient for tryptophamggo = 5690 Mt cm™1)
(2).

clusters of peaks (Figure 2A). It has been previously
documented that the venom components eluting between 15

For mass spectrometric analysis, samples were introducedand 25 min are primarily acylpolyamine toxins, whereas the

and analyzed on a Waters 1525inary pump equipped with

components eluting between 40 and 50 min are primarily

a Waters 2777 sample manager that was connected onlingrotein toxins 20, 23—25). When these fractions are
to an orthogonal ESI-TOF mass spectrometer (Micromassexamined for activity against TRPV1, inhibitory activity is

LCT Premier; Waters, Milford, ME). The mobile phase for

observed for the cluster of peaks corresponding to polyamines

the direct introduction of the sample contained 0.08% formic (indicated by the gray shading in Figure 2A). The chromato-

acid and 60% acetonitrile in water.
Molecular Biology and Channel Expressiofll experi-

gram in Figure 2B shows subsequent fractionation of
polyamines using a modified separation procedure, which

ments were performed using the rat TRPV1 channel sub-Yields two peaks with robust inhibitory activity. The chro-

cloned into pGEM-HE Z2). Point mutations were generated

matographic signature observed in Figure 2B suggests that

through sequential PCR or the QuikChange site-directed the active components correspond to AG505 and AG289 (
mutagenesis kit 1l (Stratagene, Cedar Creek, TX), and all 25), two previously isolated toxins of known structure (Figure
mutations were verified by automated DNA sequencing. 2D). The identity of the two purified acylpolyamine toxins

Plasmids were linearized witlNotl, and cRNAs were
transcribed with T7 RNA polymeraseXenopus laeis

was confirmed by mass spectrometric analysis, which yielded
masses of 490.4 for AG489 and 506.4 for AG505, consistent

oocytes were removed surgically and incubated with agitation with previous determinations26, 27). Our subsequent

for 60—90 min in solution containing (in mM) 82.5 NacCl,
2.5 KClI, 1 MgCl, 5 HEPES, and 2 mg/mL collagenase, pH
7.6, with NaOH. Defolliculated oocytes were injected with
cRNA and incubated at 17C in a solution containing (in
mM) 96 NacCl, 2 KCI, 1 MgC}, 1.8 CaC}, 5 HEPES, and
50 ug/mL gentamicin, pH 7.6, with NaOH for-16 days
before electrophysiological recording.
Electrophysiological RecordingVlacroscopic ionic cur-

experimentation focuses on AG489 because this toxin is more
abundant in venom and both toxins exhibit similar inhibitory
activity (see Figure 5).

To investigate the concentration dependence for inhibition
by AG489, different concentrations of the toxin were applied
to the extracellular solution after the channel was activated
by 1 uM capsaicin at a holding voltage ef40 mV. At a
concentration of 1@M, AG489 completely inhibits current

rents were recorded under voltage clamp using an OC-725Cat —40 mV, requiring about 20 s to reach equilibrium (Figure
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Ficure 2: Purification of TRPV1 channel inhibitoA. aperta
venom. (A) Reversed-phase HPLC chromatogram fqul16f neat

A. apertavenom. Venom was fractioned on a Beckmann C18 (4.6
mm x 25 c¢m, 5um, 80 A) column using a gradient from water to
acetonitrile. A linear gradient was employed from 0% to 50%
mobile phase B over 80 min, where mobile phase A was 0.1%
TFA in water and mobile phase B was 0.08% TFA in acetonitrile.
Inhibitory activity was found throughout the region indicated by
the gray shading. (B) The active fractions in (A) were fractioned a
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Ficure 3: Inhibition of the TRPV1 channel by AG489. (A)

Activation of TRPV1 channels by AM capsaicin and subsequent
inhibition by 10uM AG489. The holding voltage is40 mV. (B)
Concentration dependence for inhibition by AG489. lonic current
was elicited by uM capsaicin at-40 mV. l/ly is the fraction of
uninhibited current. The solid line is a fit ¢flo = 1 — ([AG489]/
[AG489] + K;) to the data withK; = 0.3uM. Each point represents
the meant SEM for five to eight measurements.

Polyamines are known to interact with ion conduction
pores in several types of cation channels, including potassium
channels 28, 29), cyclic nucleotide gated channel30j,
glutamate receptor channel81}, nicotinic acetylcholine
receptor channels3p), and both TRPM4 and TRPM7
channels 33, 34). In most cases polyamines inhibit from
the intracellular side of the membrane, and inhibition is
strongly voltage-dependent. In the case of potassium channels
there is extensive evidence that polyamines inhibit by a pore-
blocking mechanism2g8). To ascertain whether AG489
works through a similar mechanism, we examined whether

second time using reversed-phase HPLC on a Vydac C18 (4.6 mminhibition by AG489 was voltage-dependent. TRPV1 was

x 25 cm, 5um, 300 A). A linear gradient was employed from
20% to 40% mobile phase B over 60 min, where mobile phase A
was 0.1% heptafluorobutyric acid (HFBA) in water and mobile
phase B was 0.08% HFBA in acetonitrile. (C) Chromatogram of
pure AG489 using the same column and protocol as in (B). (D)
Structures of AG489 and AG5026, 27).

3A). Following removal of the toxin from the recording
chamber the current at40 mV recovers along a significantly
slower time course (Figure 3A). The inhibition seen with
lower concentrations of AG489 develops more slowly and
produces less than complete inhibition (Figure 3B). The
relatively slow kinetics for the onset of inhibition makes it
difficult to ascertain whether equilibrium had been achieved
at concentrations below 08M. Despite this limitation, the
relationship between fractional inhibition and toxin concen-
tration (0.3-30 uM) could be well described assuming a

activated with 1uM capsaicin, and voltage steps were applied
between—100 and+100 mV from a holding voltage of 10
mV. As shown in Figure 4A, 1tM AGA489 inhibits the
TRPV1 channel at-40 mV to a much greater extent when
compared to+40 mV. Capsaicin-activated currents are
plotted in Figure 4B for a range of different voltages in both
the presence and absence of AG489, and the fractional
inhibition is plotted against membrane voltage in Figure 4C.
Fitting of a Boltzmann function to the relief of inhibition at
voltages positive te-25 mV yields a slope factor of 12 mV,
corresponding to @ of about 2, where is the amount of
charge moving through a fractio®d)( of the membrane
electric field. The relatively small decrease in fractional
inhibition at membrane voltages negative-t60 mV is not
due to permeation of the toxin (e.g., re88 and 35) but
results from a negative slope in the currembltage relation

1:1 interaction between toxin and channel, with an apparentunder control conditions, presumably reflecting a voltage

Ki of 0.3 uM (Figure 3B).

dependence to the open probability of the chant@l {Vhen
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FIGURE 4. Voltage-dependent inhibition of TRPV1 by AG489. (A) 1. 0t00n \5/
The TRPVL1 channel was activated byl capsaicin in the absence ppiopnan O‘b\% 1
(black) and presence of M AGA489 (gray). Voltage steps are  Fgure5: Comparison of the effects of polyamines on the TRPV1

from a holding voltage of~10 to—40 mV (left panel) or+-40 mV

or presence (gray circles) of 1 AG489 measured at the end of

was —40 mV. Data points are the meat SEM for seven

measurements. (C) Fraction of current uninhibited by AG489 plotted

against membrane voltage. Data points are the me&EM for

seven measurements. The smooth curve is a fit of a single

Boltzmann function to the data betweer25 and+100 mV with
a slope factor of 12 mV.

by AG489 is consistent with a pore-blocking mechanism.

AG489 when the channel was activated by 1 andulD

3, and 10uM AG489 are 0.26+ 0.04, 0.08+ 0.03, and
0.04 + 0.005 when the channel is activated by A

values of 0.27 0.04, 0.06+ 0.03, and 0.02: 0.002 when
the channel is activated by AM capsaicin.

C r NV (€ ANel) channel. Currents were activated by capsaicipNQ) at —40 mV
(right panel). Leak and linear capacitive identified in the absence prior to extracellular application of the test polyamit, is the

of capsaicin have been subtracted. (B) Voltage dependence offraction of uninhibited current. Each bar represents the mean
AGA489 inhibition. Currents measured in the absence (black circles) SE for between three and six measurements. Polyamines were
) : er tested at the following concentrations: AG4894@), AG505 (3

the voltage step, normalized to the current amplitude elicited by ,\) JSTX-3 (1 uM), PhTx-343 (30xM), spermine (1 mM),
Stepplng to+40 mV in the absence of toxin. The hOIdlng Voltage Spermidine (1 m'\/|)l putrescine (10 mM)’ and tryptophan mm

or no effect on TRPV1 channels. These results suggest that
TRPVL1 is rather selective for indole-containing polyamines.
This contrasts with data for TRPM7, which is inhibited by
putrescine, spermidine, spermine, and PhTx-343 from the
extracellular side of the membran&3], highlighting a
considered in the context of mechanistic experiments in other significant difference in the polyamine sensitivities of TRPV1
types of cation channels, the voltage dependence of inhibitionand TRPM7.
Given the likelihood that AG489 inhibits TRPV1 through
To further establish that the inhibitory mechanism of a pore-blocking mechanism, we examined whether mutations
AG489 does not involve interfering with capsaicin activation within the proposed pore-forming region of TRPV1 alter
of TRPV1 channels per se, we compared inhibition by inhibition by the toxin. The architectural relatedness of
potassium and TRP channels, as well as the discovery of
capsaicin. The fractions of uninhibited current seen with 1, mutants affecting ion permeation in TRP channéls11),
supports the notion that the TMIM6 linker forms the
external vestibule of the ion conduction pore. Figure 6A
capsaicin, which are indistinguishable from corresponding shows a sequence alignment between the putative pore region
in TRPV1 and the KcsA potassium channéR(43). We
tryptophan scanned this region, mutating 25 consecutive
AGA489 is an indole-containing polyamine that was first residues to tryptophan. Of these mutants, 15 result in channel

discovered to paralyze adult house flies and inhibit excitatory expression that can be readily studied using electrophysi-
postsynaptic potentials at glutamatergic neuromuscular syn-olgical techniques, whereas 10 produce little or no capasaicin-
apses?3, 25). The use dependence of postsynaptic inhibition activated current and were not studied further. One residue
described in the fly Z3) supports the notion that AG489 in this region (D646) was also mutated to asparagine since
inhibits through a pore-blocking mechanism. Subsequentthis mutant was previously reported to alter inhibition by
studies showed that AG489 inhibits the NMDN-Methyl- ruthenium red §), and the D646W mutant did not yield
D-aspartate) subtype of glutamate receptor chanrgfis (  functional channels. Figure 6B shows a summary of the
38). Since NMDA receptor channels are inhibited by several tryptophan scan, where K{"YK;"!) is plotted for each
different polyamines38—41), we investigated whether other  functional mutant. Interestingly, the nonfunctional mutants
polyamines also inhibit the TRPV1 channel. Although are clustered together near the middle of the region mutated,
previous studies have found that AG489, AG505, JSTX-3, which corresponds to a region of potassium channels (the
and PhTx-343 inhibit NMDA receptor channels, we find that signature sequence) that is similarly intolerant to substitution
JSTX-3 (1uM) and PhTx-343 (3«M) have no significant (44). Mutation of multiple residues flanking this intolerant
effect when applied to the extracellular side of TRPV1 region results in channels that exhibit diminished or enhanced
channels (Figure 5). In addition, we find that spermine (1 sensitivity to AG489. The residues where mutations decrease
mM), spermidine (1 mM), and putrescine (10 mM) have little sensitivity to the toxin are uniformly polar in the Wt channel,
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FiGure 6: Tryptophan scanning mutagenesis of the HVB16

linker region of TRPVL1. (A) Sequence alignment between the
putative pore region of TRPV1 and the pore of the KcsA potassium
channel. Identical residues are in gray boxes. (B) Plot df;{

KWt for each mutant in TM5TM6. Currents were activated by

10 uM capsaicin using a holding voltage ef40 mV. Concentra-
tions for AG489 were between 1 and 30/, with three to six
determinations at each concentration. Asterisks designate those

ngarr:]t\s/that gave rise to little or no capsaicin-activated current at FiGure 7: Perturbations in AGA489 affinity mapped onto the

structure of the KcsA potassium channel. Residues in red are P63,
. ) E71, D80, and V84, which correspond to N628, E636, D646, and
including N628, E636, D646, and E651. In contrast, the E651 in TRPV1, where mutations weaken toxin affinity. Residues
residues where mutation to tryptophan enhances sensitivityin blue are Y62 and S69, which correspond to Y627 and C634 in
to the toxin are all hydrophobic in the Wt channel, including TRPV1, where mutations enhance toxin affinity. The top structure

is a view of the tetrameric channel from the extracellular side,
Y627 and C634 and to a lesser extent F638, L647, and I:649'Whereas the bottom structure is a side view with front and back

Figure 7 shows a mapping of these mutagenesis results ontq,pynits removed for clarity. Structures drawn using DS Viewer
the X-ray structure of the KcsA potassium channel, where pro 5.0 (Accelrys); PDB accession number 1K4C.

the positions exhibiting decreased sensitivity are colored red
and those with enhanced sensitivity are colored blue. ACKNOWLEDGMENT
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