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ABSTRACT: Two peptides, ProTx-I and ProTx-II, from the venom of the tarantulaThrixopelma pruriens,
have been isolated and characterized. These peptides were purified on the basis of their ability to reversibly
inhibit the tetrodotoxin-resistant Na channel, NaV 1.8, and are shown to belong to the inhibitory cystine
knot (ICK) family of peptide toxins interacting with voltage-gated ion channels. The family has several
hallmarks: cystine bridge connectivity, mechanism of channel inhibition, and promiscuity across channels
within and across channel families. The cystine bridge connectivity of ProTx-II is very similar to that of
other members of this family, i.e., C2 to C16, C9 to C21, and C15 to C25. These peptides are the first high-
affinity ligands for tetrodotoxin-resistant peripheral nerve NaV channels, but also inhibit other NaV channels
(IC50’s < 100 nM). ProTx-I and ProTx-II shift the voltage dependence of activation of NaV 1.5 to more
positive voltages, similar to other gating-modifier ICK family members. ProTx-I also shifts the voltage
dependence of activation of CaV 3.1 (R1G, T-type, IC50 ) 50 nM) without affecting the voltage dependence
of inactivation. To enable further structural and functional studies, synthetic ProTx-II was made; it adopts
the same structure and has the same functional properties as the native peptide. Synthetic ProTx-I was
also made and exhibits the same potency as the native peptide. Synthetic ProTx-I, but not ProTx-II, also
inhibits KV 2.1 channels with 10-fold less potency than its potency on NaV channels. These peptides
represent novel tools for exploring the gating mechanisms of several NaV and CaV channels.

Peptides that target voltage-gated Na channels are widely
found in the venoms of scorpions, cone snails and sea
anemones. Many have proven to be valuable tools for
elucidating the structure, function, and physiology of the
various NaV1 channel isoforms. Three classes of peptide
toxins have been described (1): (A) site 1 toxins, e.g., the
µ-conotoxins, bind to the pore of the channel and physically

occlude the conduction pathway (2-4); (B) site 3 toxins,
including theR-scorpion toxins, some sea anemone toxins
andδ-conotoxins, bind to the S3-S4 linker of domain IV
and slow channel inactivation (5-7); and (C) site 4 toxins,
including theâ-scorpion toxins, bind to the S3-S4 linker
in domain II and facilitate channel activation (8). Both the
site 3 and site 4 families of peptides, under defined
conditions, increase the open probability of NaV channels
and inhibit gating transitions into closed states; they are
therefore called “gating-modifiers”. The gating modification
can either inhibit deactivation (â-scorpion toxins) or inhibit
the movement into the fast-inactivated state (e.g.,R-scorpion
toxins,1).

Spider venoms contain many peptide toxins that target
voltage-gated ion channels, but almost all of the peptides
that have been isolated target KV or CaV channels (9). A
number of these peptides are gating modifiers that conform
to the inhibitory cystine knot (ICK) structural motif (10, 11),
which is a subset of the disulfideâ-cross cluster of proteins
(12). Some ICK peptides, such as theµ- and someω-cono-
toxins, are thought to block the channel pore, while ICK
peptides from spider venoms, such as hanatoxin1 andω-Aga-
IVA, bind to an S3-S4 linker domain of either KV or CaV

channels, respectively (13-17). In contrast to scorpion and
sea anemone toxins, these spider toxins do not effect the
rate of inactivation but inhibit channel activity by restricting
the movement of the voltage sensor into the open channel
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conformation (shifting the voltage dependence of activation
to more positive potentials). Many of these gating modifier
spider toxins are promiscuous: ScTx1 blocks KV 2.1, 2.2,
and 4.2, all with IC50 values below 25 nM (18), and
hanatoxin1 and grammotoxin block both KV 2.1 channels
and CaV 2.1 channels (19). Thus, the hallmarks of the ICK
family of spider toxin gating modifiers are disulfide bridge
connectivity, mechanism of channel inhibition, and promis-
cuity within and across voltage-gated ion channel families.

Here we report on the identification, purification, structural
elucidation, and initial electrophysiological characterization
of two peptides isolated from the venom of the tarantula,
Thrixopelma pruriens. ProTx-I (35 amino acids)2 completely
conforms, and ProTx-II (30 amino acids) mostly conforms
to the ICK structural motif. ProTx-I contains the same
number of residues and the same cys spacing as hanatoxin1.
ProTx-II possesses the same disulfide bridging connectivity
as other members of the ICK class and can be chemically
synthesized and folded to an active form. ProTx-II then
expands the ICK motif in that it has only three residues
between the fifth and sixth half-cystines, which is smaller
than the spacing definition of 4-11 residues previously
described (11). Both ProTx-I and ProTx-II behave as gating
modifiers and inhibit the activation of NaV channels without
affecting the inactivation process. This property has not
previously been described with other peptide toxins that
target NaV channels. ProTx-I and ProTx-II inhibit several
NaV and CaV channel isoforms and likely identify conserved
structures in the voltage-sensing domains of both channel
types. Preliminary reports of some of this work have been
presented in abstract form (20-22).

MATERIALS AND METHODS

Materials. Venoms were purchased from commercial
vendors.Thrixopelma prurienstarantula venom was first
purchased from Invertebrate Biologics, (Los Gatos, CA);
more recent purchases were from Spider Pharm (Yarnell,
AZ). This spider was originally identified asProshapalopus
anomalous, and we had published several abstracts using that
name (20-22), but the tarantula was reclassified asThrix-
opelma pruriens(23). Endoproteinases Arg-C, Lys-C, Glu-
C, Asp-N, and sequencing-grade Trypsin were purchased
from Roche Diagnostics Corporation/Boehringer Mannheim
(Indianapolis, IN). Brevetoxin (PbTx3) was from CalBiochem
(San Diego, CA). Tris(2-carboxyethyl)phosphine (TCEP) was
supplied by Pierce.

Toxin Purification.Venom aliquots were fractionated by
cation exchange chromatography followed by reverse phase
chromatography using C8, C4, and C18 columns. The high-
pressure liquid chromatography (HPLC) systems and the data
collection system were previously described (24). Aliquots
of the Thrixopelma pruriensvenom, up to 500µL, were
thawed and diluted 10-fold with 20 mM ammonium acetate,
pH 6.2. The sample was then loaded onto a Brownlee CX-
300 column (4.6× 220 mm) at a flow rate of 1 mL/min.
The column was run using distilled deionized water as
solvent A and 1 M ammonium acetate at pH 6.2 as solvent
B and had been preequilibrated at 2% B. Four minutes after

the final sample injection, material bound to the column was
eluted using a gradient of 1.73% B/min. Absorbance at 280
nm was monitored, and peak fractions were collected.
Fractions were lyophilized and reconstituted in 140 mM KCl,
10 mM HEPES-K, pH 7.4, and assayed for inhibition of
NaV 1.8. Selected fractions were pooled and subjected to
reverse-phase HPLC (C8, 4.6× 250 mm, Vydac, Hesperia,
CA) using 10 mM trifluoroacetic acid (TFA) in water
(solvent A) and 9 mM TFA in 95% 2-propanol:5% water
(solvent B). Sample was loaded at 10% B, and then a gradient
of 10-50% B over 51 min at 1.25 mL/min flow rate was
used to elute proteins. Absorbance was monitored at 220
nm. Fractions were lyophilized, resuspended, and assayed
as above. The third stage C4 column (4.6× 250 mm, Vydac)
was run using 0.1% heptafluorobutyric acid in water (solvent
A) and 0.1% heptafluorobutyric acid in 95% acetonitrile:
water (solvent B). Active fractions were pooled, injected at
20% B, and eluted with a gradient of 20-45% B over 54
min at a flow rate of 1.25 mL/min. After lyophilization and
electrophysiological analysis, active fractions were pooled
and loaded onto a C18 column (4.6× 250 mm, Vydac) with
10 mM TFA in water as solvent A and 9 mM TFA in 95%
acetonitrile:water as solvent B. Material was eluted with a
gradient of 18-43% B over 54 min at a flow rate of 1.2
mL/min; absorbance at 210 nm was monitored.

Protein Chemistry.The procedure for reduction and
alkylation of peptides has been previously described (24).
Purified proteins or peptide fragments were analyzed by
automated Edman degradation chemistry using either a
Porton 2090E microsequencer or an ABI Procise 494 cLC,
operated according to the manufacturers’ protocols; PTH-
amino acid quantitation was carried out using the software
supplied by the manufacturer. The Porton 2090E had been
retrofitted with a diode array detector, and the signal at 268
nm (4 nm band-pass) was divided by the signal at 315 nm
(25 nm band-pass). Quantitation of peptide was done by
assuming that the initial yield of the sequencer was 50%,
which was within 5% of the initial yield of the standards
supplied by the manufacturers:R-lactoglobulin (Porton
2090E) orâ-lactoglobulin (Procise 494 cLC).

For disulfide bridge determination, 2-10 nmol of ProTx-
II was resuspended in 40µL of 0.1 M Tris‚HCl, pH 7.5, 5%
acetonitrile, and digested at a 1:5 weight ratio with modified
sequencing grade trypsin (Roche Diagnostics GmbH, Mann-
heim, Ger.). The digestion proceeded for 48 or 120 h at 37
°C for the 2 and 10 nmol digests, respectively. The digested
material was separated on an ABI microbore HPLC; solvent
A was 5 mM TFA in water, and solvent B was 4.5 mM
TFA in 95% acetonitrile:water (24). Material was eluted at
100 µL/min using a gradient of 5-55% B over 56 min at
35 °C (C18 column, 2.5× 150 mm, Vydac) and following
absorbance at 205 and 280 nm; two major and one minor
component were observed and separately collected. The
major components were subsequently lyophilized and di-
gested with 3.86µg endoproteinase Glu-C in 50µL of 25
mM NH5CO3, pH 7.8, 5% acetonitrile for 18 h at 25°C,
and were purified as above. When the trypsin digestion was
carried out on either the native or the synthetic material at
pH 8.5, significant disulfide bridge scrambling was found:
e.g., C2 was found bridged to C9, to C25 and to C15-C21 in
similar amounts. At pH 7.5, however, undetectable amounts

2 The protein sequence data reported in this paper will appear in the
SWISS-PROT and TrEMBL knowledgebase under accession numbers
P83480 and P83476 for ProTx-I and ProTx-II, respectively.
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(<3%) of C2 to C9 or to C25 forms were found with either
the native or the synthetic ProTx-II.

For primary sequence determination, 500 pmol samples
of the reduced and carboxymethylated (RCM’ed) peptides
were resuspended in the appropriate reaction buffer for a
given cleavage enzyme. The reaction with 5 pmol of
endoproteinase Lys-C was carried out in 50µL 0.1 M NH5-
CO3 for 16 h at 37°C. Digestion by 5 pmol of endoproteinase
Asp-N was performed under the same conditions for 18 h.
Endoproteinase Arg-C was used at 0.3µg enzyme per 108
pmol of the toxin in 50µL of 50 mM Na2HPO4, 4 mM
CaCl2, at pH 7.9. Just prior to fragment separation by reverse-
phase chromatography, TFA was added to a final concentra-
tion of 1%, and the samples were fractionated as above.

Mass Spectrometry.Matrix-assisted-laser-desorption-
ionization time-of-flight mass spectrometry (MALDI-TOF-
MS) was used for structural characterization of the fractions
to determine mass and to estimate purity. MALDI-TOF-MS
and MALDI-PSD measurements were performed using a
Voyager-DE STR reflectron time-of-flight mass spectrometer
from Applied Biosystems (Framingham, MA). In cases where
an HPLC was used to separate components, fractions
containing 1-5 pmol of sample were lyophilized. Fractions
were then reconstituted in 2µL of matrix solution (10 mg/
mL R-cyano-4-hydroxycinnamic acid in 70% acetonitrile/
0.1% TFA). One microliter of sample/matrix solution was
deposited and dried under a gentle stream of warm air. In
cases where an HPLC fraction was not used, a C-18 ZipTip
from Millipore (Milford, MA) was used for purification.
After loading the sample onto the ZipTip and washing, the
sample was eluted off the ZipTip column using 2µL matrix
solution. Typically, 100-500 laser shots were averaged into
a composite spectrum. For MALDI-PSD measurements, the
parent ion is selected using the precursor ion-gate. The PSD
spectrum was acquired by scanning the reflectron mirror
ratio. At each mirror ratio setting between 800 and 1200 laser
shots are averaged using high laser intensity. The final PSD
spectrum is generated by stitching the PSD segments together
using the Data Explorer software module (Applied Biosys-
tems).

LC-MS was performed on intact ProTx peptides to confirm
molecular weight and purity using a TSQ-7000 triple
quadrupole mass spectrometer Finnigan Mat (San Jose, CA)
configured with an electrospray ionization source. The mass
spectrometer was connected to an 1100 Series HPLC from
Agilent (Palo Alto, CA). A 2.0× 50 mm PLRP-S column
from Michrom BioResources (Auburn, CA) was used.
Samples were loaded onto the column using 100% solvent
A (5% acetonitrile/0.05% TFA) and isocratically eluted using
80% solvent B (acetonitrile/0.05% TFA). The flow rate was
200 µL/min, and no splitter was used prior to the mass
spectrometer. The tools used to calculate molecular masses
were either www.expasy.org/tools/peptide-mass.html, with
corrections for the oxidation state of cys residues and for
addition of water at any peptide backbone cleavages, or the
Data Explorer software supplied by the manufacturer.

Peptide Synthesis.ProTx-I and ProTx-II were synthesized
by solid-phase methodology using a Boc protection strategy
(25). Folding of HPLC purified hexahydropeptides was
achieved by air oxidation (0.1 mg/mL) in 2 M urea, 0.1 M
Tris, pH 8.0, 0.15 mM reduced glutathione, and 0.30 mM
oxidized glutathione. The yield of the folding reaction was

77% for ProTx-II and>70% for ProTx-I, and the overall
yield of the synthesis to folded toxin was 1%.

NMR Spectroscopy. All NMR spectra were recorded on a
Varian Inova 600 MHz spectrometer with a sample temper-
ature of 25°C. Samples for NMR measurements contained
1.02 mg of the synthetic folded ProTx-II peptide dissolved
in 50 mM sodium phosphate buffer in 90% H2O/10% D2O,
pH 5.73 in a volume of 0.650 mL.1H chemical shifts were
referenced internally to sodium 3-(trimethylsilyl)propionate-
2,2,3,3-d4 (TSP) at 0.00 ppm. The water resonance in all
experiments was suppressed by low power saturation using
an attenuated transmitter pulse. Sequence-specific1H chemi-
cal shift assignments were obtained with the combination
of TOCSY (26, 27) and NOESY (28) experiments using
standard methodologies (29). All two-dimensional experi-
ments were acquired in the hypercomplex mode for phase-
sensitive presentation (30). Clean-TOCSY (27, 31) spectra
were recorded with 1K complex points int2 and 512 points
in t1 consisting of 64-96 transients per increment. Spin-
locking was achieved with an MLEV16+60° mixing se-
quence for a duration of 65 ms preceded by a 2.0 ms trim
pulse. Data sets were multiplied by a shifted Gaussian
apodization function and zero-filled to 2K by 1K complex
points prior to Fourier transformation.

NOESY spectra were acquired using mixing times of 250
and 500 ms. Solvent suppression was achieved by selective
saturation of the water resonance during the 1 s recycle delay,
t1 period, and mixing period. Data sets were acquired with
1K complex points int2 and 512 points int1 with 96
transients per increment. The data were processed as
described above. The sample was lyophilized and redissolved
in 100% D2O for additional assignment and analysis of
resonances near the H2O peak. There was negligible pertur-
bation of the chemical shift values recorded on the peptide
samples dissolved in D2O.

rNaV 1.8 Cloning and Oocyte Electrophysiology.RNA
from 100 dorsal root ganglia (20 day-old Wistar rats, Charles
River Laboratories) was prepared with the Trizol Method
(Gibco BRL). RNA was reverse transcribed with random
primers and Superscript II reverse transcriptase (Gibco BRL).
rNaV 1.8 specific sequences were amplified with primers
according to published sequences of rNaV 1.8 (32). For the
PCR, Advantage polymerase (Clontech) was used. Two
independent fragments were amplified with CGATGCTAG-
CAAGCTTCCGCCACCATGGAGCTCCCCTTTGCGT-
CCGTGG and CATATCTTCCTCGAGCTCGTCGAGGT-
CAGATTCC and with GGAATCTGACCTCGACGAGCTC-
GAGGAAGATATG and GCATTCTAGAGCCTGAGTGC-
CTTCACTGAGGTCCAGGGCTG. The PCR fragments
were digested with restriction enzymes and cloned in plasmid
vectors. Several inserts containing plasmids for each fragment
were sequenced. Sequence differences from the published
sequence were A59D, A88T, A432E, L572V, and D588H.
The full length rNaV 1.8 cDNA was assembled in pSK from
Stratagene.

To express channels in oocytes, cDNA encoding the
appropriate channel was cloned into standard expression
vectors except for hNaV 1.7 and rNaV 1.8, which were cloned
into a modified pGEM vector (Promega) containing the
Xenopusâ-globin 5′ and 3′ untranslated region to enhance
expression levels (33). Plasmids were linearized, and RNA
was transcribed using the T7 (or SP6) RNA polymerase and
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the mMessage mMachine kit from Ambion. Undiluted RNA
was injected for the hNaV 1.7 (h for human), and rNaV 1.8
(r for rat) channels but was diluted for all other channels to
obtain maximum current amplitudes of between 0.5 and 5
µA at test potentials 2-7 days after mRNA injection. Current
amplitude was measured using a Dagan two-electrode
voltage-clamp amplifier and the pCLAMP acquisition soft-
ware. Leak current was subtracted using the scaled current
observed with a P/n protocol. The capacitance and resistance
compensation feature on the Dagan was used to minimize
the capacitance transient measured at a voltage where NaV

channels were not opened. Glass microelectrodes were pulled
to achieve resistances of 0.5-1.0ΜΩ after filling with 1 M
KCl measured in the recording solution. Oocytes were
prepared by standard techniques and recording done in ND-
96 (98 mM NaCl, 2 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2,
5 mM HEPES-Na, pH 7.5). Oocyte membrane potential was
held at-80 or-100 mV, and a current-voltage relationship
was measured to determine the voltage that produced the
maximum inward current. Typically, oocytes were depolar-
ized to 0 mV (+ 20 to + 30 mV for rNaV 1.8) for 40-100
ms. After a stable peak current was obtained, the indicated
concentration of venom or toxin was added by perfusing the
1 mL recording chamber with ND 96 containing the sample,
typically at 2-3 mL/min. When a stable block was obtained
(≈15 min), the oocyte was perfused with fresh ND-96 to
assess reversibility of inhibition.

Cell Culture and HEK Cell Electrophysiology. For whole-
cell voltage-clamp recordings, stably transfected HEK-293
cell lines expressing hNaV 1.5 (34), hNaV 1.7 (see below
35), or rCaV 3.1 (36) channels were used. The hNaV 1.7 cell
line was constructed by Aurora Biosciences. The hNaV 1.7
cDNA (35) was cloned in a retroviral expression vector
(pLCNX, Clontech). Subsequently virus particles were used
to infect HEK-293 cells, and a cell line stably expressing
the channel was selected. Cells were maintained in either
MEM (Minimum Essential Medium) supplemented with 10%
fetal bovine serum, 2 mML-glutamine, 1 unit/mL penicillin/
streptomycin or DMEM (Dulbecco’s modified Eagles me-
dium) supplemented with 10% fetal bovine serum, 4 mM
L-glutamine, 2 units/mL penicillin/streptomycin, 0.02 mg/
mL G-418, as appropriate. Cells were plated on poly-D-lysine
coated cover slips 16 h prior to recording then washed with
mammalian Ringer’s solution immediately prior to recording.

Single cell recordings of currents through voltage-activated
hNaV 1.5, hNaV 1.7, and rCaV 3.1 channels were performed
at room temperature (20-22 °C) using the whole cell patch-
clamp technique. Currents were recorded using a Dagan
3900A or HEKA EPC-9 patch clamp amplifier. Data were
stored on a personal computer equipped with HEKA Pulse
8.5 and analyzed using Pulsefit (HEKA, Lambrecht, Ger-
many), Igor Pro 4.0 (Wavemetrics, Lake Oswego, OR), or
Origin 6.0 (Microcal, Northampton, MA). Patch pipets were
made from borosilicate glass tubing (World Precision Instru-
ments, Sarasota, FL), fire-polished, and coated with Sylgard
and had a resistance of 1-3 MΩ when filled with an internal
solution (below) measured in the recording medium. Series
resistance was compensated. Leak resistance and capacitance
were corrected by subtracting the scaled current observed
with a P/n protocol. For sodium current measurements, the
following solutions were used (in mM), as stated in figure

legends: (pipet solution a) 2 NaCl, 101 Cs‚gluconate, 20
CsF, 20 CsCl, 11 BAPTA, pH 7.4 adjusted with CsOH or
(pipet solution b) 140 CsF, 10 NaCl, 1 EGTA, 10 HEPES,
pH 7.3 adjusted with CsOH; and (bath solution a) 15 NaCl,
135N-methyl-D-glucamine-Cl, 1.8 CaCl2, 0.5 MgCl2, pH 7.4
with HEPES or (bath solution b) 15 NaCl, 135 choline-Cl,
1 MgCl2, 10 HEPES, pH 7.3 adjusted with TEA-OH. For
calcium current measurements, the pipet solution contained
100 Na-glutamate, 20 CsF, 20 CsCl, 11 BAPTA, 10 HEPES,
pH 7.2, and the bath solution consisted of 144 CsCl, 2 CaCl2,
0.5 MgCl2, 10 HEPES, pH 7.4. Purified or synthetic peptides
were dissolved in 100 mM KCl and 10 mM HEPES-K, pH
7.5, stored at-20 °C, and diluted in the bath solution
containing 0.05% BSA (essentially fatty acid free, Sigma,
St. Louis, MO) to prevent adsorption of the peptide to tubing
and perfusion chamber. Data are given as mean( standard
error.

VIPR Assay.hNaV 1.7 or hNaV 1.5 cells were plated at
approximately 100 000 cells/well in poly-D-lysine coated
black-wall clear-bottom 96 well plates (Costar # 3667) and
were incubated overnight at 37°C in a 10% CO2 atmosphere
in growth medium. Cells were stained with voltage-sensitive
dyes (37, 38) by washing twice with 100µL of Dulbecco’s
phosphate buffered saline (DPBS) and then incubating in
100 µL of the DPBS supplemented to 10 mM glucose, 10
mM HEPES-Na (pH 7.5), and 10µM CC2-DMPE for 0.7
h at 27°C. Cells were rinsed twice with 100µL of Na-free
medium (in mM: 160 tetramethylammonium‚Cl, 0.1 CaCl2,
1 MgCl2, 11 glucose, 10 HEPES-K, pH 7.5, [K] ap-
proximately 4.5 mM) and then incubated in 100µL of that
medium supplemented with 10µM DiSBAC2(3), 20 µM
veratridine, 20 nM PbTx3, and test sample at the indicated
concentration for 0.7 h at 27°C. At the end of this incubation,
the plate was placed in the VIPR reader, illuminated at 400
nm, and fluorescence emissions at 460 and 580 nm were
recorded at 1 Hz. After a 7 sbaseline reading, 100µL of
Na solution was added (in mM: 165 NaCl, 4.5 KCl, 2 CaCl2,
1 MgCl2, 11 glucose, 10 HEPES-Na, pH 7.5). The change

FIGURE 1: Effects ofThrixopelma pruriensvenom and purified
ProTx-I and ProTx-II on rNaV 1.8 expressed in oocytes. The
membrane potential was held at-80 mV, and the peak inward
current was measured during a 100 ms pulse to+30 mV, repeated
every 10 s. During the recording, oocytes were perfused with a
solution of ND-96 containing 1:2000 dilution of venom (2), 730
nM ProTx-I (O), or 797 nM ProTx-II (0). These solutions were
applied during the period indicated by the bar; all other times, the
recording chamber was perfused with ND-96. The inset shows two-
electrode voltage-clamp of oocytes expressing rNaV 1.8 recorded
in ND-96; the current observed before and after application of a
1:2000 dilution ofThrixopelma pruriensvenom is depicted.
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in fluorescence resonance energy transfer (FRET) ratio was
recorded as F/F0 or more explicitly as

where S and I are stimulated and initial fluorescence
emissions measurements at the indicated wavelengths. The
initial second through seventh readings were averaged for
the denominator and the stimulated response was picked as
the average of the 12th through the 15th readings. Back-
ground fluorescence (≈16-20% of the initial signal) was
not subtracted.

RESULTS

Inhibition of current passing through rNaV 1.8 (rat PN3,
SNS) channels expressed inXenopusoocytes was used to
screen over 125 spider, sea anemone, scorpion, and wasp
venoms.Thrixopelma prurienstarantula venom was identi-
fied as one of the most potent at inhibiting current movement
through this channel. Addition of this venom caused a rapid,
reproducible decrease in peak current of nearly 70%, which
slowly reversed over a 15 min washout period (Figure 1,

triangles). To isolate the active agent(s), the venom was
fractionated over a cation exchange column, and the fractions
assayed for inhibition of rNaV 1.8 (Figure 2, top panel).

Two peaks of activity eluted, at about 20 and 28 min. The
activity evident at 20 min is not discussed here, as it was
present in much lower proportion in early batches of the
venom. Two highly active fractions from the later eluting
peak were pooled and fractionated over a C8 reverse-phase
column (Figure 2, second panel). This sample separated into
two peaks that eluted starting at 28 and 34 min. These two
peaks of activity were distinguishable by the rate at which
sodium channels recovered from block. Block of rNaV 1.8
reversed more rapidly by the fractions that would ultimately
yield ProTx-II than by the fractions that would yield ProTx-I
(Figure 1). These fractions were subsequently purified
individually with two more reverse-phase purification steps
prior to characterization by mass spectrometry and automated
Edman sequencing.

The yield of ProTx-I and ProTx-II over the course of three
purifications was not constant. From a single purification,
the final yield was 1.1µmol of ProTx-I and 0.8µmol of
ProTx-II per mL of venom, which indicates a high toxin

FIGURE 2: Purification of ProTx-I and ProTx-II. Top panel: venom (475µL) was loaded onto a CX-300 cation exchange column. Proteins
were eluted using a gradient from 20 mM to 1 M NH5CO3; the progress of the gradient is depicted with the straight line, plotted against
the right-hand scale in units of % B. The absorbance of the eluent was measured at 280 nm (continuous trace, left scale). Fractions were
analyzed for their capacity to inhibit Na current through rNaV 1.8 (bars, right scale). The indicated fractions were pooled and loaded onto
a C8 column (next panel). Absorbance was monitored at 220 nm; fractions were tested as above. The indicated fractions were pooled and
loaded onto two separate C4 runs, monitored at 210 nm, tested as above, and the indicated fractions from those runs were loaded onto two
separate C18 runs (bottom panels), monitored at 210 nm. The fraction in front of the indicated C4 ProTx-II purification was also run on
a C18 column and yielded ProTx-II by Edman degradation and by molecular mass (MALDI-TOF-MS).

F/F0 ) ((S460/S580)/(I460/I580))
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concentration. Other purifications yielded lower amounts:
from 0.05 to 0.3µmol of ProTx-I and ProTx-II per mL of
venom. The differing yields may be due to the condition of
the tarantulas, or seasonal variation in the venom.

The purity of the material recovered from the C18 column
was assessed. Automated Edman degradation performed on
native or reduced and carboxymethylated (RCM’ed) material
revealed single sequences for both ProTx-I and ProTx-II
(Figure 3, lower). On the basis of the sensitivity of the
instruments, there were no positions in the first 20 residues
at which multiple residues could be assigned, down to a 3%
maximal possible impurity level. Following purification,
ProTx-I and ProTx-II were analyzed by MS and found to
contain only one peak, each at 3988 and 3827 amu,
respectively (Figure 3, upper panels). By MS analysis, we
estimate that greater than 97% of the signal was due to these
species. When the material was injected into a new HPLC
system, with a different column and gradient,<3% maximal
impurities were detected by UV absorbance at 280 or 205
nm. Thus, by these three criteria, the material was>97%
pure.

Sequences.Sequencing the RCM’ed material typically
yielded about 30 cycles of identifiable amino acid residues
and the phenylthiohydantoin carboxymethyl-cysteine deriva-
tives (PTH CMCys) in the indicated cycles (Figure 3, lower).
To confirm and extend these results, peptide fragments were
generated with endoproteinases Lys-C, Arg-C, or Asp-N
digestion of RCM’ed ProTx-I and ProTx-II or trypsin
digestion of the native ProTx-II. All fragment sequences were
consistent with the original full-length sequence and the
critical fragments used for sequence determination are shown.
To determine the C-terminal residues in ProTx-I and confirm
the assignments in ProTx-II, peptides generated by Asp-N
or trypsin digestion respectively were sequenced by MS/
MS.

Disulfide Bridge ConnectiVity. The tertiary structure of
hanatoxin1, determined by NMR (39), and the disulfide
connectivity of huwentoxin-1, determined by peptide map-
ping (40), reveal the characteristic ICK disulfide pattern in
which the first, second and third half-cystines bridge to the
fourth, fifth, and sixth half-cystines, respectively. ProTx-I
is 57% identical to hanatoxin1 (41) and has the same cys
spacing (Figure 3). The dihydroalanine PTH results from
sequencing the native ProTx-I (below) suggests that ProTx-I
is an ICK peptide. However, ProTx-II is only 10% identical
to hanatoxin1 (excluding the cys residues) and is five residues
shorter, including three residues missing between the 5th and
6th cys residues (Figure 3). With only three residues between
the 5th and 6th cys residues, ProTx-II falls outside the
definition of an ICK motif peptide (11). Therefore, we
determined the disulfide bridge connectivity of ProTx-II by
several techniques to determine if it is an ICK motif protein.

The masses of ProTx-I and ProTx-II measured by MALDI-
TOF or electrospray were 3988.3( 0.58 (n ) 3) and 3827.0
( 0 (n ) 2). If all cys residues were in disulfides, then the
calculated masses, based on the sequences, are 3987.56 and
3826.64 amu, respectively (reduced would be 3993.56 and
3832.64 amu, respectively). When ProTx-II was reduced
using TCEP,>85% of the molecules increased in mass by
6 amu (Figure 3, inset) consistent with three disulfide bonds.
These results support the conclusion that all cys residues are
in the form of disulfides.

FIGURE 3: Mass and amino acid sequence of ProTx-I and ProTx-
II. Representative LC-MS of ProTx-I (top) and MALDI-TOF-MS
spectra of ProTx-II (second); the inset in the ProTx-II panel shows
MALDI-TOF of ProTx-II before and after reduction with TCEP.
Reduction was carried out by lyophilizing a toxin aliquot and
resuspending the toxin in 1 mg/mL TCEP in 100 mM NH5CO3 at
room temperature for 1 h. In the ProTx-II panel, the second peak
at 1914 is anm/2zpeak as the isotope peaks were not separated by
1 amu (as are those in the inset) but were separated by 0.5 amu,
and the isotopic ratio of the 1914 amu peaks matched that of the
3827 amu peaks. These panels are representative of the three ProTx-
II or two ProTx-I separate isolations which generated independent
samples. Lower panel: Sequences of native or reduced and
carboxymethylated (RCM’ed) ProTx-I and ProTx-II, or peptide
fragments from endoproteinase digestions of RCM’ed peptide. The
lowercase letters are sequence calls with much reduced yield; the
X for cycles where no PTH-amino acid derivative was identified,
and the B is used to indicate cycles where the PTH derivative of
dihydroalanine was seen in increased yield, not coincident with a
serine. (N.B: The identification of the PTH-dihydroalanine was
made only with samples sequenced on the Porton 2090E with the
dual-wavelength detector; similar observations have not been found
with the Procise 494 cLC, which uses a single-wavelength detector.)
MS/MS refers to samples subject to MS/MS sequencing, and ProSeq
refers to a sample that was subject to both MS/MS and automated
Edman sequencing. In the final sequences, all residues were detected
at positions at least twice except for the C-terminal serine in ProTx-
I, which was identified only by MS/MS; for example, K28 of ProTx-
II was detected at least 6 times. Bottom panel: alignment of ProTx-I
and ProTx-II with hanatoxin1 (HaTx1).

Cystine Knot Inhibitors of NaV Channel Activation Biochemistry, Vol. 41, No. 50, 200214739



Sequencing native ProTx-I and ProTx-II did not yield
PTH-Cys derivatives in the cycles where cys was assigned,
consistent with the cys residues being in the form of half-
cystines (40). The native samples did yield PTH-dihydroala-
nine (40) in increased yield in cycles 16, 21, and 28 for
ProTx-I and in cycles 16, 21, and 25 for ProTx-II (50-80%
of the yield of the surrounding residues) relative to that seen
in cycles 2, 9, and 15 (yield of 7-30% of the surrounding
residues). This suggests that C2, C9, and C15 do not disulfide-
bridge with each other, consistent with an ICK motif for both
ProTx-I and ProTx-II.

To determine the specific disulfide connectivity of ProTx-
II, protease digestion was employed (Figure 4A). Trypsin
has potential cleavage sites between each cys residue except
C15 and C21. Trypsin digestion caused the native ProTx-II at
3827 amu to disappear while major products with masses
of 3325.5 and 3197 amu and a minor 446 amu product
appeared. The 446 amu species sequenced as KLW by MS/
MS and automated Edman sequencing (Figures 3 and 4A).
The presence of the 3325 and the 3197 amu species indicates
that C2, C9, and C25 are bonded to the peptide containing
C15C16 and C21.

Glu-C cleaved the 3325 and the 3197 amu samples after
E17, and the digestion products were separated by HPLC.
Three products with molecular masses of 1776, 1566, and
1438 amu were identified (Figure 4A). The 1438 amu was

exclusively derived from the 3197 amu Glu-C reaction, the
1556 amu species was exclusively derived from the digestion
of the 3325 amu starting material, and the 1776 amu was
common to both reactions. The 1776 amu peak yielded two
sequences: the tryptic fragment starting with W5 and the
predicted Glu-C product starting at G18 (Figure 4A). When
subject to MALDI-TOF-MS after reduction with TCEP, the
1776 amu disappeared, and a 1213 amu species appeared
(Figure 4A). The 564 amu product was not observed and
may have been lost after reduction. Thus, by Edman
sequencing and by MS, we find direct evidence that C9 is in
a disulfide bridge with C21, or the 2nd and 5th half-cystines
bond to each other in a pattern consistent with the ICK motif.

The 1438 amu molecule, when sequenced, yielded Y and
L in the first cycle, W in the 2nd cycle, E and Q in the 3rd
cycle, and K in the 4th cycle (Figure 4A). The two sequences
depicted in Figure 4A were observed from the 1566 amu
material: about 30% of the sample hadK14 and did not have
K27, while the remainder hadK27 and noK14. Therefore, C2
and C25 must be attached to the fragment that contained C15

and C16, and they cannot bond to each other. This pattern is
consistent with the ICK disulfide bridging pattern where the
1st cys bonds to the 4th cys and the 3rd cys bonds to the 6th
cys. On the basis of the dihydroalanine PTH data and the
proteolytic cleavage data, this protein must conform to an
ICK motif: the 1st cys cannot bond to the 6th cys (peptide

FIGURE 4: (A) Identifying the disulfide bridge connectivity of ProTx-II. The sequence of the intact sequence is shown at the top with
overbars indicating the recovered trypsin fragments. Native ProTx-II was digested with trypsin, the products were separated by HPLC, and
the peaks were subject to MALDI-TOF-MS and PTH-amino acid sequencing. A smaller peak eluting earlier, when subject to N-terminal
amino acid sequencing, gave the sequence KLW; this material by MALDI-TOF-MS had a molecular mass of 446 (expected 445.56) and,
when subject to MS/MS, also gave the sequence KLW. There was no indication of amidation of the W; the masses were exactly that
expected for a carboxylic acid group at the carboxy terminus of the protein. The major product had a molecular mass of 3325.05 or 3325.53
(separate isolations), longer digestion times gave 3197 as the major species recovered. The expected masses were 3324.92 and 3196.75
amu based on the sequence, with the cys residues oxidized and the peptide backbone cleaved in three places by trypsin. When the 3197
amu species was subsequently digested with Glu-C, two products were separated by HPLC: a 1776 amu (calculated 1776.05 amu) and a
1438 amu species (calculated 1437.72 amu). Similarly, digestion of the 3325 amu species resulted in isolation of 1566.997 amu (calculated
1566.89 amu) and 1776.1 amu (calculated 1776.05 amu) species. If these products were reduced prior to MALDI-TOF, they disappeared,
consistent with a disulfide bridge or bridges. In one case, the fragment containing C9 was obtained at 1213.7 amu (calculated 1213.35 amu);
the lower molecular mass fragments were not detected in increased signal intensity significantly above the matrix signal. Figure 4B is the
MALDI-PSD spectrum of the HPLC fraction. The first digit is over the identified peak. The observed b-ions, y-ions, and other ions due to
cleavage of the disulfide linkage confirm the structure of this proteolytic fragment (see Table 1). The peak at 789m/z is critical for determining
the bridging pattern as C2C16 and C15C25. There is no peak observed at 798m/z, 10 amu higher, which would have indicated the opposite
disulfide bridging pattern.
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mapping of the 1438), it cannot bond to the 2nd or 5th cys
residues (peptide mapping), and it cannot bond to the 3rd
cys (PTH dihydroalanine data); therefore, it must bond to
the 4th cys. By elimination then, the 3rd cys and 6th cys
must also form a bond.

MALDI-PSD Analysis of Disulfide Bridging Pattern.Mass
spectrometry can be used for in situ fragmentation and
analysis of peptides joined by disulfide bridges. MALDI-
PSD has been shown to be advantageous to other forms of
MS/MS analysis because the energetics of PSD can lead to
fragmentation of the peptide backbone between adjacent half-
cystine residues (42). Unique fragment ions are generated
that contain the disulfide bridges and provide evidence for
the assignment of the bridging patten. Figure 4B is a PSD
spectrum of the proteolytic fragments from the parent ion
of 1438 amu. There are a large number of a, b, and y ions
formed by cleavage along the three peptide backbones, as
well as fragment ions generated by cleavage of the disulfide
bridges. Table 1 lists the observed ions along with assign-
ments. For purposes of clarity, the peptide chains of the
parent ion are labeled A, B, and C (inset, Figure 4B). The
By2 ion at 789 amu formed by cleavage of the B chain
between C15 and C16 provides the critical information for
assigning the disulfide bridging connectivity (Figure 4B and
Table 1). This ion is only consistent with disulfide bridges
between C2-C16 and C15-C25. If the bridging pattern were
the opposite, i.e., C2-C15 and C16-C25, then an ion at 798
amu should have been observed, but it was absent. We
conclude that ProTx-II does adopt an ICK motif.

Electrophysiological Studies.The effect of ProTx-I and
ProTx-II on channel activation was studied using hNaV 1.5
channels expressed in HEK-293 cells. Panels A and B of
Figure 5 show superimposed hNaV 1.5 currents without and
with 365 nM ProTx-I for test potentials of-10 mV and+95
mV, respectively. The toxin effect is much greater for small
depolarizations, with negligible block at+95 mV. The effect
of ProTx-I on the peak current-voltage relationship is shown
(Figure 5C). Note that the voltage of half-maximal activation
is shifted by+37 mV and the slope factor is increased≈2-
fold. Similar results were obtained in two other experiments,
but we were unable to resolve outward currents at very
positive voltages and quantify the effect of toxin on the
voltage dependence of activation. ProTx-II was tested on
hNaV 1.5 also and was found to have a similar efficacy

(Figure 5D). The shift in the voltage of half-maximal
activation with 200 nM ProTx-II was+24 mV, similar to
the shift observed with 365 nM ProTx-I. Likewise, the slope
factor is increased≈2-fold. In these experiments, no obvious
change in inactivation rate was observed, unlike other
peptides that effect NaV channel gating (1). These effects
are similar to those of hanatoxin1 on KV 2.1 and indicate
that ProTx-I and ProTx-II are gating modifier peptides.

ProTx-I was also tested on rCaV 3.1 calcium channels
(T-type) stably expressed in HEK-293 cells to determine
selectivity and to obtain more insight into the mechanism
of current inhibition. We examined possible effects of
ProTx-I on CaV 3.1 channel activation by measuring tail
currents after brief depolarizations to different test potentials
in the absence or presence of toxin (Figure 6). At negative
test potentials, such as-40 mV, 1 µM ProTx-I inhibits
calcium current through rCaV 3.1 channels by 84%. However,
when pulsing to+40 mV, only a 26% decrease of the tail
current amplitude was observed. Channels opened by strong
depolarizations (+40 mV) activated slightly more slowly and
deactivated more rapidly in the presence of ProTx-I (Figure
6A).

Channel activation curves shown in Figure 6B illustrate
the voltage dependent inhibition by 1µM ProTx-I of rCaV

3.1 over a wide voltage range from-80 to +40 mV. Tail
current amplitudes are plotted versus test pulse voltage.
Resulting activation curves are well described by a single
Boltzmann function with a midpoint (V0.5act) of -32 mV and
a slope (k) of 7.6 mV under control conditions. The presence
of 1 µM ProTx-I in the bath solution shifts activation curves

Table 1: Identification of Calculated and Observed Fragments
Generated by MALDI-PSD Fragmentation of the 1438 amu (See
Text and Figure 4B for Nomenclature)

structure calc. obs. structure calc. obs.

Ab2 1165.5 1166 A 540.7 541
Ab3 1293.6 1294
Ay2 275.6 275 A(+S) 572.7 572
Ay3 1276.6 1277 A(-S) 508.7 508
Bb2 1291.7 1292 C 548.7 549
By2 789.3 789 C(+S) 580.7 581

C(-S) 516.8 516
Cb2 300.4 300
Cb3 1293.6 1294 A+B 892.1 892
Cy2 1139.1 1142 A+B(+S) 924.1 925
Cy3 1325.6 1326 A+B(-S) 860.1 860

B+C 900.2 900
B+C(+S) 932.2 933
B+C(-S) 868.2 868

FIGURE 5: ProTx-I and ProTx-II inhibition of hNaV 1.5 channels
expressed in HEK-293 cells. Superimposed Na currents with and
without ProTx-I for test potentials of-10 (A) and+95 mV (B).
(C) Peak hNav 1.5 current plotted as a function of test potential
with and without 365 nM ProTx-I (experiment depicted in panels
A and B). Both curves assume a linear current-voltage relationship
and are the best-fit by a Boltzmann distribution. Control (0):
midpoint potential (V1/2) ) -17 mV, slope factor (k) ) 7.53 mV,
and maximal sodium conductance (GNa,max) ) 10.1 nS. With
ProTx-I (2): V1/2) +19.7 mV,k ) 16.0 mV,GNa,max) 7.92 nS.
Pipet solution (a) and bath solution (a) were used. (D) hNav 1.5
currents in the absence and presence of 200 nM ProTx-II at test
potentials between-80 and+75 mV. Both curves assume a linear
current-voltage relationship and are the best fit by a Boltzmann
distribution. Control (0): V0.5act) -43.3 mV,k ) 5.8 mV. With
200 nM ProTx-II (2): -19.7 mV,k ) 12.7 mV. Pipet solution (b)
and bath solution (b) were used.
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about 20 mV to more depolarized voltages and reduces the
steepness of the activation curve (V0.5act ) -11 mV, k )
13.4 mV; Figure 6B). These results suggest that ProTx-I
interferes with rCaV 3.1 channel activation. A similar mode
of action on calcium channels has been described for other
peptide toxins that inhibit channel activation, such as
ω-grammotoxin-SIA,ω-Aga-IVA, and kurtoxin (13, 43, 44).

For some voltage-activated ion channels, the process of
channel inactivation is coupled to channel opening (45).
Consequently, modulation of rCaV 3.1 channel activation by
ProTx-I also might result in changes of voltage dependent
inactivation. Steady-state inactivation in the absence and
presence of 365 nM and 1µM ProTx-I was determined from
tail current amplitudes. Following 10s conditioning prepulses
to potentials from-110 to-40 mV and an 8 ms pulse to
-10 mV, a tail current was measured at-110 mV to
determine how many channels inactivated. Interestingly,
ProTx-I has little to no effect on the steady-state availability
of rCaV 3.1: for control conditions,V0.5inact ) -68 ( 1 (n
) 4); in 356 nM toxin,V0.5inact ) -73 ( 3 (n ) 2); and in
1 µM toxin, V0.5inact ) -73 ( 1 (n ) 2).

Chemical Synthesis of ProTx-I and ProTx-II.To demon-
strate that ProTx-I and ProTx-II are responsible for the
observed biological activities of these peptides, they were
chemically synthesized. After air oxidation, only one major
form with the expected masses of 3827 and 3988 amu were
found for ProTx-II and ProTx-I, respectively. The yield on
the folding reaction was quite high at>70% for both toxins.
This material was identical to native material by HPLC

analysis, and the synthetic ProTx-II coeluted with native
ProTx-II on C-18 HPLC (data not shown). Native ProTx-I
was not available to try coelution experiments since recent
venom samples did not yield any ProTx-I.

The synthetic ProTx-II was subject to the disulfide bridge
mapping protocol and gave results identical to those found
with the native peptide (Figure 4). Synthetic ProTx-II was
subject to NMR analysis to obtain additional evidence for
the formation of the expected ICK disulfide bridges. Sequence-
specific 1H resonance assignments were obtained on the
peptide. The analysis of the observed NOEs involving the
backbone and side chain resonances from the six-half-cystine
residues identified the disulfide pairings (Appendix). The
NOE data are complimentary with the other lines of evidence
and are compatible with the disulfide pairing shown in Figure
4.

Synthetic and native ProTx-I and ProTx-II were compared
in several assay systems with multiple NaV and rCaV 3.1
channels to compare biological potencies. Native and syn-
thetic ProTx-I were evaluated at concentrations between 20
and 800 nM on hNaV 1.7 expressed in oocytes and found to
have similar potencies (IC50 ) 51 and 72 nM, respectively,
Figure 7A squares). The inhibition appeared to saturate at
about 80-90% when using a test potential that elicited
maximal inward currents for hNaV 1.7 (0 mV), as might be
expected for a gating modifier peptide. Native ProTx-I and
ProTx-II inhibited rNaV 1.8 expressed in oocytes in a similar
manner with apparent potencies of 27 and 19 nM, respec-
tively (data not shown).

The potency of native and synthetic ProTx-II was evalu-
ated using whole-cell voltage-clamp recordings of HEK-293
cells stably expressing hNaV 1.5. The peak inward current
obtained at-40 mV was measured in the absence or
presence of various concentrations of native and synthetic
ProTx-II (Figure 7A, circles). Synthetic ProTx-II yielded
virtually identical results to those obtained with native toxin
isolated from venom, confirming that this biological activity
resides in this molecule. Block of hNaV 1.5 by synthetic
ProTx-II gave an IC50 value of 29 nM, very close to the 19
nM potency observed with the native ProTx-II. The native
and synthetic forms were also not distinguishable in potency
on hNaV 1.7, though the high potency (80% block at 3 nM)
and slow on-rates precluded more quantitative analysis.

The apparent potency of ProTx-I for inhibition of rCaV

3.1 channels was determined using a method suggested for
quantifying KV channel inhibition by hanatoxin1 (46). To
quantify the fraction of unbound channels, we measured the
fraction of uninhibited tail current at weak depolarizations
(-40 mV) in the presence of native and synthetic ProTx-I.
The remaining tail current amplitude following test pulses
was normalized and plotted against toxin concentration. IC50

values of 53 and 69 nM for native and synthetic ProTx-I,
respectively, were obtained (Figure 7A, triangles).

Native and synthetic ProTx-II also showed similar activity
in a high-throughput functional assay using hNaV 1.7. The
assay uses membrane potential-dependent redistribution of
one-half of a fluorescence resonance energy transfer (FRET)
dye pair to give a FRET signal which is related to NaV

channel mediated depolarization of cells in 96-well plates
(37, 47). The middle left panel shows the red and blue
fluorescence emission signals (normalized to one) and the
time course of change in each with Na addition. The stippled

FIGURE 6: Voltage-dependent inhibition by ProTx-I of low voltage
activated CaV 3.1 (T-type) channels expressed in HEK-293 cells.
(A) Currents elicited by 8 ms depolarizations (Vt) to -40 (upper)
and +40 mV (lower) and tail current measurements following
repolarization to-110 mV in the absence (0) or presence (9) of
1 µM ProTx-I. B: Peak inward tail currents measured as in A at
the indicated activation potential:Vt. 1 µM ProTx-I shifts current
activation curves to more positive voltages and reduces the steepness
of the curves. Activation curves were fitted to single Boltzmann
functions withV1/2 (control) ) -32 mV, k ) 7.6 andV1/2 (1 µM
ProTx-I) ) -11 mV, k ) 13.4.
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trace shows the change in the FRET. In the presence of 1
µM of the pore blocker, tetrodotoxin (TTX), changes in
FRET were not seen (Figure 7, middle panel). In the presence
of 0.25µM native ProTx-II (Figure 7, middle right panel),
changes in the FRET signal were delayed. The assay
displayed the appropriate pharmacological sensitivity to
tetrodotoxin and WIN 17317-3 with IC50s of 14 nM and
232 nM, respectively, (Figure 7, lower panel,48). Native
and synthetic ProTx-II were of similar potency,-0.8 versus
1.0 nM, respectively, consistent with the potency measured
by electrophysiological techniques (74% and 89% block at
5 nM, for native and synthetic ProTx-II, respectively). If the
F/FO ratio was measured later after Na addition (22-25 s),
the potency calculated decreased by a factor of 2 (data not
shown), but the maximal inhibition decreased from 80% to
ca. 50% (Figure 7, middle right panel). Native and synthetic
ProTx-II were equipotent and less active in this assay using
hNaV 1.5 cells (IC50 of 250 nM, ca. 30% maximal inhibition,
data not shown). This high throughput assay with hNaV 1.7
cells was used to support the purification of ProTx-II from
venom in the most recent purification.

The selectivity of both ProTx-I and ProTx-II was tested
on several other NaV and KV channels expressed in oocytes
(Table 2). ProTx-I and ProTx-II blocked NaV 1.2, NaV 1.5,
NaV 1.7, and NaV 1.8 by about 80% at test concentrations
of 730 and 460 nM, respectively. These results suggest that
neither peptide shows a large degree of isoform selectivity.
However, the rate at which each isoform recovered from
ProTx-II inhibition varied from less than 2 min (Figure 1)
to more than 20 min (data not shown). In fact, hNaV1.7
showed no recovery during 20 min of washout after ProTx-
II exposure. In contrast, ProTx-I did not show significant
differences in recovery rates among the four NaV isoforms
tested (data not shown).

Since both peptides have some homology with hanatoxin1,
which blocks KV 2.1 channels, we also tested the potency
of ProTx-I and ProTx-II at a single high concentration on
KV 2.1 and three KV 1.X channels expressed in oocytes
(Table 2). ProTx-I showed partial block of KV 1.3 (40% at
730 nM); no significant block was seen with KV 1.2 or KV

1.5, and ProTx-II showed no block of any of the KV 1.X
channels tested in oocytes. However, ProTx-I, which is 57%
identical to hanatoxin1, inhibited KV 2.1 by 60% at 730 nM

FIGURE 7: Native and synthetic ProTx-I and ProTx-II inhibit various
channel types with similar potencies. Upper panel: inhibition of
various currents by native (open symbols) and synthetic (filled
symbols) ProTx-I & ProTx-II. Plot of remaining NaV 1.5 current
(Vt ) -40 mV, as in Figure 5D) in the presence of different
concentrations of native (O) and synthetic (b) ProTx-II (n ) 2-9)
and fit to IC50 values of 19 and 29 nM, respectively. Remaining
CaV 3.1 tail current amplitude (Vt ) -40 mV, as in Figure 6) in
the presence of the indicated concentrations of ProTx-I (2, 4).
Native IC50 ) 53 nM (n ) 3-8); synthetic IC50 ) 69 nM (n )
1-2). Remaining NaV 1.7 current (Vt ) 0 mV) measured in oocytes
in the presence of the indicated concentrations of native (0) and
synthetic (9) ProTx-I. Native IC50 ) 51 nM (n ) 1); synthetic
IC50 ) 72 nM (n ) 2). Remaining KV 2.1 current (Vt ) 0 mV)
measured in oocytes in the presence of the indicated concentrations
of synthetic ([) ProTx-I fit to an IC50 ) 411 nM (n ) 2). Middle
panels: fluorescence traces of representative wells showing depo-
larization induced change in FRET in individual wells. Left panel,
control (no drug); center panel, 1µM tetrodotoxin; right panel, 0.1
µM native ProTx-II. Individual lines are the change in red
fluorescence (580 nm, solid lines), in blue fluorescence (460 nm,
dashed lines), and in the blue/red FRET ratio (F/F0, stippled lines).
The addition of Na at 7 s caused a robust change in the red and
blue fluorescence emissions in control wells and a substantial
change in the FRET ratio. Lower panel: inhibition of NaV 1.7 FRET
by tetrodotoxin (+), by WIN 17317-3 (X) and by native and
synthetic ProTx-II (O and4, respectively). Standard deviations of
the triplicates are shown; error bars not visible are smaller than
the size of symbol. The time of quantification of change in FRET
was 12-15 s/1-6 s. The lines are models of potencies (Hill
coefficients fixed at 1) of tetrodotoxin, 14 nM, of WIN 17317-3,
0.232µM and 0.8 nM and 1 nM for native and synthetic ProTx-II,
respectively (n ) 2). This type of assay, with other agonist
stimulation conditions has been run six times; similar potencies
for native and synthetic have always been observed.

Table 2: Inhibition of Several NaV and KV Channels by ProTx-I
and ProTx-IIa

% inhibitionb

channel ProTx-I ProTx-II

NaV 1.2 83 75
NaV 1.5 77 74
NaV 1.7 80 82
NaV 1.8 73 63
KV 1.2 6 0
KV 1.3 40 2
KV 1.5 7 -2
KV 2.1 60c 5

a The indicated NaV or KV channels were expressed in oocytes and
the channel activity monitored using two-electrode voltage-clamp. The
membrane potential was voltage-clamped at-80 mV, and the peak
currents were measured at 0-30 mV. b Reduction in peak current after
addition of either 730 nM ProTx-I or 460 nM ProTx-II to each channel
isoform indicated.c Synthetic Protx-I (730 nM) was used for this value
(see Figure 7A).
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and displayed an IC50 of 411 nM (Figure 7A, diamonds).
ProTx-II only inhibited 5% of the KV 2.1 current at 460 nM.

DISCUSSION

We have purified and characterized two peptides, ProTx-I
and ProTx-II, that are abundant in the venom of the tarantula
Thrixopelma pruriens. These toxins are potent inhibitors of
both TTX-sensitive and TTX-resistant sodium channels (NaV

1.2, 1.5, 1.7, and 1.8); they inhibited all NaV channels tested.
Although a variety of natural products target voltage-gated
sodium channels (49), these two spider toxins are the first
known agents that inhibit NaV channel activation. Inhibition
of activation is well-known for voltage-gated K and Ca
channels, and ProTx-I and ProTx-II share striking structural
and functional similarities to other ICK gating-modifier
toxins. Both peptides belong to the class of ICK peptides
that have 6 half-cystine residues that form 3 disulfide bonds
by forming bonds from the first, second and third cys residues
to the fourth, fifth, and sixth cys residues, respectively; these
disulfide bonds result in a rigid peptide backbone that forms
four loops (10). Although both toxins share a similar
structural backbone, have similar effects on NaV channel
gating, and bind to NaV 1.8 with similar affinity, they are
almost completely dissimilar at all nonhalf-cystine resi-
dues: only W5, V20, and W24 (W27 in ProTx-I) are identical
between the 2 toxins. This very limited homology may
suggest that these residues could define the active face of
both toxins, as discussed below.

ProTx-I also inhibits the activation of CaV 3.1 channels.
Such promiscuous activity raises concerns that the isolated
peptide preparation is not pure enough. For this reason, we
have taken great care to ensure that the results were obtained
with purified toxins. By three metrics (MS, protein sequenc-
ing, and HPLC analysis) the material was estimated to be
>97% pure. ProTx-I is not the only toxin that modifies both
NaV and CaV channels. At least two other toxins have been
shown to modify both channel types; theR-scorpion-toxin-
like peptide, kurtoxin (44, 50), and the cone snail peptide,
conotoxin MrVIB (51). Small molecule inhibitors such as
phenytoin and lifarizine can inhibit both NaV and CaV
channels as well (52). In addition, preliminary experiments
with ProTx-II reveal that it can modify some CaV 1.X and
CaV 3.X channels (21, 22); these studies are ongoing. This
ability to interact with multiple ion channel families is more
common among state-dependent inhibitors as compared to
pore-blocking inhibitors.

To rule out the possibility that a very potent minor
contaminant was present, we prepared synthetic ProTx-II and
demonstrated that it has the same disulfide bridging pattern
and biological activity as the native ProTx-II. The folding
reaction yield was fortunately quite high at 77%. The native
and synthetic ProTx-II were shown to be equipotent in two
functional assays: by electrophysiological analysis and a NaV

channel mediated-membrane depolarization assay (VIPR).
The VIPR assay is a high throughput fluorescence assay that
can measure membrane depolarization induced by Na influx
through agonist-stimulated NaV channels. The assay is robust
with a high signal-to-noise ratio (Z-factors of 0.80 and 0.79
for the two plates shown,53). TTX and WIN 17317-3
completely blocked the signal in a dose-dependent manner,
with potencies similar to those reported for these compounds

inhibiting 22Na uptake through NaV 1.2 expressing cells (48).
ProTx-II decreased the initial response to Na addition by
ca. 80%, but with time, the cells did depolarize further. The
apparent reversal of NaV channel inhibition may be due to
the inability of ProTx-II to block at depolarized potentials
(as seen in Figures 5 and 6). Since ProTx-II inhibits channel
activity by modifying the voltage dependence of activation,
even in the presence of ProTx-II, a small depolarization could
cause some NaV channels to open, triggering further depo-
larization and additional channel opening. Na influx at any
given ProTx-II concentration would depend on the micro-
scopic rate constants of channel gating, agonist activation,
and peptide inhibition. The complex nonequilibrium condi-
tion that exists in the VIPR assay may explain why ProTx-
II block was decreased with time in the assay.

ProTx-II was chosen for disulfide bridge analysis, as it
does not conform exactly to the ICK definition. ProTx-II
has only three residues between the 5th and 6th half-cystines,
whereas the ICK motif is defined as 4-13 residues between
those half-cystines (11). Huwentoxin-II, another peptide
isolated from a spider venom, also has six half-cystine
residues with a spacing that does not conform to the ICK
motif, and it does not form a cystine knot structure (54, 55).
By physical separation, the disulfide between C9 and C21 of
ProTx-II was proven to exist: a peak with the predicted
amino acid sequence and mass that was reductant-sensitive
was isolated. Since C15 and C16 could not be enzymatically
cleaved, the other two disulfide pairs were not physically
separated. However, we did isolate a disulfide-linked tri-
peptide that contained C2, C15, C16, and C25. Therefore, C2
and C25 must bridge to C15C16. Three lines of evidence that
C2 bridges to C16 (and therefore C15 bridges to C25) were
found: sequencing, MS/MS, and NOESY. Taken together,
the data strongly point to the disulfide bridging pattern for
ProTx-II as being that of an ICK protein, and thus the
consensus definition of ICK proteins must be altered from
4 to 13 residues spacing to 3-13 residues between the 5th
and 6th cys residues (11).

Since ProTx-I and hanatoxin1 have similar potencies at
inhibiting KV 2.1 (Figure 7, top panel,41) and the same half-
cystine spacing and extensive sequence identity, it is reason-
able to model the structure of ProTx-I assuming a three-
dimensional structure similar to that of hanatoxin1. The
structure of hanatoxin1 has been determined by NMR (39)
and is shown in Figure 8. Also shown are the corresponding
calculated backbone structures for ProTx-I and ProTx-II
assuming a conformation similar to that of hanatoxin1;
structures were developed using MOE (56). In the downward
direction, we have shown the location of a group of
hydrophobic residues (green side chains) that form a
hydrophobic patch similar to that observed in the hanatoxin
NMR structure. These include W5 and W27 (W24) that are
conserved between ProTx-I and ProTx-II but are not in
hanatoxin1. The third conserved residue, V20, is not
highlighted and is located behind the plane shown in Figure
8. If all three of these residues are important, then a large
part of the surface area of these peptides is involved in
binding to their receptor sites. (This might be consistent with
a binding site located deep within a crevice of the channel.)
There are also from 6 to 10 charged residues in all three
peptides (blue) positive, red ) negative), and their
distribution, which is substantially different between the three
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peptides, will likely influence binding, and may play a role
in function as well.

The similarities with hanatoxin1 suggest that ProTx-I and
ProTx-II bind to an S3-S4 linker of voltage-gated ion
channels and thereby inhibit channel activation (16). Similar
inhibition of CaV channel activation is observed with the
spider toxinsω-Agatoxin-IVA, ω-grammotoxin-SIA, SNX-
482, and the scorpion toxin kurtoxin (19, 43, 44, 50, 57).
All of these toxins are thought to bind to the channel’s
voltage-sensing domain and presumably inhibit the move-
ment of S4 segments. The movement of S4 participates in
transducing membrane depolarization into channel activation
(45). Likewise, theR-scorpion toxins and some sea anemone
toxins bind to NaV channels within the voltage-sensing
portion of domain IV and inhibit gating charge movement

(5, 58). These toxins modify channel gating by slowing
channel inactivation apparently by disrupting the coupling
between channel opening and inactivation.â-Scorpion toxins
bind to the voltage-sensing portion of domain II and cause
a hyperpolarizing shift in both activation and inactivation,
evidently by trapping the activation gate in the open
configuration (8). It will be interesting to locate the part of
the voltage-sensor(s) that bind ProTx-I and ProTx-II since
they apparently hinder the activation process without dra-
matic affects on the inactivation gate. This mechanism is
unlike the other gating modifier toxins of the NaV channel,
but is similar to the gating modifications caused byω-Aga-
toxin-IVA which has been mapped to the voltage sensor in
domain IV of R1A CaV channels (14).

Given that ProTx-I and ProTx-II inhibit both NaV channels
and T-type CaV channels, it will be of interest to determine
how conserved the binding domains are in these two
channels. It may be that these peptides interact with domain
II or IV (NaV channel toxin sites 4 and 3, respectively) or
some other voltage-sensing domain on the two channel types.
Further, it may be a different domain in the two channel
families. Finally, each toxin may interact with different
voltage sensor domains on the same channel. Future experi-
ments involving co-application of ProTx-I and ProTx-II along
with other gating modifiers should help to answer these
questions (22). Given these numerous possibilities, it is
unproductive to try to predict on the basis of sequence
homology where the binding sites are located. However, the
mapping ofR-scorpion toxins,ω-Agatoxin-IVA, and hana-
toxin1 in NaV, CaV, and KV channels has revealed a “hot
spot” for the binding of gating modifiers in the S3-S4 linker
(5, 14, 19). Alignment of this region in all four domains of
NaV 1.5, 1.7, 1.8, and CaV 3.1 channels reveals considerable
homology (40-68%). Domain II (68%) and domain IV
(64%) have a larger number of conserved residues compared
to domains I (40%) and III (46%). Of course, there may be
very few critical residues forming the binding site on the
channels that are similar or identical between all four
channels, but it will require site-directed mutagenesis studies
to resolve that question. Hopefully, the ability to produce
large amounts of synthetic ProTx-I and ProTx-II will help
with these studies.
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APPENDIX

The synthetic folded ProTx-II was subject to analysis by
NMR. Sequence-specific1H resonance assignments were
obtained on the peptide. The analysis of the observed NOEs
involving the backbone and side chain resonances from the
six-half-cystine residues identified the disulfide pairings.

FIGURE 8: Modeling of the ProTx-I and ProTx-II structure and
comparison to hanatoxin1. The ProTx-I and ProTx-II homology
models and the hanatoxin1 (HaTx1) structure derived from NMR
experiments (pdb code 1D1H) are shown as indicated. The ProTx
homology models were generated based on the hanatoxin1 NMR
structure, using the software MOE (56). Blue represents the
positively charged residues Lys and Arg; red is for negatively
charged residues Asp and Glu; yellow shows Cys residues; green
is for polar residues Ser, Thr, His, Asn, and Gln; white represents
nonpolar residues Met, Ala, Val, Leu, Ile, Pro, and Gly and aromatic
residues Phe, Tyr, and Trp (double bonds are not displayed for
clarity). Green indicates the residues for which the side chains are
shown.

Cystine Knot Inhibitors of NaV Channel Activation Biochemistry, Vol. 41, No. 50, 200214745



There was strong evidence for the three disulfide pairings,
C16-C2, C21-C9, and C15-C25 found in the NOESY spec-
trum of the peptide. NOEs were identified between the C16

HR-resonance and both C2 Hâ-resonances. There is also an
NOE observed between the C16 amideΝΗ-resonance and
one C2 Hâ-resonance (C2-C16). The C9-C21 disulfide pairing
was identified by two NOEs. There is an NOE observed
between one C21 Hâ-resonance and a C9 Hâ-resonance. An
NOE was also observed between the C9 HR-resonance and
one C21 Hâ-resonance. The C15-C25 disulfide pairing was
also identified by two NOEs. There is an NOE observed
between one of the C15 Hâ-resonances and one of the C25

Hâ-resonances. There is also an NOE observed between the
C15 HR-resonance and a C25 Hâ-resonance. The NOE data
strongly suggest that the three disulfide pairings are as shown
(Figure 4). However, because C15 and C16 are next to each
other in the peptide primary sequence, some of the observed
NOEs involving these residues may be due to the tertiary
fold of the peptide (long-range NOEs) and not the result of
a disulfide bridge.
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