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ABSTRACT: Conotoxinι-RXIA, from the fish-hunting speciesConus radiatus, is a member of the recently
characterized I1-superfamily, which contains eight cysteine residues arranged in a -C-C-CC-CC-C-C- pattern.
ι-RXIA (formerly designated r11a) is one of three characterized I1 peptides in which the third last residue
is posttranslationally isomerized to theD configuration. Naturally occurringι-RXIA with D-Phe44 is
significantly more active as an excitotoxin than theL-Phe analogue both in vitro and in vivo. We have
determined the solution structures of both forms by NMR spectroscopy, the first for an I1-superfamily
member. The disulfide connectivities were determined from structure calculations and confirmed chemically
as 5-19, 12-22, 18-27, and 21-38, suggesting thatι-RXIA has an ICK structural motif with one
additional disulfide (21-38). Indeed, apart from the first few residues, the structure is well defined up to
around residue 35 and does adopt an ICK structure. The C-terminal region, including Phe44, is disordered.
Comparison of theD-Phe44 andL-Phe44 forms indicates that the switch from one enantiomer to the other
has very little effect on the structure, even though it is clearly important for receptor interaction based on
activity data. Finally, we identify the target ofι-RXIA as a voltage-gated sodium channel;ι-RXIA is an
agonist, shifting the voltage dependence of activation of mouse NaV1.6 expressed inXenopusoocytes to
more hyperpolarized potentials. Thus, there is a convergence of structure and function inι-RXIA, as its
disulfide pairing and structure resemble those of funnel web spider toxins that also target sodium channels.

Through adaptive evolution, marine cone snails of the
genusConus have generated more than 70000 different
venom peptides (conopeptides) (1-3). These highly diverse
peptides can be organized into several structural classes, with
peptides in the same structural class generally belonging to
the same gene superfamily. The peptides in a given super-
family share a highly conserved precursor signal sequence
and a disulfide scaffold with a characteristic number, pattern,
and pairing of cysteine residues in the mature toxin (1-3).
Thus, despite hypermutation of amino acids between half-
cystines, the disulfide framework remains conserved within
a superfamily. In addition to the accelerated evolution of
conopeptide sequences, further molecular diversity is intro-
duced through posttranslational modifications. The occur-
rence of diverse modifications inConuspeptides is now well
established (4), but the functional consequences of most

posttranslational modifications remain unknown, and mecha-
nistic insights require detailed structure/function analyses,
which have not been performed in most cases.

Recently, we described the I-superfamily ofConuspep-
tides, defined by framework 11, with eight cysteine residues
arranged in two pairs of adjacent Cys flanked by nonadjacent
Cys residues (-C-C-CC-CC-C-C-) (5-7). A preliminary
analysis ofConuscDNA clones reveals that framework 11
peptides are found broadly across the genus, and an extreme
diversity of sequences is observed (7, 8). For example, 17
different cDNA clones were identified in the venom ofConus
radiatusalone. These varied toxins, though sharing the same
cysteine arrangement, can be divided into two distinct genetic
groups, designated the I1- and I2-superfamilies (7). Members
of the I1-class have been isolated from the fish-hunting
speciesConus radiatus(5) and members of the I2-class from
worm-hunting species such asConus betulinus(9) andConus
Virgo (10). I1-superfamily conotoxins are excitatory (5-7),
and, as we show in this report, the most extensively studied
of these,ι-RXIA1 (formerly known as r11a) (11), targets the
NaV1.6 subtype of voltage-gated sodium channels (VGSC)
but had no effect on KCNQ2/3 and several members of the
KV1 family of potassium channels tested. In contrast, two
I2-superfamily peptides have been shown to target specific
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K+ channels, namely, the Ca2+- and voltage-sensitive BK
channels (9), and the KV1.1 and KV1.3 channel subtypes of
the Shaker subfamily (10).

Although framework 11 defines the I-superfamily ofConus
peptides, peptides with the same pattern of half-cystines have
also been found in the venoms of Australian funnel web
spiders (12). Figure 1A compares the sequences of three
framework 11 peptides, two fromConusand one from a
spider. Three other spider toxins with four disulfide bridges,
although not in a framework 11 pattern, are also shown as
they are discussed below. These toxins target a range of ion
channels, including Na+, Ca2+, and possibly K+ channels
(12-16).

For ι-RXIA, a clear demonstration of the functional
importance of one posttranslationally modified amino acid
was reported recently (6). This 46-residue conotoxin contains
a D-Phe residue in position 44, three residues from the
C-terminus. The naturally occurring peptide and its synthetic
counterpart (withD-Phe44) were equipotent in eliciting
repetitive action potentials in axons, whereas theL-Phe44-
containing analogue was inactive in this assay and 10-20-
fold less active thanι-RXIA in an in vivo assay (6). In order
to explore the relationship between structure and activity of
ι-RXIA, we have determined the solution structure of the
L-Phe44-containing peptide and compared it with theD-Phe44
form. The structure was similar to those of funnel web spider
toxins that target Na+ channels. We then showed thatι-RXIA
was an agonist of the NaV1.6 sodium channel, shifting its
voltage dependence of activation to more hyperpolarized
potentials, but had no effect on several members of the KV1
family of potassium channels tested.

EXPERIMENTAL PROCEDURES

Peptide Synthesis and OxidatiVe Folding. Peptidesι-RXIA
andι-RXIA[ L-Phe44] were synthesized on solid supports by
an automated peptide synthesizer using N-Fmoc [N-(9-
fluorenyl)methoxycarbonyl]-protected amino acids, 2-(1H-
benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate (HBTU), and diisopropylethylamine (DIEA),
courtesy of Dr. Robert Schackmann of the DNA/Peptide
Facility, University of Utah. All cysteine residues were trityl-
protected; the coupling time was 1 h. Peptide cleavage/
deprotection was accomplished with reagent K [82.5% TFA
(trifluoroacetic acid):5% phenol:5% H2O:5% thioanisole:
2.5% 1,2-ethanedithiol] for 2 h atroom temperature. Soluble

crude peptides were precipitated with cold methyltert-butyl
ether (MTBE) and centrifuged. The pellet was washed with
methyl tert-butyl ether, centrifuged again, then dissolved in
25% acetonitrile in 0.1% TFA, and lyophilized. The linear
peptides were purified on a Vydac C18 semipreparative HPLC
column with a gradient of 30-60% solvent B (0.1% TFA
in 90% acetonitrile; solvent A was 0.1% TFA in water) over
30 min at a flow rate of 3 mL/min.

Oxidative folding of the peptides was carried out in a
solution of 0.1 M Tris-HCl, pH 8.7, containing 1 mM EDTA,
1 mM oxidized glutathione, and 1 mM reduced glutathione
at room temperature for 3 h. The reaction was initiated by
adding the linear synthetic peptide to a final concentration
of 20 µM and then quenched by adding formic acid to a
final concentration of 8%. The oxidized peptide was purified
on a Vydac C18 semipreparative HPLC column with a
gradient of 15-60% solvent B over 40 min at a flow rate of
3 mL/min.

Disulfide Mapping of ι-RXIA. The disulfide-bonding
framework ofι-RXIA was determined by the partial reduc-
tion (17) and stepwise alkylation method. Ten nanomoles
of oxidized peptide was dissolved in 100µL of 20%
acetonitrile in water and partially reduced by addition of 120
µL of 20 mM TCEP in 0.2 M sodium citrate, pH 3.0, and
incubation for 5 min at room temperature. The reaction was
stopped by immediate injection on a Vydac C18 analytical
HPLC column equilibrated at 45°C, and the partially re-
duced intermediates were eluted with a shallow gradient of
32-38% solvent B over 1 h at aflow rate of 1 mL/min.
Individual partially reduced species were collected manually
and stored at-20 °C for no longer than 2 h before the first
alkylation. Typically, the fractions from two independent runs
were pooled and contained about 0.5-1 nmol of peptide in
2 mL of solvent.

For alkylation with NEM (N-ethylmaleimide) an equiva-
lent volume (2 mL) of 60 mM NEM in 0.2 M sodium citrate,
pH 3.0, was added directly to the fraction containing partially
reduced peptide. After incubation for 1 h at room temper-
ature, the mixture was applied to a Vydac C18 analytical
HPLC column, equilibrated at 45°C, and eluted with 30%
solvent B for 15 min followed by a gradient of 30-55%
solvent B for 25 min and then by a gradient of 55-100%
solvent B for 5 min at a flow rate of 1 mL/min. Collected
fractions were dried and stored at-20 °C for no longer than
overnight. The first alkylation yielded between 0.25 and 1
nmol of a single species of NEM-labeled peptide.

For the complete reduction and alkylation with IAA
(iodoacetic acid), the NEM-labeled peptide (∼1 nmol) was
dissolved in 40µL of 50% acetonitrile in 0.1% TFA and
reduced by addition of 10µL of reducing buffer (0.5 M
Tris-acetate, pH 8.0, containing 5 mM EDTA and 100 mM
dithiothreitol) and incubation at 65°C for 30 min. The
peptide was then alkylated with 40µL of 0.5 M IAA in 0.5
M Tris-acetate, pH 8.0, containing 5 mM EDTA in the dark
at room temperature for 30 min. The reaction mixture was
applied to a Vydac C18 analytical HPLC column, equilibrated
at 45 °C, and eluted as described above for the first-step
alkylation.

The completed partial reduction and stepwise alkylation
yielded between 0.1 and 0.3 nmol of a given species of
NEM- and IAA-double-labeled product, starting from 80 to
100 nmol of oxidized peptide. The doubly alkylated variants

FIGURE 1: Amino acid sequence and disulfide connectivities. (A)
Comparison of various toxin sequences containing four disulfide
bridges; the first three have a framework 11 pattern of half-cystine
spacings (-C-C-CC-CC-C-C-). SwissProt accession numbers are as
follows: ι-RXIA, Q7Z094; BtX, Q9U3Z3; J-atracotoxin Hv1c,
P82228; robustoxin, P01478; versutoxin, P13494;ω-agatoxin IVB,
P37045. In the I2-superfamily conotoxin BtX, all three Glu residues
in the mature toxin sequence areγ-carboxy-Glu (9). (B) Amino
acid sequence ofι-RXIA showing disulfide connectivities deter-
mined in this work by NMR and chemical mapping. The underlined
residue, Phe44, has aD configuration.
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of ι-RXIA were sequenced by standard automated Edman
degradation performed with an Applied Biosystem Model
492 sequenator, courtesy of Dr. Robert Schackmann of the
DNA/Peptide Synthesis Facility, University of Utah.

Mass Spectrometry. Matrix-assisted laser desorption ion-
ization (MALDI) mass spectra of the native and synthetic
peptides were obtained using a Bruker REFLEX time-of-
flight mass spectrometer (Bruker Daltonics) fitted with
gridless reflectron, an N2 laser, and a 100 MHz digitizer at
the Salk Institute for Biological Studies (La Jolla, CA).

Mass spectrometry of partially reduced forms ofι-RXIA
was performed with a Sciex API-III electrospray ionization
(ESI) quadruple mass spectrometer, courtesy of Dr. Chad
Nelson of the Mass Spectrometry and Proteomics Core
Facility, University of Utah. Molecular masses of all variants
were within 1.0 amu of calculated values.

NMR Spectroscopy. Samples were prepared for NMR by
dissolving lyophilized peptide in 95% H2O/5% 2H2O to a
final peptide concentration of 1.1 mM forι-RXIA[ L-Phe44]
and 0.8 mM forι-RXIA. At 5 and 25°C, a series of one-
dimensional spectra was collected at pH 2.8, 5.9, and 6.9,
respectively, for both peptides. Two-dimensional homo-
nuclear TOCSY with a spin-lock time of 70 ms, DQF-COSY,
and NOESY spectra were recorded at pH 5.9 on Bruker
DRX-600 and Avance 800 spectrometers. NOESY spectra
were recorded at mixing times of 50, 100, 250, and 300 ms.
A 250 ms NOESY spectrum was used for resonance
assignments and NOE intensity measurements. To monitor
backbone amide exchange, a series of 1D spectra was
recorded at various time intervals for the sample in 100%
2H2O at 278 K on the 600 MHz spectrometer. Forι-RXIA,
the translational diffusion coefficient was measured at 5°C
using a PFG longitudinal eddy-current delay pulse sequence
(18, 19), as implemented by Yao et al. (20). Spectra were
referenced to an impurity peak at 0.15 ppm which has been
referenced previously against the internal standard dioxane
(3.75 ppm) and does not vary with solution conditions over
the pH and temperature range used in this study. Spectra
were processed using TopSpin, version 1.3, and analyzed
using XEASY, version 1.3.13 (21). 1H-13C HSQC spectra
for the assignment of13C chemical shifts and a1H-15N
HSQC spectrum for the assignment of15N chemical shifts
(22, 23) were collected at 25°C on a Bruker Avance 500
spectrometer equipped with a cryoprobe.15N and 13C
chemical shifts are presented in Tables S1 and S2 in
Supporting Information.

Structure Calculations. Distance constraints were taken
from the volumes of NOESY cross-peaks at 25°C, pH 5.9,
and 800 MHz. NOE buildup rates were monitored for a
number of cross-peaks at 25°C, pH 5.9, and 600 MHz, as
shown in Figure S1 in Supporting Information.3JHNHR values
were measured from a DQF-COSY spectrum and converted
to æ dihedral restraints as follows:3JHNHR > 8 Hz, æ )
-120( 40°; 3JHNHR < 6 Hz, æ ) -60 ( 30°. For residues
with 6 < 3JHNHR < 8 Hz, if NOE data showed they did not
have positiveæ angles, restraints withæ ) -90 ( 90° were
applied in the structure calculation.ø1 angles for residues 5,
6, 8, 10, 12, 14, 17, 18, 21, and 27 were determined by
analyzing NOESY spectra with a short mixing time of 50
ms. Intensities of NOE cross-peaks measured in XEASY
were calibrated using the CALIBA macro from the pro-
gram CYANA (24). Initial structures were calculated using

torsion angle dynamics and simulated annealing protocols
in CYANA, and structures were optimized for a low target
function. These structures were used to identify hydrogen
bond partners for backbone amide protons that were found
to be in slow or intermediate exchange with solvent; where
such an amide formed a bond with the same partner ing80%
of the CYANA structures, this hydrogen bond was included
as a restraint in the final round of structure calculations. For
each hydrogen bond constraint, upper limits of 2.4 and 3.3
Å were used for the distances from proton to acceptor and
donor nitrogen atom to acceptor, respectively. The final
constraint set was then used to calculate a new family of
200 structures using XPLOR-NIH (25). The 50 lowest energy
structures were selected for energy minimization in a box
of water. A final family of 20 lowest energy structures was
chosen for analysis using PROCHECK-NMR (26) and
MOLMOL (27). The 30 lowest energy structures before
water refinement had no experimental distance violations
>0.3 Å or dihedral angle violations>5°. For the final 20
structures after water refinement, no distance violations>0.3
Å or dihedral angle violations>5° were present. Structural
figures were prepared using MOLMOL (27), PyMol (28),
and GRASP (29).

Electrophysiology. The clone for the mouse NaV1.6
channel subtype was kindly provided by Alan Goldin, and
cRNA was prepared from it by Layla Azam. Clones for
human KCNQ2/3 and KV1.2-1.6 were purchased from
PROTINAC GmbH, Hamburg, Germany, and corresponding
cRNAs were produced using the mMessage mMachine RNA
trancription kit from Ambion (Austin, TX). Each oocyte was
injected with 1.5 ng of NaV1.6, 2.5 ng of KCNQ2 plus 2.5
ng KCNQ3, or 5 ng (KV1.2, -1.3, -1.4, -1.5 or -1.6) of cRNA
in 50 nL of distilled water and incubated at 16°C in ND96
(composition in millimolar: 96 NaCl, 2 KCl, 1.8 CaCl2, 1
MgCl2, 5 HEPES, pH∼7.3) supplemented with Pen/Strep,
Septra, and Amikacin for 2-6 days. The recording chamber
consisted of a cylindrical well (4 mm diameter, total volume
∼30 µL) in a wafer made of Sylgard (Dow Corning,
Midland, MI). Oocytes were two-electrode voltage clamped
with a Warner OC-725C amplifier (Warner Instruments,
Hamden, CT) using glass microelectrodes filled with 3 M
KCl (0.1-0.5 MΩ resistance). The chamber was perfused
with ND96 for NaV1.6 or KCM 4.1.1 (96 mM NaCl, 4 mM
KCl, 1 mM CaCl2, 1 mM MgCl2, 5 mM HEPES) for
KCNQ2/3 or frog Ringer’s (115 mM NaCl, 2.5 mM KCl,
1.8 mM CaCl2, 10 mM HEPES, pH 7.4) for KV1 channels.
Both solutions also contained 0.1 mg/mL bovine serum
albumin. For NaV1.6, the membrane potential was held at
-100 mV, and VGSCs were activated by 60 ms depolarizing
steps applied every 20 s; the protocol for inactivation
measurements was essentially the same except a 30 ms test
pulse to-10 mV was applied immediately after a 500 ms
conditioning pulse of varying amplitude. For KCNQ2/3, the
membrane potential was held at-80 mV, and channels were
activated by a 2 sstep to 0 mV applied every 10 s. After
each pulse, deactivating (“tail”) currents were recorded at a
potential of -60 mV. For KV1 channels, the membrane
potential was held at-90 mV, and channels were activated
by a 150 ms step to+20 mV applied every 60 s. Current
signals were low-pass filtered at 2 kHz (NaV1.6) or 1 kHz
(potassium channels), digitized at a sampling frequency of
10 kHz, and leak-subtracted by a P/6 protocol using in-house
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software written in LabVIEW (National Instruments, Austin,
TX). Voltage dependencies of activation and inactivation data
were curve-fit to the Bolzmann equation using Graphpad
Prism (GraphPad Software, San Diego, CA).ι-RXIA was
dissolved in ND96 (for NaV1.6), KCM 4.1.1 (for KCNQ2/
3), or Ringer’s (for KV1 channels) with 0.1 mg/mL bovine
serum albumin and applied by halting the perfusion, injecting
3 µL of peptide solution (at ten times the final concentration)
into the 30µL bath with a pipettor, and manually stirring
the bath for about 5 s bygently aspirating and expelling∼5
µL of bath fluid several times with the pipettor. Responses
in the presence of peptide, as well as control responses, were
acquired in static baths to conserve peptide. All experiments
were conducted at room temperature (∼22 °C).

RESULTS

Peptide Synthesis. Two variants ofι-RXIA, with L- or
D-Phe44, were synthesized on a solid support using a
standard Fmoc protocol. Peptides were folded in the presence
of oxidized and reduced glutathione as described in Experi-
mental Procedures. The HPLC profiles of the folding
reactions for theL- or D-Phe44 forms ofι-RXIA were
identical, and the yield of oxidation was about 80% in both
cases. As shown previously by HPLC coelution experiments,
the fully oxidized form of the peptide containingD-Phe44

was identical to the natural toxin isolated from the venom
of C. radiatus (6). In this paper we refer to theD-Phe44
version of the peptide simply asι-RXIA and theL-Phe44
version asι-RXIA[ L-Phe44]. Both synthetic variants of
ι-RXIA were used to determine and compare the solution
structures, while the cysteine bridging pattern was determined
chemically for the biologically active,D-Phe44-containing
variant.

NMR Spectroscopy. One-dimensional1H NMR spectra of
ι-RXIA[ L-Phe44] at pH 2.8, 5.9, and 6.9 indicated that the
toxin was partially denatured at the lower pH but well
structured at both pH 5.9 and pH 6.9 (Figure S2 in
Supporting Information). One- and two-dimensional spectra
recorded at 5 and 25°C showed that only one conformation
was present in aqueous solution. Althoughι-RXIA contains
one proline and three hydroxyproline residues, there was no
evidence ofcis-trans isomerization in eitherι-RXIA or
ι-RXIA[ L-Phe44].

Sequence-specific chemical shift assignments for backbone
and side-chain protons were made at 600 and 800 MHz by
analyzing standard two-dimensional homonuclear NMR
spectra. Assignments at 25°C and pH 5.9 forι-RXIA[ L-
Phe44] andι-RXIA are tabulated in Tables S1 and S2 in
Supporting Information and deposited in BioMagResBank
(30) with accession numbers 15174 and 15175, respectively.

FIGURE 2: Deviations ofι-RXIA[ L-Phe44] (A) andι-RXIA (B) chemical shifts from random coil values at 298 K. The NH and CRH
random coil chemical shifts are from ref31. (C) Chemical shift differences of HN, CRH, and CâH resonances betweenι-RXIA[ L-Phe44]
and ι-RXIA.
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Figure 2 shows the deviations of the backbone NH and CRH
chemical shifts from random coil values (31) at 25 °C for
ι-RXIA[ L-Phe44] (Figure 2A) andι-RXIA (Figure 2B). For
ι-RXIA, the translational diffusion coefficient at 5°C was
(1.17 ( 0.04) × 10-10 m2 s-1. This is lower than the
corresponding value of (1.38( 0.03) × 10-10 m2 s-1 at 5
°C for Magi 5, a 29-residue spider toxin with a compact
ICK motif structure (32), reflecting the larger mass ofι-RXIA
and its more extended C-terminal tail (described below).

Structural Restraints. We determined the structures of
ι-RXIA and ι-RXIA[ L-Phe44], but theι-RXIA[ L-Phe44]
structure is described first because a larger quantity was
available, yielding better spectra. Analysis of a DQF-COSY
spectrum showed that3JHNHR coupling constants of Cys18,
Asn20, Cys21, Leu23, Ser24, Ala28, Thr31, Asn32, and
Trp33 were>8 Hz and there were none<6 Hz. Amide
exchange experiments ofι-RXIA[ L-Phe44] conducted at 5
°C and pH 5.9 indicated that the amide protons of Cys12,
Asn20, Cys21, Leu23, Ile26, Cys27, and Ala28 were the
slowest to exchange, those of Glu9, Cys19, Cys18, Tyr14,
Gly25, and Lys10 had intermediate exchange residues, and
the rest exchanged with solvent within minutes of dissolution
of the polypeptide in2H2O.

The disulfide bond pairings were determined by prelimi-
nary structure calculations in CYANA. First, a family of 20
structures was determined in CYANA based only on distance
constraints. Distances were then measured between pairs of
Cys S atoms and pairs of Cys CâH protons. As a result, it
was obvious that Cys5 and Cys19 were much closer to one
another than to other Cys residues, as were Cys21 and Cys38.
To determine the other two disulfide bond pairings, struc-
ture calculations, including the above two disulfide connec-
tivities, were repeated with six possible combinations among
Cys12, Cys22, Cys18, and Cys27. It was found that the
combination of Cys12-Cys22 and Cys18-Cys27 had the
lowest energies and fewest NMR restraint violations com-
pared with other possible combinations. This pattern suggests
that ι-RXIA[ L-Phe44] has an ICK motif structure (33-35)
with one additional disulfide (Cys21-Cys38), as shown in
Figure 1B.

Disulfide Mapping ofι-RXIA. The disulfide connectivities
were confirmed by partial reduction of the peptide with
TCEP followed by stepwise alkylation and microsequencing
of the final product. Key features of the strategy were
optimization of the reaction to yield the highest ratio of
partially reduced disulfide species relative to fully reduced
peptide and proper choice of alkylating agent. The rear-
rangement of disulfide bonds was avoided by performing
the first alkylation withN-ethylmaleimide (NEM) at an acidic
pH directly after HPLC separation of the partially reduced
forms. The second labeling was done with iodoacetic acid
(IAA), as NEM- and IAA-labeled cysteines are readily
distinguishable during microsequencing.

Figure 3A shows the HPLC elution of partially reduced
ι-RXIA. Four out of five major partially reduced forms were
separated and analyzed by ESI mass spectrometry. Their
molecular masses were determined to be 4976.5, 4978.1,
4978.2, and 4979.9 Da, corresponding to species containing
three, two, two, and one remaining disulfide bond, respec-
tively. We refer to these partially reduced intermediates as
3S-S, 2S-S1, 2S-S2, and 1S-S species. The first alkylation
of each intermediate gave one main product, which was

repurified by HPLC (Figure 3B). Each alkylated variant was
then lyophilized and resuspended in the pH 8.0 buffer, and
the remaining disulfides were reduced and the free cysteines
labeled with IAA. The double-labeled species appeared as
one major peak during purification with RP-HPLC (Figure
3C).

Four different alkylated variants ofι-RXIA (3S-S, 2S-S1,
2S-S2, and 1S-S) were sequenced to identify the labeling
pattern of cysteine residues. Although the microsequencing
data were clear, a few factors made the analysis challenging.
First, ι-RXIA is a large, rather hydrophobic peptide, and after
double alkylation and lyophilization it remained almost
insoluble. Thus, the sequencing was performed directly after
HPLC with 0.5-1 mL fractions containing about 300 pmol
of the peptide loaded overnight. The other challenge was to
identify the IAA labeling when Cys was in very close
proximity to Ser as those two signals could not be separated.
Furthermore, in the case of species with two remaining
disulfides (2S-S1 and 2S-S2) the signal for the last cysteine
residue (position 38 in the sequence) was too low to identify
the labeling. Figure 3D shows the cysteine-labeling pattern
resulting from microsequencing data and the surmised
disulfide connectivity of ι-RXIA. This was in perfect
agreement with the disulfide connectivities determined by
NMR for ι-RXIA[ L-Phe44], showing that both forms of this
polypeptide fold in the same way.

Solution Structure ofι-RXIA[L-Phe44]. Parameters char-
acterizing the final 20 structures in X-PLOR and struc-
tural statistics forι-RXIA[ L-Phe44] are summarized in
Table 1, and stereoviews of the family of structures super-
imposed over the backbone heavy atoms are shown in
Figure 4A. Numerous medium- and long-range NOEs
(i - j > 4) were observed for residues 5-30 (Figure S3 in
Supporting Information), implying that this region has a well-
defined structure. By contrast, very few medium- or long-
range NOEs were observed for the N- and C-terminal
regions, indicating that both termini lacked a well-defined
structure in solution.

The angular order parametersSfor theæ, ψ, andø1 angles
in the final family of 20 structures (Figure S3 in Supporting
Information) show that the structured region ofι-RXIA[ L-
Phe44] encompasses residues 5-35. The RMSD over the
backbone heavy atoms was 0.49 Å for Cys5-Ser30 and 1.64
Å for Cys5-Leu35. The closest to average structure is shown
in Figure 4B,C. The structures ofι-RXIA[ L-Phe44] have been
deposited with the RCSB Protein Data Bank (36) with
accession number 2P4L.

Of the four disulfide bridges (Cys5-Cys19, Cys12-
Cys22, Cys18-Cys27, and Cys21-Cys38), the first three
are located in the well-defined region of the structure. The
separation of the half-cystines in this region, -CX6CX5C-
CX2CX4C-, where X is any amino acid, fits the original
consensus for an ICK motif structure, -CX3-7CX3-6CX0-5-
CX1-4CX4-13C-(33, 34). Secondary structure analysis using
PROCHECK (26) showed thatι-RXIA contained a small,
two-stranded, antiparallelâ-sheet (Cys21-Cys22 and Cys27-
Ala28). The fourth disulfide, Cys21-Cys38, links the ICK
motif to the C-terminal region. An examination of amide
exchange data as well as the ensemble of structures suggested
that hydrogen bonds exist between the following pairs of
residues: Cys27 and Glu9, Cys21 and Ala28, Leu23 and
Ile26, Cys19 and Lys6, Cys12 and Cys22, and Lys10 and
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Asp8. These are all part of, or adjacent to, the two-stranded
â-sheet that forms the core of the structure. An examination
of backboneæ andψ angles as well as hydrogen bonds in

the final family of structures indicated that residues 8-10
form a γ-turn, with Glu9 having a positiveæ angle. An
interesting feature of the structured region ofι-RXIA[ L-

FIGURE 3: Disulfide mapping ofι-RXIA. (A) HPLC trace for TCEP partial reduction ofι-RXIA. The reaction was carried out with 20 mM
TCEP in 0.2 M sodium citrate, pH 3.0, for 5 min at room temperature. N and R denote the native and reduced form, respectively. Four
major partially reduced forms, which correspond to the species containing three (3S-S), two (2S-S1 and 2S-S2), and one (1S-S) remaining
disulfide bond, were separated. (B) HPLC traces for purification of NEM-alkylated variants. The reaction was performed with 60 mM
NEM in 0.2 M sodium citrate, pH 3.0, for 1 h atroom temperature directly after HPLC separation of partially reduced forms. (C) HPLC
purification of double-labeled forms. The NEM-alkylated variants were completely reduced and then alkylated with 0.2 M IAA in 0.2 M
Tris-acetate and 0.2 mM EDTA, pH 8.0, for 30 min at room temperature. Each proper product is marked with an asterisk. (D) Schematic
representation of a labeling pattern of cysteine residues resulting from the microsequencing data and disulfide connectivity ofι-RXIA.
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Phe44] is the abundance of charged side chains (Lys, Asp,
and Glu) in the N-terminal region (Figures 4C and 5); the
C-terminal region, including the disordered tail, contains only
one charged side chain, Lys45.

Structural comparison ofι-RXIA[ L-Phe44] using Dali (37)
revealed that there are no other known structures with a Dali
Z-score larger than 2, over either the whole 46 residues
(Table S3 in Supporting Information) or just the well-defined
Cys5-Leu35 region. The toxin versutoxin (16) (RCSB
accession number 1VTX), which contains a triple-stranded
antiparallelâ-sheet and has the same pattern of disulfide
connectivities asι-RXIA[ L-Phe44], is the closest match, with
a DaliZ-score of 0.6.ω-Agatoxin IVB (38), ω-agatoxin IVA
(39), and ι-RXIA[ L-Phe44] contain four disulfide bridges,
but in the case ofω-agatoxins IVA and IVB the fourth disul-
fide is located within one of the loops, whereas inι-RXIA-
[L-Phe44] it connects one of the loops to the C-terminus. It
is interesting to note that there are similarities between
ι-RXIA and ω-agatoxin IVB (RCSB accession number
1AGG), which hasD-Ser at position 46 (38, 40, 41) (note
that in ref35, ω-agatoxin IVB is referred to asω-agatoxin
TK) and an unstructured C-terminal region (residues
37-48).

Figure S4 in Supporting Information shows the superposi-
tion of ι-RXIA[ L-Phe] with ω-agatoxin IVB, robustoxin
(RCSB accession number 1QDP), versutoxin (RCSB acces-
sion number 1VTX), and J-ACTX-Hv1c (RCSB accession
number 1DLO). The pairwise RMSDs betweenι-RXIA-
[L-Phe] and the above four molecules, superimposed over
N, CR, and C of theâ-sheet and CR and Câ of the three

disulfides of the ICK fold, are 2.80, 3.72, 3.39, and 1.32 Å,
respectively.

Comparison ofι-RXIA[L-Phe44] with ι-RXIA. Figure 2
shows thatι-RXIA[ L-Phe44] andι-RXIA have a similar
pattern of backbone NH and CRH chemical shift deviations
from random coil values at pH 5.9 and 25°C. The differences
in backbone CRH and NH and side chain CâH chemical shifts
betweenι-RXIA[ L-Phe44] andι-RXIA (Figure 2C) are very
small, the largest being<0.3 ppm. The main differences
occur adjacent to Phe44 (residues 38-46), although the NH
of Leu35 is perturbed and there are some small changes more
distant from Phe44, notably for Cys18 and Ser30. Compari-
son of 800 MHz NOESY spectra of the two peptides showed
that there were very few NOE differences between them (see
comparison in Figure S3 in Supporting Information). The
same is true for the backbone3JHNNR coupling constants
(Tables S1 and S2 in Supporting Information), although small
differences are evident around residue 44.

In order to confirm our inference from comparison of
chemical shifts, backbone coupling constants, and NOE
distribution that the solution structures ofι-RXIA[ L-Phe44]
and ι-RXIA were very similar, we have calculated the
structure ofι-RXIA using the procedure described above for
ι-RXIA[ L-Phe44]. The structural statistics forι-RXIA are
compared with those forι-RXIA[ L-Phe44] in Table 1, and
the structures are compared in Figure 6. The families of
structures are virtually superimposable over the well-defined
regions (residues 5-30), as shown in Figure 6 and from
RMSD comparisons shown in Figure S5 of the Supporting
Information. The N- and C-terminal regions are poorly
defined, consistent with the chemical shifts (Figure 2) and
lack of medium- and long-range NOEs (Figure S3 in
Supporting Information). Thus, even though the regions of
conformational space sampled by the families of structures
of ι-RXIA and ι-RXIA[ L-Phe44] differ slightly in Figure 6,
no conclusions can be drawn about the solution conforma-
tions of the C-terminal tail containing Phe44 other than that
they are disordered in both cases. Comparison of the local
structures in the vicinity of Phe44 also reveals no significant
differences; the families of structures are similar when
superimposed over the backbone heavy atoms of residues
41-45, and the angular averages for the backbone dihedral
angles are nearly identical for these residues.

ActiVity of ι-RXIA on NaV1.6, KCNQ2/3, and KV1.2-1.6
Expressed in Xenopus Oocytes.In previous experiments with
frog preparations (5, 6), we observed thatι-RXIA induced
repetitive action potentials in motor axons which haveKV1.2
(in frogs) and KCNQ2 (and possibly KCNQ3) and NaV1.6
(in mammals) at their nodes of Ranvier as shown by immu-
nohistochemistry (42-44). The heteromeric human KCNQ
(Q2 and Q3) and homomeric human KV1.2, -1.3, -1.4, -1.5,
and -1.6 K channels were expressed inXenopusoocytes and
tested for their sensitivities toι-RXIA as described in Experi-
mental Procedures. None of these channels was affected by
100µM ι-RXIA (not illustrated). In contrast, whenι-RXIA
was tested on mouse NaV1.6 expressed inXenopusoocytes,
the voltage-gated sodium current (INa) was affected profoundly.
Figure 7 shows representative current traces before (panel
A) and after (panel B)∼10 min exposure to 5µM ι-RXIA.
For a given voltage step, the peptide increased the peak INa.
To facilitate comparison, the responses to a-30 mV voltage
step in the absence and presence ofι-RXIA are superimposed

Table 1: Experimental Constraints and Structural Statistics for
ι-RXIA[ L-Phe44] andι-RXIA

ι-RXIA[ L-Phe44] ι-RXIA

no. of distance restraints
total 482 448
intraresidue (i ) j) 223 198
sequential (|i - j| ) 1) 156 132
medium range (1< |i - j| < 5) 38 22
long range (|i - j| > 4) 65 96

hydrogen bond restraints 9 7
no. of dihedral restraints 49 39
RMSD from exptl data

NOEs (Å) 0.021( 0.004 0.027( 0.004
dihedrals (deg) 0.560( 0.2 0.299( 0.2

deviations from ideala

angles (deg) 0.675( 0.03 0.707( 0.04
bonds (Å) 0.0046( 0.0006 0.0048( 0.0006
impropers (deg) 0.486( 0.03 0.486( 0.03

RMSDb for residues 5-30
all heavy atoms 1.07( 0.17 1.17( 0.21
backbone heavy atoms

(N, CR, C)
0.49( 0.15 0.56( 0.13

RMSDb for residues 5-35
all heavy atoms 2.28( 1.10 2.17( 0.43
backbone heavy atoms

(N, CR, C)
1.64( 1.04 1.39( 0.38

Ramachandran plotb

most favored (%) 50.0 52.4
allowed (%) 42.3 38.5
additionally allowed (%) 4.4 5.9
disallowed (%) 3.3 3.2

a The values for the bonds, angles, and impropers show the deviations
from ideal values based on perfect stereochemistry.b As determined
by the program PROCHECK-NMR for all residues. The high percent-
age of residues in the disallowed residue of the Ramachandran plot
reflects the positiveæ angle for Glu9. All violations, energies, and
RMS differences are given as the mean( standard deviation.
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in Figure 7C. Figure 7D shows thatι-RXIA displaced the
voltage dependence of activation to more hyperpolarized
potentials (V0.5 shifted by 12.5 mV with no significant change
in slope factor). In contrast, the toxin affected the voltage
dependence of fast inactivation minimally, if at all (Figure
7E). These results indicate thatι-RXIA acted as an agonist

of the sodium channel. The effects ofι-RXIA were reversed
when the peptide was washed out (not illustrated).

DISCUSSION

The disulfide bond connectivities ofι-RXIA and ι-RXIA-
[L-Phe44] have been determined, respectively, by chemical

FIGURE 4: Structure ofι-RXIA[ L-Phe44]. (A) A family of 20 structures superimposed over backbone heavy atoms of residues 5-30. The
disulfide bond connectivities are in yellow. (B) Stereoview of the ribbon diagram of the closest to average structure; the four disulfide
bonds (5-19, 12-22, 18-27, 21-38) are in yellow, and Phe44 is in magenta. (C) Stereoview showing only residues 5-39 of the closest
to average structure but including all side chains (most of which are labeled with single-letter code and residue number). Side chains are
colored as follows: Lys, marine; His, blue; Asp and Glu, red; Trp and Tyr, magenta; Thr, Ser, and Asn, green. This figure was prepared
using PyMol.
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mapping and analysis of structures calculated using NMR-
derived restraints. The solution structure shows thatι-RXIA
forms an ICK-fold motif stabilized by the three disulfide
bridges Cys5-Cys19, Cys12-Cys22, and Cys18-Cys27,

with one additional disulfide (Cys21-Cys38) linking the ICK
motif to the C-terminus. This is the same pattern seen in the
Sydney funnel web spider toxin, robustoxin, i.e., I-IV/II -
VI/III -VII/V -VIII ( 15). However, in a different spider
toxin, J-atracotoxin, which shares an identical cysteine
framework with I-conotoxins (Figure 1), NMR studies,
combined with a partial reduction/alkylation technique,
showed that the cysteine connectivities were I-VI, II -VII,
III -IV, and V-VIII, as illustrated in Figure 8. An unusual
feature of J-atracotoxin is the presence of a rare vicinal
disulfide bridge (CysIII-CysIV), which appears to be critical
for the insecticidal activity of this polypeptide (12). Thus,
apparently conserved cysteine frameworks do not lead to the
same disulfide connectivities.ι-RXIA is more similar to
J-atracotoxin (in terms of spacing between cysteine residues)
than to some other I-superfamily members characterized
from Conus. It remains to be seen what the disulfide link-
ages are in other framework 11Conuspeptides, such as the
I2-superfamily conotoxin BtX (Figure 1).

Robustoxin and versutoxin have the same pattern of
disulfide connectivities asι-RXIA (I -IV/II -VI/III -VII/
V-VIII) even though they do not have the -C-C-CC-CC-
C-C- pattern characteristic of framework 11. They also adopt
ICK motif structures (15, 16), with the fourth disulfide
linking this motif to the C-terminus (15). Structurally, there-
fore, they are more similar toι-RXIA than is J-atracotoxin,
even though the latter has a framework 11 arrangement of
cysteine residues. A possible reason for this difference is
the presence of Pro between the CC doublets in the J-atraco-
toxins (12), in contrast to the Asn present inι-RXIA (Figure
1A) and related peptides fromC. radiatus(5, 7), although
other conserved non-Cys residues may also have important
roles as folding determinants for this disulfide framework.
Thus, different patterns of half-cystines but the same disulfide
connectitivies (as inι-RXIA and robustoxin) can produce
similar structures, but the same pattern of half-cystines (as
in ι-RXIA and J-atracotoxin) does not necessarily lead to
the same pattern of disulfide connectitivies (Figure 8). A
remarkable feature of all of these molecules, however, is the

FIGURE 5: Surface representation of the closest to average structure ofι-RXIA[ L-Phe44]. The surface is colored, with basic residues in
blue and acidic residues in red. The two views are related by a 180° rotation around the vertical axis. This figure was prepared using
GRASP (29).

FIGURE 6: Comparison of structures ofι-RXIA and ι-RXIA[ L-
Phe44]. (A) Families of 20 structures ofι-RXIA (left) and ι-RXIA-
[L-Phe44] (right) superimposed over the backbone heavy atoms of
residues 5-30 in each case. The disulfide bond connectivities are
in orange. (B) Ribbon diagram of the closest to average structures
of ι-RXIA (left) and ι-RXIA[ L-Phe44] (right); these are the closest
to average structures in each case following superposition of each
family over the entire backbone (residues 1-46). The four disulfide
bonds (5-19, 12-22, 18-27, 21-38) are in yellow, and Phe44 is
in magenta.
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prevalence of the ICK structural motif (33, 34), or minor
variants thereof, as the basic structural scaffold. It is possible
that bothConusand spider peptides may have arisen from
peptides with a disulfide connectivity characteristic of the
ICK motif and that the fourth disulfide bond was added
subsequently (Figure 8). The identical structural motif of
knotted cystines is characteristic of another superfamily of
Conuspeptides, the O-superfamily (45, 46). The I-conotoxins
(framework 11) and O-conotoxins (defined by framework
6, C-C-CC-C-C) belong to distinct gene superfamilies, and
there is no evident homology between their precursor
sequences (7, 47), reflecting a long period of evolutionary
divergence.

Comparison of the chemical shifts, backbone coupling
constants, and NOEs ofι-RXIA with those of ι-RXIA[ L-
Phe44] suggests that posttranslational modification of residue
44 fromL to D has very little effect on the structure. This is
readily accounted for by the structure described in this paper,

as the C-terminal region beyond the last disulfide bridge
(Cys21-Cy38) is largely disordered in both structures. As
the naturally occurringD-Phe44 form ofι-RXIA is signifi-
cantly more active as an excitotoxin than theL-Phe44
analogue both in vitro and in vivo (6), it is likely that the
C-terminal tail ofι-RXIA undergoes a transition to a more
ordered conformation when in complex with its receptor. In
this conformation the switch fromD to L configuration at
Phe44 may be expected to have a significant effect on affinity
and/or activity. The more structured region ofι-RXIA, the
ICK motif, probably plays a common role in bothι-RXIA
and ι-RXIA[ L-Phe44] of mediating peptide binding to the
appropriate site on the target in such a way as to allow the
C-terminal tail to interact with neighboring residues.

The functional importance of epimerization of a single
amino acid near the C-terminus was also observed for
ω-agatoxin IVB, which has a similar combination of an ICK
motif core and an unstructured tail (13, 38, 40, 41). In this
48-residue peptide,D-Ser46 was crucial for the inhibition
of P-type calcium channels, whereas theL-Ser enantiomer
was about 90-fold less active (40).

As with the funnel web spider toxins robustoxin and
versutoxin, with which it shares a common disulfide pattern
and structures,ι-RXIA proves to be active against sodium
channels. The agonistic action ofι-RXIA on NaV1.6 (Figure
7) explains how the peptide renders motor axons hyperex-
citable, as it effectively lowers the threshold for the genera-
tion of action potentials by shifting the voltage sensitivity
of the sodium channels. The effect ofι-RXIA in shifting
the voltage dependence of activation in a hyperpolarizing
direction is reminiscent ofδ-conopeptides PVIA and SVIE
(48). However, unlike theδ-conopeptides,ι-RXIA does not
shift the voltage dependence of steady-state inactivation
appreciably, if at all (Figure 7E). Further experiments are in
progress to examineι-RXIA’s VGSC subtype selectivity as
well as its mechanism of action in greater detail. However,
it is noteworthy that there is a convergence of structure and
function inι-RXIA, as its structure resembles those of funnel
web spider toxins that also target sodium channels. Their
effects on these channels, however, are not identical, and it
will be of interest to define which residues inι-RXIA
differentiate its activity on the sodium channel from those
of robustoxin and versutoxin and what the respective roles

FIGURE 7: ι-RXIA promotes the activation of NaV1.6 without
significantly affecting channel inactivation.Xenopusoocytes ex-
pressing mouse NaV1.6 were prepared and used as described in
Experimental Procedures. Oocytes were clamped at-100 mV, and
60 ms depolarizing steps were applied in 10 mV increments from
-60 to +20 mV. Representative sodium currents (INa) in control
solution (A) and after the effects of 5µM ι-RXIA had reached
steady-state in about 10 min (B). The peak amplitudes of INa were
increased by the peptide. (C) One trace each from (A) and (B)
representing the responses to a-30 mV voltage step are super-
imposed and illustrate the dramatic effect ofι-RXIA on INa at this
potential. When their peaks were normalized, the traces essentially
overlapped (not illustrated), indicating that toxin treatment does
not alter the time course of INa. (D) The voltage dependence of
activation was shifted to more hyperpolarized potentials byι-RXIA.
Solid lines represent Boltzmann fits:V0.5 values were-6.64 (
0.27 mV (control) and-19.09( 0.74 mV (with peptide); respective
slope factors were 6.50( 0.24 and 7.72( 0.69, which were not
significantly different from one another (p < 0.5, Student’st-test).
(E) Voltage dependence of inactivation was essentially unaltered
by 5 µM ι-RXIA. The pulse protocol for inactivation was as
described in Experimental Procedures. Solid lines are Boltzmann
fits: inactivationV0.5 values were-54.02 ( 0.74 mV (control)
and-54.49( 0.69 mV (with toxin); respective slope factors were
7.60( 0.67 and 7.25( 0.63. The symbol legend in (D) applies to
both (D) and (E), and data points in (D) and (E) represent the mean
( SE (N ) 3 oocytes).

FIGURE 8: Disulfide patterns in toxins containing three and four
disulfide bridges. The O-conotoxins (framework 6) have the
disulfide pattern I-IV/II -V/III -VI. The I-conotoxins (framework
11), includingι-RXIA, have the disulfide pattern I-IV/II -VI/III -
VII/V -VIII, as do robustoxin and versutoxin. The spider toxin,
J-atracotoxin, which shares an identical cysteine framework with
the I-conotoxins, has the disulfide pattern I-VI/II -VII/III -IV/
V-VIII. Yet another pattern of connectivities of eight half-cystines
is found inω-agatoxin IVB. The disulfide bridges above each of
the amino acid sequences show the different ways in which the
fourth bridge could have been added to the ICK pattern of three
bridges in the course of evolution.
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of the ICK core and the C-terminal tail containing Phe44
are in their activities.
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