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ABSTRACT: Using assay-directed fractionation of the venom from the vermivorous cone snailConus
planorbis, we isolated a new conotoxin, designated pl14a, with potent activity at both nicotinic acetylcholine
receptors and a voltage-gated potassium channel subtype. pl14a contains 25 amino acid residues with an
amidated C-terminus, an elongated N-terminal tail (six residues), and two disulfide bonds (1-3, 2-4
connectivity) in a novel framework distinct from other conotoxins. The peptide was chemically synthesized,
and its three-dimensional structure was demonstrated to be well-defined, with anR-helix and two 310-
helices present. Analysis of a cDNA clone encoding the prepropeptide precursor of pl14a revealed a
novel signal sequence, indicating that pl14a belongs to a new gene superfamily, the J-conotoxin superfamily.
Five additional peptides in the J-superfamily were identified. Intracranial injection of pl14a in mice elicited
excitatory symptoms that included shaking, rapid circling, barrel rolling, and seizures. Using the oocyte
heterologous expression system, pl14a was shown to inhibit both a K+ channel subtype (Kv1.6, IC50 )
1.59 µM) and neuronal (IC50 ) 8.7 µM for R3â4) and neuromuscular (IC50 ) 0.54 µM for R1â1εδ)
subtypes of the nicotinic acetylcholine receptor (nAChR). Similarities in sequence and structure are apparent
between the middle loop of pl14a and the second loop of a number ofR-conotoxins. This is the first
conotoxin shown to affect the activity of both voltage-gated and ligand-gated ion channels.

Cone snails are predatory marine gastropods that belong
to the genusConus; different species prey on fish, other
molluscs, or worms. The ability of the fish-hunting cone
snails to capture prey successfully is based on the combined
action of neuroactive peptides (1) injected into the fish. Most
characterized cone snail toxins have been isolated from the
venom of piscivorous cones (2, 3). The identification of
specific receptor targets for these conotoxins has facilitated
our understanding of molecular mechanisms, which underlie
the rapid fish immobilization that occurs with envenomation
(1, 4).

The vermivorousConusspecies comprise the largest group
of cone snails; they feed on various types of marine worms,

including different polychaetes (5, 6). There are greater than
4 times more worm-huntingConusspecies than piscivorous
species. The great variety of marine worm species found in
different marine environments provides the basis for the
worm-feeding cones to develop different hunting strategies
and evolve neuroactive venom components that are optimized
for specific types of marine worms. Several conotoxins have
been identified in the venoms of worm-feeding cones (7-
17), but the mechanisms of envenomation of prey by the
vermivorousConusspecies are not well characterized.

Conopeptides are the active peptidic components in cone
snail venoms, and these are classified into two major groups.
One group consists of disulfide-rich peptides commonly
termed conotoxins; the second group comprises peptides with
only one disulfide bond or none. The cysteine-rich conotoxins
are encoded by gene superfamilies that share significant
sequence similarity. Conotoxins that belong to the same gene
superfamily share a characteristic disulfide pattern and a
general pharmacological targeting specificity (18).

This paper describes the identification and characterization
of a conotoxin from the vermivorous coneConus planorbis
(Figure 1).C. planorbis is commonly found in the Indo-
Pacific region and belongs to Clade IX in the phylogenetic
scheme forConusof Espiritu et al. (19), equivalent to E5 of
Duda et al. (5). The new peptide, which we call conotoxin
pl14a, is active in the mammalian nervous system. It inhibits
the Kv1.6 subtype of the voltage-gated K+ channel and some
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nicotinic acetylcholine receptor (nAChR)1 subtypes. pl14a
defines a new gene superfamily of conotoxins, the J-
conotoxin superfamily.

MATERIALS AND METHODS

Isolation of pl14a from C. planorbis Venom. Snails were
collected in the Marinduque Islands, Philippines, and dis-
sected. Venom was pressed out of the venom ducts, and the
venom pooled from several snails was lyophilized and stored
at -70 °C. A 500 mg portion was resuspended in 35 mL of
30% acetonitrile and 0.2% trifluoroacetic acid (TFA) using
a vortex mixer for 2× 1 min with an interval of 5 min on
ice. The mixture was sonicated using a Branson LS-75 probe
for 3 × 0.5 min on ice with 1 min rest periods, and the
sediment was pelleted in a Beckman Avanti centrifuge with
an F650 rotor for 30 min at 37500g. The supernatant was
diluted with 0.1% TFA, centrifuged again to remove all
residual particles, and applied to a preparative Vydac C18

high-pressure liquid chromatography (HPLC) column (2.5
cm× 25 cm). Venom peptides were eluted from the column
with a linear gradient from 4.5 to 90% acetonitrile with 0.1%
TFA at 0.9% acetonitrile/min. The flow rate was 20 mL/
min, and the absorbance of the eluate was monitored at 220
nm. An analytical Vydac C18 HPLC column (4.6 mm× 250
mm) with linear gradients at 0.18 or 0.09% acetonitrile/min
in 0.1% TFA was used for subsequent fractionations. The
flow rate was 1 mL/min, and absorbance at 220 and 280 nm
was monitored.

pl14a Synthesis. Linear p114a was assembled on a Boc-
phe-pam resin as previously described (20). A Boc-amide
linker (21) and Boc-amino acids were preactivated with an
equivalent amount of 2-(1H-benzotriazol-1-yl)-1,1,3,3-tet-
ramethyluronium hexafluorophosphate in the presence of
diisopropylethylamine. Each coupling was monitored by the
ninhydrin reaction except coupling to proline, which was
monitored by the isatin test. HF cleavage was carried out at
5 °C for 1.5 h.

The crude linear peptide was purified by HPLC on a
semipreparative C18 column (1 cm× 25 cm) with an elution
gradient of 0.9% acetonitrile/min in 0.1% TFA. Folding was

achieved by air oxidation at a peptide concentration of 0.1-
0.2 mM in 0.1 M ammonium bicarbonate (pH 8) for 20 h.
Coelution with native pl14a was demonstrated using an
analytical C18 HPLC column with a linear gradient of 0.45
or 0.18% acetonitrile/min in 0.1% TFA. The flow rate was
1 mL/min in a Waters Millennium HPLC system with auto
sampler.

Characterization of Peptides. Mass determinations on both
native and synthetic peptides were accomplished by matrix-
assisted laser desorption ionization (MALDI), or electrospray
ionization (ESI) mass spectrometry (MS) at the University
of Utah Mass Spectrometry and Proteomic Core Facility, the
Salk Institute Peptide Biology Lab, and The University of
Queensland Institute for Molecular Bioscience. The amida-
tion of the C-terminus was shown on the native peptide from
mass values obtained by ESI-MS.

The disulfide bond connectivity was determined using the
partial reduction and alkylation procedure as described
previously (22). Partial reduction was achieved in the
presence of 10 mM tris(2-carboxyethyl)phosphine hydro-
chloride (TCEP-HCl) in 0.085 M sodium citrate, 0.05% TFA,
and 14% acetonitrile (pH 3) for 20 min at 23°C. The
products were separated by HPLC, and the putative reduced
peaks were alkylated using iodoacetamide. The alkylation
reaction mixtures were fractionated by HPLC, and the
partially alkylated product was identified by mass spectrom-
etry. Alkylation after complete reduction with 10 mM
dithiothreitol was done using 0.7% 4-vinylpyridine. The
sequences of partially and fully alkylated peptides were
determined by R. Schackmann, using Edman degradation
chemistry in an Applied Biosystems model 477A protein
sequencer at the Protein/DNA Core Facility of the University
of Utah Huntsman Cancer Institute.

NMR Spectroscopy and Structure Calculations. Samples
for 1H NMR measurements contained∼1 mM peptide in a
95% H2O/5% D2O mixture (v/v) at pH∼3. Spectra were
recorded at 290 K on a Bruker Avance-600 spectrometer
equipped with a shielded gradient unit. Two-dimensional
NMR spectra were recorded in phase-sensitive mode using
time-proportional phase incrementation for quadrature detec-
tion in the t1 dimension as previously described for other
disulfide-rich peptides (23, 24). 3JHN-HR coupling constants
were measured from a one-dimensional spectrum or from
the DQF-COSY spectrum.

Spectra were processed on a Silicon Graphics Indigo
workstation using XWINNMR (Bruker) software. Thet1
dimension was zero-filled to 1024 real data points, and 90°
phase-shifted sine bell window functions were applied prior
to Fourier transformation. Chemical shifts were referenced
to internal 2,2-dimethyl-2-silapentane-5-sulfonate.

Preliminary structures of pl14a were calculated using a
torsion angle simulated annealing protocol within DYANA
(25). Final structures were calculated using CNS version 1.1
(26). A set of 50 structures was generated by a torsion angle
simulated annealing protocol as previously described (23,
24). Structures were analyzed using PROMOTIF (27) and
PROCHECK-NMR (28).

Cloning. Total RNA preparations from a single duct each
of C. planorbis (Figure 1) andConus ferrugineuswere
obtained using the Qiagen RNeasy mini protocol for isolation
of total RNA from animal tissues. Each RNA preparation
(4.5 µg for C. planorbisand 5.1µg for C. ferrugineus) was

1 Abbreviations: nAChR, nicotinic acetylcholine receptor; TFA,
trifluoroacetic acid; MALDI, matrix-assisted laser desorption ionization;
ESI, electrospray ionization; UTR, untranslated region; RACE, rapid
amplification of cDNA ends; ACh, acetylcholine; SAR, structure-
activity relationship.

FIGURE 1: A 5 cm longC. planorbisshell.
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used in cDNA synthesis (29). The 3′-untranslated region
(UTR) for pl14a was identified by synthesizing degenerate
oligonucleotide primers designed from the carboxy-terminal
regions of the peptide, and the primers were used in a 3′-
rapid amplification of cDNA ends (RACE) (29). Another
oligonucleotide primer was designed from the identified 3′-
UTR and used in a 5′-RACE using the Clonetech SMART
RACE kit and protocol.

Oligonucleotide primers derived from the 3′-UTR and 5′-
prepropeptide regions of the pl14a clone were used to screen
the cDNAs described above for more clones in the J-
superfamily. All PCR runs were done in a Peltier Thermal
Cycler 2000 instrument using Invitrogen High Fidelity
Platinum Taq DNA polymerase. The Invitrogen TA cloning
kit was used for all transformations. DNA sequencing was
carried out at the University of Utah Huntsman Cancer
Institute Protein/DNA Core Facility using samples prepared
following the Qiagen mini prep kit protocol.

The sequences of all oligonucleotide primers derived from
the native peptide or clones are included as Supporting
Information.

Biological Assays. Intracranial injections were adminis-
tered to mice that were 15-17 days old. Peptide samples
were resuspended in 12µL of normal saline solution and
administered to the mice using an insulin syringe. The
peptide-injected mice were observed side by side with saline-
injected controls continuously for 2-4 h and checked the
next day.

nAChR Assay. Recordings were made fromXenopus
oocytes expressing mouse skeletal muscle nAChR subtypes
and rat neuronal subtypes, in a static bath of ND-96 solution
as previously described (30). Oocytes were injected 1-2 days
after harvesting and used for voltage clamp recording 3-8
days after injection. The bath contained bovine serum
albumin at a concentration of 0.1 mg/mL to minimize
nonspecific adsorption of the toxin and atropine at 1µM to
block endogenous muscarinic acetylcholine receptors. Ace-
tylcholine (ACh)-gated currents were elicited with 1-10µM
ACh for oocytes expressing the muscle skeletal subtypes and
100µM ACh for oocytes expressing the neuronal subtypes.
The toxin was allowed to equilibrate in the static bath for 5
min prior to pulsing with ACh by gravity perfusion.

Three oocytes were used for each data point. Dose-
response curves were fit to the equation % response+ 100/
[1 + (toxin concentration/IC50)nH], where nH is the Hill
coefficient.

K+ Channel Assays. The Xenopusoocyte expression
system was used to study the effect of pl14a on Kv1
channels. Oocytes were treated, and Kv1 channels were
expressed as described previously (31). Whole-cell currents
were recorded under two-electrode voltage-clamp control
using a Turbo-Tec amplifier (npi electronic, Tamm, Ger-
many). Current records were low-pass-filtered at 1 kHz (-3
db) and sampled at 4 kHz. The bath solution was normal
frog Ringer’s solution (32) containing 115 mM NaCl, 2.5
mM KCl, 1.8 mM CaCl2, and 10 mM Hepes (pH 7.2)
(NaOH). All electrophysiological experiments were per-
formed at room temperature (19-22 °C).

The IC50 values for the block of the Kv1.6 channel were
calculated from the peak currents at a test potential of 0 mV
according to the equation IC50 ) fc/(1 - fc) × [Tx], where
fc is the fractional current and [Tx] is the toxin concentration.

Tests onXenopusoocytes expressing Kv2.1 and Kv3.4
channels were done under similar conditions.

Other ActiVity Assays.The activity of pl14a was also tested
in Xenopusoocytes expressing the Nav1.2 channel, under
conditions similar to those used in the K+ channel assays.

The effect of pl14a on the binding of [125I]GVIA to rat
synaptosomes was tested using the membrane filtration assay
(33).

RESULTS

Isolation and Structural Characterization of pl14a. An
initial fractionation ofC. planorbisvenom was carried out
to isolate and characterize major venom components. To
identify conotoxin-like components, major components
within the 2-4 kDa range were completely reduced and
alkylated. The number of disulfide bonds in specific peptides
within the mass range given above was obtained by mass
spectrometry of samples before and after complete reduction
and alkylation.

The chromatograms in Figure 2 show the HPLC separation
of the venom components ofC. planorbisand the isolation
of pl14a. The complete reduction and alkylation of the peak
indicated in Figure 2C suggested the presence of four
cysteines. However, the MALDI and ESI average mass of
2911 Da for this conopeptide was approximately double the
mass of peptides in known conotoxin superfamilies (A and

FIGURE 2: Isolation of pl14a fromC. planorbisvenom. The arrow
in each HPLC run indicates the location of the fraction containing
the peptide. All the elution buffers had 0.1% TFA. (A) The venom
extract was chromatographed in a preparative Vydac C18 column
eluted with 4.5 to 90% acetonitrile. (B) The peak containing the
peptide in A was subfractionated using an analytical Vydac C18
column and an elution gradient of 28 to 34% acetonitrile. (C) The
fraction containing the peptide in B was further subfractionated
using a gradient of 0.09% acetonitrile/min. (D) The major peak in
C was completely reduced and alkylated and then chromatographed
in an analytical Vydac C18 column eluted with a gradient of 0.9%
acetonitrile/min. The major peak yielded the sequence for pl14a.
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T) with a four-cysteine pattern (18). Sequencing showed that
the peptide has a cysteine pattern different from those in the
previously characterized four-cysteine superfamilies (Figure
3). The ESI monoisotopic mass value of 2909.5 Da for the
native peptide indicated an amidated C-terminus. This peptide
is initially called pl14a, based on the species name (C.
planorbis) followed by the number representing the 14th
cysteine pattern found in conotoxins (16), with the letter “a”
representing the first peptide characterized in this class from
C. planorbis. As we will demonstrate below, the peptide
defines a new superfamily of conotoxins, which we call the
J-conotoxin superfamily.

Peptide Synthesis and Determination of Disulfide Con-
nectiVity. pl14a was chemically synthesized as described in
Materials and Methods. Panels A-C of Figure 4 show the
HPLC chromatograms of the sample isolated from the
venom, the predominant form obtained after overnight air
oxidation at pH 8, and the coelution of both, respectively,
which indicates that the folded synthetic preparation of pl14a
is identical to the peptide present in the venom. A yield of
0.45 mg of pl14a was typically obtained from 1 mg of linear
peptide.

Panels A and B of Figure 5 show the HPLC profiles of
the partial reduction and alkylation reactions, respectively.
The partially reduced pl14a overlaps with the native folded
peptide but can be completely separated from it after partial
alkylation with iodoacetamide (22). Sequencing of both the
partially alkylated peptide and of the peptide with pyridyl-
ethylation of the second pair of cysteines showed a 1-3,
2-4 disulfide connectivity (Figure 3).

Solution Structure of pl14a. NMR spectral assignments
for pl14a were made using established techniques (34); the
1H chemical shifts are supplied as Supporting Information.
The chemical shifts in the amide region are well-dispersed,
and the large number of resolved cross-peaks in the NOESY
spectrum allowed determination of a well-defined structure
for the majority of the molecule.

The three-dimensional structure of pl14a was calculated
with 178 distance restraints and 19 angle restraints using a
simulated annealing protocol in CNS. Ten restraints for five
hydrogen bonds were included, based on the slowly ex-
changing amide protons and preliminary structures. The
resulting family of structures had good structural and
energetic statistics, as shown in Table 1. An ensemble and
ribbon representation of the three-dimensional structure is
shown in Figure 6. Analysis of the structures with PRO-
MOTIF (27) identified anR-helical region between residues

FIGURE 3: (A) Peptide sequence of pl14a showing the disulfide
connectivity. (B) Disulfide motifs found in conotoxin superfamilies
with four cysteines.

FIGURE 4: Coelution of native and synthetic preparations of pl14a.
The HPLC runs were carried out using a gradient of 0.45%
acetonitrile/min in 0.1% TFA: (A) pl14a isolated fromC. planorbis
venom, (B) synthetic pl14a, and (C) a mixture of the native and
synthetic samples of pl14a identical to those used in the individual
runs.

FIGURE 5: Partial reduction and alkylation of pl14a. (A) The HPLC
chromatogram after partial reduction shows the peak of the peptide
with one disulfide bond cleaved (indicated by arrow) overlapping
with the peak of the native peptide. The adjacent peak is that of
the completely reduced pl14a. (B) The HPLC profile of the
alkylation reaction shows the separation of the partially alkylated
p14a (indicated by arrow) from the native peptide.

Table 1: NMR and Refinement Statistics for pl14a

NMR distance and dihedral constraints
distance constraints

total NOE 178
sequential (|i - j| ) 1) 93
medium-range (|i - j| < 5) 54
long-range (|i - j| > 5) 31

total dihedral angle restraints
φ 15
ø1 4

structure statistics
violations (mean( standard deviation)

distance constraints (Å) 0.035( 0.003
dihedral angle constraints (deg) 0.25( 0.2
maximum dihedral angle violations (deg) 3
maximum distance constraint violations (Å) 0.3

deviations from idealized geometry
bond lengths (Å) 0.003( 0.0002
bond angles (deg) 0.46( 0.02
impropers (deg) 0.31( 0.02

average pairwise rmsda (Å)
heavy atoms (residues 7-23) 0.16( 0.06
backbone atoms (residues 7-23) 1.50( 0.26

Ramachandran statistics (residues 3-24)
most favored 80.6%
additionally allowed 19.4%

a The pairwise rmsd was calculated among 20 refined structures.
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6 and 12 and 310-helices between residues 15-17 and 20-
22.

pl14a Clone. Figure 7A shows the precursor sequence of
pl14a. The only post-translational processing occurring in
this peptide, which is C-terminal amidation, is demonstrated
by the sequence ...RGKR at cleavage site 3 in Figure 7A
(35) which results in the amidation of the C-terminal R of
the mature peptide. The unique signal sequence, MPSVRS-
VTCCCLLWMMFSVQLVTP, indicates that p14a is the first
peptide in a new superfamily of conotoxins that we have
termed the J-superfamily. Using oligonucleotide primers from
the signal sequence and the 3′-UTR, additional members of
the J-superfamily were identified (Figure 7B) fromC.
planorbisandC. ferrugineus(Figure 1), a species that also

belongs to Clade IX. The peptide length, the loop sizes, and
the C-terminal amidation are maintained among the peptides
identified, so far. Residues R12, G16, H17, Y19, and P20 are
conserved, and there is a conservative substitution of valine
for I6.

Biological ActiVity of pl14a in Mice. Behavioral symptoms
were elicited upon intracranial injection of the synthetic
peptide in mice, indicating that this targets the mammalian
central nervous system. At an average dose of 0.5 nmol/g
of mouse body weight, the symptoms included rapid circling
and shaking, with the shaking occurring when the mouse
moved or attempted to move. These symptoms started as
early as a few minutes after injection and lasted for an
average of one to a few hours. At double the dose, the rapid
circling and/or shaking symptoms were still observed in most
cases, but more severe symptoms such as barrel rolling and
seizures were common. Further doubling the dose resulted
in death in at least 50% of the injected mice. Intraperitoneal
injections at levels similar to those used in intracranial
injections did not produce any apparent symptom in the mice.

Intramuscular injection in goldfish and injection at the
anterior end of a marine polychaete (NereisVirens), likewise,
did not give any definitive symptomatology.

ActiVity in Nicotinic Acetylcholine Receptor Assays. The
synthetic pl14a was tested for activity in neuronal and muscle
subtypes of nAChR expressed in oocytes. Initial tests were
carried out at 10µM, and in the muscle subtypes of the
nAChR, the peptide was approximately 50% more active in
the adult mouse subtype (R1â1εδ) than in the fetal form
(R1â1γδ). The dose-response plot of the pl14a activity in
R1â1εδ (Figure 8) gave an IC50 of 0.54µM (95% confidence
interval: 0.50-0.57 µM). Figure 8 also shows the dose-
response plot of the activity in theR3â4 subtype of the rat
neuronal nAChR, which gave the highest activity among
eight neuronal forms that were tested (Supporting Informa-
tion), and the IC50 obtained was 8.7µM (95% confidence
interval: 7.3-10.4 µM).

ActiVity in K+ Channel Assays.To investigate a potential
interaction of pl14a with voltage-activated K+ channels,
different isoforms in the Kv1 subfamily (Kv1.1-Kv1.6) were

FIGURE 6: Three-dimensional structure of pl14a. (A) A superposition of the 20 lowest-energy structures of pl14a. (B) A ribbon representation
of the secondary structure of pl14a.

FIGURE 7: (A) pl14a clone. The arrows indicate the predicted
cleavage sites between the signal sequence and the propeptide
(arrow 1) using SignalP 3.0 Server and between the propeptide and
the mature pl14a (arrow 2). (B) Homologous sequences identified
from the cDNA ofC. planorbisandC. ferrugineus.

J-Conotoxin Superfamily Biochemistry, Vol. 45, No. 27, 20068335



expressed inXenopusoocytes, and potential changes for the
evoked currents in the presence of 1µM pl14a were
measured. At this concentration, a very small blocking effect
was observed for Kv1.1, and no effect was observed for
Kv1.2-Kv1.5 (see Figure 9). In contrast, a profound block
of the currents was observed for Kv1.6. The IC50 for the
block was 1.59( 0.96µM (mean( the standard deviation;
n ) 8).

pl14a was also assayed inXenopusoocytes expressing
Kv2.1 and Kv3.4 channels. No inhibition of the evoked
response was observed in these channels at 2µM pl14a (data
not shown).

Other ActiVity Assays. The addition of 2µM pl14a to
Xenopusoocytes expressing the Nav1.2 channel also showed
no effect on the evoked response, indicating that pl14a does
not affect these Na currents.

The presence of 5µΜ pl14a in anω-GVIA membrane
binding assay (33) did not displace any binding of [125I]GVIA
to rat synaptosomes (data not shown). This result implies
that pl14a does not bind to N-type presynaptic Ca2+ channels.

DISCUSSION

We isolated and characterized a conotoxin from the Indo-
Pacific worm-hunting coneC. planorbis, designated pl14a,
which is 25 amino acid residues long with a X6CX3CX10-
CXCX cysteine pattern (Figure 3). The only post-translational
modification present in the peptide is amidation of the
C-terminus, which was detected from the monoisotopic ESI
mass value and confirmed by the presence of a standard
amidation sequence of a peptidylglycine after proteolytic
cleavage of the precursor peptide (Figure 7A) (35). The
disulfide connectivity was determined by stepwise reduction
and alkylation and confirmed by the NMR solution structure
(Figure 6) to be C1-C3 and C2-C4, as shown in Figure 3.

The cloning data provided evidence that the peptide we
characterized fromC. planorbisvenom, conotoxin pl14a,
belongs to a new gene superfamily, the J-conotoxin super-
family. Five homologous peptides (Figure 7B) were identi-
fied in the cDNA prepared from the venom ducts ofC.
planorbisand the closely related speciesC. ferrugineus, using
oligonucleotide primers derived from the signal sequence and
the 3′-UTR of the p14a clone (Figure 7A). It is notable that
the peptides identified from these vermivorous species are
identical in length and loop sizes to pl14a, and all are
C-terminally amidated.

A recent report of a series of peptides from worm-hunting
Western Atlantic cone species (16) showed that peptides with
a C-C-C-C cysteine pattern may be common components of
venoms of vermivorous cones. Furthermore, the loop sizes

FIGURE 8: Activity of pl14a in nAChR assays. (A) pl14a was
applied to oocytes expressing the nAChR subtypes at 3µM for the
muscle subtype (R1â1εδ) and at 10µM for the neuronal subtype
(R3â4). Arrows indicate the first currents elicited after toxin
equilibration for 5 min, by an ACh pulse of 1-10 µM for the
muscle skeletal subtypes and 100µM for the neuronal subtypes.
pl14a at 3µM blocked the elicited currents nearly completely in
R1â1εδ, and the toxin dissociated rapidly from the receptor. A block
of approximately 50% of the elicited current was obtained inR3â4,
with a similar dissociation rate. (B) Dose-response curves for pl14a
in each subtype. Each data point is the average of responses obtained
from three oocytes, and the curves were generated using Prism.
The IC50 for the adult mouse muscle subtype is 0.54µM, and the
IC50 for the ratR3â4 neuronal subtype is 8.7µM.

FIGURE 9: pl14a blocks Kv1.6 channels. (Left) Whole-cell currents
obtained for depolarizing pulses to 0 mV from a holding potential
of -100 mV from oocytes expressing different Kv1 channels. The
bath solution was normal frog Ringer’s solution. (Right) Addition
of 1 µM pl14a had almost no effect for Kv1.1-Kv1.5-mediated
currrents, whereas Kv1.6-mediated currents are blocked by∼50%.
The horizontal bars correspond to 50 ms and the vertical bars to 1
µA. Current records were low-pass-filtered at 1 kHz (-3 db) and
sampled at 4 kHz.
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could be variable, as well as the disulfide connectivity. Table
2 compares all known peptide sequences with the 14th
cysteine pattern that have been reported to date. The peptide
from the venom of the piscivorous speciesConus geographus
(36) shows that this cysteine pattern is also present in the
venoms of piscivorous species. The question of whether all
of the peptides in Table 2 belong to the J-superfamily
remains. The screening of cDNA derived from otherConus
species for J-superfamily peptides is ongoing.

The three-dimensional structure of pl14a (Figure 6)
represents a novel structural fold and is well-defined, with
the exception of the N-terminal region. This disorder is likely
to be from structural flexibility, as there are no disulfide
bonds in the N-terminal region to constrain the molecule.
The major element of secondary structure is anR-helix
between residues 6 and 12. Both disulfide bonds (7-22 and
11-24) have one half-cystine located in this helical region,
and formation of the disulfide bonds results in a compact
three-dimensional structure. Although the disulfide con-
nectivity of pl14a is the same as that of theR-conotoxins
(i.e., C1-C3, C2-C4), the secondary structure and the position
of the C-terminus are not conserved. Despite these differ-
ences, there are structural similarities between the backbone
conformation for residues 11-21 in pl14a and the conforma-
tion observed for residues 4-12 in R-conotoxin SI. As the
R-conotoxins are antagonists of the nAChR and possess a
common structural motif, the similarities between pl14a and
R-conotoxin SI may be relevant to the activity of pl14a
observed at the nAChR.

Table 3 shows an alignment of the sequence of pl14a with
those of someR-conotoxins. The lower IC50 observed for
pl14a on the adult muscle nAChR subtype over the neuronal
ones is consistent with the degree of sequence similarity
between pl14a and theR-conotoxins that block the muscle
subtype, being greater than that shown with known blockers
for the neuronal subtypeR3â4. In a SAR study on the
residues inR-GI and inR-SI that are critical to the binding
to nAChRs in mouse muscle-derived BC3H-1 cells and
Torpedo(37), it was shown that residues 9 and 10 were
involved in the interaction of these conotoxins with the
receptor. The corresponding residues in pl14a (residues 17
and 18, respectively) and the adjacent ones (highlighted
residues) are closely related, if not identical, to those in the
R-conotoxins. The fact that the potency of pl14a is much
lower than that of GI or SI could be due to subtle changes
in the secondary structure that is presented.

A number of diverse conotoxins were previously shown
to affect other K+ channels. These include theκ- (38) and
κM-conotoxins (39) and the conkunitzins (40, 41), all from
fish-huntingConusspecies. To our knowledge, this is the
first report of a peptide that selectively inhibits the Kv1.6
channel activity among the different Kv1 forms. A very
diverse group of peptides identified in animal toxins have
been found to block Kv1 channel subtypes (42-45). A
phylogenetic tree was generated from some of these toxins
and is shown in Figure 10. The conotoxins form two different
branches from the rest of the toxins from scorpion and sea
anemone. All J-superfamily peptides are in one branch and

Table 2: Conotoxins with the 14th Cysteine Framework (C-C-C-C)

*An amidated C-terminus.

Table 3: Sequence Homologies between pl14a andR-Conotoxin Blockers of nAChR
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separate from the other conotoxins with the same cysteine
framework but with a different three-dimensional structure.

Two types of structural features are shared and have been
proposed to play a role in the activity on Kv1 channels. The
first is a dyad structure, made up of a positively charged
(usually lysine) and a hydrophobic amino acid (usually
aromatic), protruding from a relatively flat surface made up
of the other amino acid residues of the peptide. The lysine
R-carbon and the center of the aromatic ring are within 6-7
Å of each other (45, 46), with the lysine residue occluding
the K+ channel pore (47). In some Kv1 channel inhibitors
without the functional dyad, the presence of a ring of basic
residues on one surface of the molecule has been demon-
strated to play a role in the binding of a peptide to the outer
vestibule of the channel (48, 49). There is both a potential
dyad as well as a ring of basic residues in pl14a; one or
both of these structural elements may be important for the
interaction of the peptide with the Kv1.6 channel.

The demonstration of the activity of pl14a on both the
Kv1.6 channel and in nAChR subtypes is the first observation
of a Conuspeptide inhibiting both a voltage-gated and a
ligand-gated ion channel. The symptomatology observed in
mice treated with the peptide suggests that the K+ channel
activity is the dominant effect in mammalsin ViVo. The role
of specific residues in the peptide that may affect either or
both of these activities is currently being examined via
chemical syntheses and functional evaluation of alanine-
substituted analogues.
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