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ABSTRACT: ω-Conotoxin TxVII is the first conotoxin reported to block L-type currents. In contrast to
otherω-conotoxins, its sequence is characterized by net negative charge and high hydrophobicity, although
it retains theω-conotoxin cysteine framework. In order to obtain structural information and to supply
material for further characterization of its biological function, we synthesized TxVII and determined its
disulfide bond pairings. Because a linear precursor with free SH groups showed a strong tendency to
aggregate and to polymerize, we examined many different conditions for air oxidation and concluded that
a mixture of cationic buffer and hydrophobic solvent was the most effective for the folding of TxVII.
Synthetic TxVII was shown to suppress the slowly inactivating voltage-dependent calcium current in
culturedLymnaeaRPeD1 neurons and furthermore to suppress synaptic transmission between these neurons
and their follower cells. In contrast, TxVII did not block calcium flux through L-type channels in PC12
cells, suggesting a phyletic or subtype specificity in this channel family. Disulfide bond pairings of TxVII
and its isomers were determined by enzymatic fragmentation in combination with chemical synthesis,
thus revealing that TxVII has the same disulfide bond pattern as otherω-conotoxins. Furthermore, the
CD spectrum of TxVII is similar to those ofω-conotoxins MVIIA and MVIIC. The precursor sequence
of TxVII was determined by cDNA cloning and shown to be closest to that ofδ-conotoxin TxVIA, a
sodium channel inactivation inhibitor. Thus TxVII conserves the structural fold of otherω-conotoxins,
and the TxVIA/TxVII branch of this family reveals the versatility of its structural scaffold, allowing
evolution of structurally related peptides to target different channels.

Voltage-gated calcium channels play crucial roles in
regulating intracellular calcium concentrations in a wide
variety of cells and are classified into several subtypes
according to their electrophysiological and pharmacological
properties (1-3). Various specific peptide ligands have been
used for pharmacological distinction of calcium channel
subtypes, including theω-conotoxins isolated from the
venom of marineConussnails. Thus the definitive ligands
for N-type calcium channels areω-conotoxins GVIA and
MVIIA, while P/Q-type channels are blocked byω-conotoxin
MVIIC ( 4). In contrast, the only known peptide blockers of
L-type calcium channels, calciseptine (5), and ω-agatoxin
IIIA ( 6), are of limited efficacy and specificity. Therefore
the most widely used pharmacological tools for L-type
channels are dihydropyridine derivatives (7, 8).

ω-Conotoxin TxVII was recently described from the
venom of the molluscivorous snailConus textile(9). This
toxin blocks dihydropyridine-sensitive calcium channels in
caudodorsal cell neurons from the molluscLymnaea stagnalis
(10) and is so far the only conotoxin suggested to target
L-type calcium channels. Despite being the first conotoxin
blocker for L-type channels, the biological functions of
TxVII 1 are not well elucidated due to a limited amount of
native toxin. In contrast to otherω-conotoxins such as GVIA,
MVIIA, and MVIIC, which are basic and hydrophilic
peptides, TxVII is an acidic and hydrophobic peptide,
although it retains the commonω-conotoxin cysteine frame-
work (Figure 1). Interestingly, the sequence of TxVII
resembles that ofδ-conotoxin TxVIA, a sodium channel
inactivation inhibitor (11).
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In the present study, we chemically synthesized TxVII and
determined its disulfide bond pairings in order to obtain
structural information as a base for structure-activity
relationship studies and to prepare material for analysis of
the biological functions of TxVII. Synthetic TxVII was
shown to suppress the slowly inactivating/sustained calcium
currents and, more interestingly, to suppress the synaptic
transmission in culturedLymnaeaRPeD1 neurons. The
precursor sequence of TxVII was determined by cDNA
cloning and shown to be closest to that ofδ-conotoxin
TxVIA, a sodium channel inactivation inhibitor.

EXPERIMENTAL PROCEDURES

Materials.Fmoc-amino acids, Fmoc-Trp(Boc)-resin, and
other reagents used on a synthesizer were obtained from
Perkin Elmer-Applied Biosystems (Chiba, Japan). H-Cys-
(Trt)-Trt(2-Cl)-resin and Fmoc-Gly-resin were obtained from
Watanabe Chemicals Ltd. (Hiroshima, Japan). Npys-Cl was
purchased from Kokusan Chemicals Ltd. (Tokyo, Japan).
Lysyl endopeptidase and thermolysin were purchased from
Wako Pure Chemicals Ltd. (Osaka, Japan).

Synthesis and Purification of Peptide.Solid-phase peptide
synthesis was conducted on a Perkin Elmer-Applied Bio-
systems 433A peptide synthesizer. Amino acid analyses were
performed on a Beckman System Gold amino acid analyzer
after hydrolysis in 6 M hydrochloric acid at 110°C for 24
h and derivatization by 4-(dimethylamino)azobenzene-4′-
sulfonyl chloride. MALDI-TOF-MS was measured on a
PerSeptive Biosystems Voyager Linear DE mass spectrom-
eter, with R-cyano-4-hydroxycinnamic acid as a matrix.
Analytical RP-HPLC was conducted on a Shimadzu LC-6A
system with an ODS column Shim-pack CLC-ODS (4.6×
250 mm, Shimadzu), or a C4 column YMC-pack AP803 S-5
C4 (4.6 × 250 mm, YMC). Preparative RP-HPLC was
performed on a Shimadzu LC-8A system with an ODS
column Shim-pack PREP-ODS (H) (20× 250 nm, Shi-
madzu).

The linear precursor of TxVII assembled by Fmoc solid-
phase synthesis (12) was cleaved from the resin with a
mixture of TFA, H2O, ethanedithiol, phenol, and thioanisole
(percentage volume ratios 82.5/5/2.5/7.5/5). After being
stirred for 2 h atroom temperature, the solution was cooled
and mixed with a 10-fold volume oftert-butyl methyl ether
precooled at-20 °C. The resultant precipitates were col-
lected on a glass filter and washed thoroughly withtert-
butyl methyl ether. The deprotected peptide was extracted
from the resin with 50% acetonitrile containing 0.1% TFA.
After filtration, the peptide solution was added into 1.0 M
ammonium acetate buffer (pH 7.8) or 0.4 M Tris-HCl buffer
(pH 8.2), each containing EDTA (final 1 mM) and reduced

and oxidized glutathione (final 5 and 0.5 mM, respectively).
An organic solvent or a denaturing agent was added in some
conditions. The resultant solutions contained the peptide at
a calculated concentration of 0.05 mM. Some of the typical
conditions and relative yields are listed in Table 1. Folding
was allowed to proceed at 4°C and monitored by analytical
RP-HPLC. When close to equilibrium, the reaction was
stopped by lowering the pH to 3-4 with acetic acid or 2 M
HCl. TFA was then added to the solution to a final
concentration of 0.1%. The acidified solution was further
diluted with aqueous 0.1% TFA if the organic solvent or
denaturing agent concentrations were high, filtered through
both paper and 0.22µm membrane filters, and then loaded
onto an ODS column (30× 250 mm) by a medium pressure
pump. After nonadsorbed components had been washed out,
the peptide was eluted with 50% acetonitrile containing 0.1%
TFA. The crude peptide mix was subsequently purified by
chromatography over Sephadex G-50F and preparative RP-
HPLC with an ODS column. Identity of the synthetic peptide
with native TxVII was verified by coinjection on an
analytical RP-HPLC under four different conditions; (i) linear
gradient of 5-75% acetonitrile in 0.1% TFA for 35 min on
an ODS column, (ii) isocratic condition of 42% acetonitrile
in 0.1% TFA on an ODS column, (iii) linear gradient of
5-75% acetonitrile in 0.1% TFA for 35 min on a C4 column,
(iv) isocratic condition of 29% acetonitrile in 0.1% TFA on
a C4 column. All RP-HPLC runs were performed at a flow
rate of 1 mL/min. The structure and purity of the synthetic
peptide was further confirmed by MALDI-TOF-MS mea-
surement and amino acid analysis.

Determination of Disulfide Bond Combination.Synthetic
peptide (0.2 mg) was incubated with 0.1 mg of lysyl
endopeptidase in 420µL of 0.5 M ammonium acetate buffer
(pH 6.3) for 2 days at 37°C. Digest products were purified
over RP-HPLC separation and identified by MALDI-TOF-
MS measurements. The major fragment thus obtained was
lyophilized and further digested with thermolysin (20µg)
in 0.5 mL of 0.1 M ammonium formate buffer (pH 6.5) and
0.5 mM CaCl2. The mixture was incubated at 37°C for 16

FIGURE 1: Amino acid sequences of TxVII and related conotoxins.
The letters O and NH2 representtrans-4-hydroxyproline and
amidated carboxyl termini, respectively. The conserved cysteine
framework is enclosed in rectangles. Disulfide bond pairings are
previously determined for GVIA, MVIIA, and MVIIC, i.e., between
the 1st and 4th, 2nd and 5th, and 3rd and 6th cysteines.

Table 1: Oxidative Disulfide Bond Formation of TxVIIa

condition
number bufferb

MeCN
(%)

MeOH
(%)

detergent
(M)

GSSG
(mM)

GSH
(mM)

relative
yieldc

1 A 5 0 0.5 5 1
2 A 5 0 guanidine 6.0 0.5 5 2
3 A 5 0 urea 8.0 0.5 5 8
4 A 35 0 0.5 5 10
5 A 5 20 0.5 5 1
6 A 5 50 0.5 5 14
7 B 5 0 0.5 5 2
8 B 5 0 guanidine 6.0 0.5 5 4
9 B 5 0 urea 8.0 0.5 5 9

10 B 35 0 0.5 5 150
11 B 5 20 0.5 5 48
12 B 5 50 0.5 5 260
13 B 5 50 0 10 7
14 B 5 50 1 0 216
15 B 5 50 0 0 22

a Linear TxVII extracted from resin with 50% MeCN/0.1% TFA
was added at a final peptide concentration of 0.05 mM. All the tabulated
values represent the final concentration of each component in the
solutions, all of which contained 1 mM EDTA. The solutions were
stirred at 4°C until folding reaction reached equilibrium.b Buffer A,
1.0 M NH4OAc (pH 7.8); buffer B, 0.4 M Tris-HCl (pH 8.2).
c Estimated from peak area on analytical HPLC.
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h and the resultant peptide fragments containing disulfide
bonds were separated on RP-HPLC and identified by
MALDI-TOF-MS measurements. Elution profiles of authen-
tic fragment A and those derived from synthetic TxVII and
its isomer were compared by coinjection or individual
injection on to an ODS column under isocratic conditions
of 10% acetonitrile in 0.1% TFA at a flow rate of 1 mL/
min.

An authentic peptide containing two disulfide bridges was
synthesized by the method previously reported by Chino et
al. (13) with some modifications. An octapeptide possessing
two free thiol groups and one Acm-protected thiol group was
synthesized by Fmoc chemistry and cyclized between free
thiols by air oxidation in 0.2 M ammonium acetate buffer
(pH 8.0) at a concentration of 0.15 mM. The solution was
stirred at room temperature for 5 h, and then acidified with
acetic acid and lyophilized. The peptide was dissolved in
acetic acid containing equimolar Npys-Cl, and after stirring
for 1 h, to the resulting solution was added acetic acid
containing equimolar valylcysteine. After being stirred at
room temperature for 2 h, the brown solution was diluted
with water and separated with an equal volume of diethyl
ether three times. The aqueous solution was lyophilized, and
the bicyclic peptide was purified by preparative HPLC. The
purified peptide (1 mg) and lysyl endopeptidase (0.1 mg)
were incubated in 200µL of 0.25 M ammonium acetate
buffer (pH 6.3) at 37°C for 16 h, and the product was
subjected to HPLC separation and MALDI-TOF-MS mea-
surements.

CD Measurement.CD spectra were recorded on a Jasco
J-600 spectropolarimeter in H2O solution (10 mM sodium
phosphate, pH 7.0) at 20°C, with a quartz cell of 1 mm
path length. The spectra are expressed as molar ellipticity
[θ].

Electrophysiology.Laboratory-raised stocks of the fresh-
water pond snailLymnaea stagnaliswere maintained in well-
aerated artificial pond water (18-20 °C) and fed lettuce.
Snails with a shell length of 15-20 mm (approximately 3-6
months old) were used in all experiments.

Animals were dissected under sterile conditions as de-
scribed previously (14). Briefly, the central ring ganglia were
isolated aseptically and treated with trypsin (Type III, 3 mg/
mL, Sigma) for 25 min, followed by trypsin inhibitor (3 mg/
mL, Sigma) for 10 min. The ganglia were pinned down to
the bottom of a dissection dish and the identified respiratory
interneuron, right petal dorsal 1 (RPeD1), was extracted from
the intact ganglion by applying gentle suction via a fire-
polished pipette (2 mm, WPI, lB200F). The isolated somata
were plated on a poly(L-lysine)- (Sigma) coated dishes
(Falcon 3001) containing L-15 defined medium (DM). The
DM was composed of 50% (v/v) Liebowitz L-15 medium
(Gibco), with additional salts (at the following millimolar
concentrations: NaCl 40.0, KCl 1.7, CaCl2 4.1, MgCl2 1.5,
and HEPES 5.0), 10 mM glucose, 1.0 mML-glutamine, and
20 mg/mL gentamycin. The pH was adjusted to 7.9 with 1
M NaOH. All experiments were performed on cells that were
maintained in DM for 12-24 h.

Whole-cell voltage-clamp (membrane ruptured) recordings
were obtained by using Axopatch 1D amplifier (Axon
Instruments, Foster, CA) in the single-electrode voltage-
clamp mode. Patch electrodes (1-2 MW) were pulled in
two steps on a vertical pipette puller (Kopf model 750,

Tujunga, CA) from patch glass capillary tubing (PG150T-
7.5, Warner Instrument Corp., Hamden, CT). Pipettes were
filled with filtered (0.22µm filter) pipette solution consisting
of CsCl (29 mM), CaCl2 (2.3 mM), ethylene glycol bis(2-
aminoethyl ether)-N,N,N′,N′-tetraacetic acid (EGTA, 11
mM), HEPES (10 mM), ATP-Mg (2 mM), and GTP-Tris
(0.1 mM), with pH 7.4 (adjusted with CsOH). The bath
reference electrode was filled with bath solution, consisting
of tetraethylammonium chloride (TEA-Cl, 47.5 mM), MgCl2

(1 mM), CaCl2 (4 mM), HEPES (10 mM), and 4-aminopy-
ridine (4-AP, 2 mM), pH 7.9 (adjusted with TEA-OH). After
GΩ seals were obtained, the series resistance was compen-
sated by using membrane test function (pClamp-7, Axon
Instruments). Following compensation, the series resistance
was generally found to be less than 0.8 M. The Ca2+ current
measured in this study was filtered at 1 kHz by use of a
4-pole Bessel filter and digitized at a sampling frequency of
5 kHz. The voltage command generation and data acquisition
were carried out on a Dell (XPS R350) computer equipped
with a Digidata 1200 interface (Axon Instruments) in
conjunction with pClamp-7 software (Axon Instruments). The
data were presented as the mean( SD format. Differences
between mean values from each experimental group were
tested by Student’st-test and these were considered signifi-
cant if p < 0.05.

Calcium Flux Measurements.PC12 cells were washed and
suspended at 5× 106 cells/mL in Locke’s buffer (in
millimolar concentrations: NaCl 154, KCl 5.6, MgSO4 1.2,
CaCl2 2.2, glucose 10, and HEPES 5.0; pH 7.4). Loading
with fluorescent dye was carried out for 45 min at 37°C,
with 5 µM Fluo4 (Molecular Probes) and 0.02% Pluronic
F-127 (Sigma). After wash, cells were dispensed in 50µL
aliquots (250 000 cells), supplemented with toxins as re-
quired, and incubated for 15 min at room temperature. The
cells were then depolarized by adding 150µL of buffer
containing 91 mM KCl (final [K+] ) 70 mM). Calcium
influx was quantified on a Spectramax Gemini fluorescent
plate reader (Molecular Devices Inc.) at an excitation
wavelength of 494 nm, monitoring emission at 516 nm. All
assays were performed in triplicate.

Cloning of TxVII Precursor Sequence.Venom duct cDNA
from eight specimens ofConus textile neoVicarius from the
Northern Red Sea was used to construct a plasmid library.
The library was cloned in theSmaI site of pBluescript, and
130 000 primary clones were obtained. A two-step PCR
protocol was used to rapidly clone TxVII-encoding cDNAs,
using library DNA as template. A degenerate antisense
primer TxVII (5′ CAD ATN CCN GTR CAR CAR TC 3′)
encompassing residues 14-20 of the mature TxVII peptide
sequence was used in PCR versus T3 and T7 primers with
Vent DNA polymerase. A 380-bp product was obtained when
PCR was carried out with TxVII versus T3 primers. The
product was cloned, and multiple clones were sequenced on
both strands. All sequences were identical, and encoded a
70 amino acid open reading frame ending at the C-terminal
on residues 1-20 of the mature TxVII sequence. To
complete the whole precursor cDNA sequence, a specific
sense primer (5′ AGG GGT ACC GCC ACC ATG AAA
CTG ACG TGC ATG ATG ATC G) targeted at the start
codon of the TxVII precursor was used against the T7 primer
to obtain PCR products from the cDNA library. A single
PCR product was isolated and cloned. Sequencing of multiple
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clones revealed the entire TxVII cDNA sequence. Sequence
alignments were made with CLUSTALX version 1.63b (15).
Additional local alignments along the conserved cysteine
residues were performed manually. The regions of the signal
sequences were assigned by use of SignalP version 1.1 (16).
A phylogenetic tree was generated with CLUSTALX from
the aligned sequences and bootstrapped by the neighbor-
joining method with 1000 iterations of bootstrap samplings
to obtain confidence values (17). The nonrooted cladogram
was displayed with TreeView (18).

RESULTS

Synthesis and Purification of TxVII.The linear precursor
of TxVII from which all the protective groups had been
removed was extracted from the resin with 50% aqueous
acetonitrile containing 0.1% TFA and added directly into a
folding solution without purification. Formation of correctly
folded TxVII was monitored by comparison with native
(venom-purified) TxVII on RP-HPLC. To obtain an optimum
yield for the folding of TxVII, we have examined more than
100 conditions for air oxidation. Some of the typical
conditions and relative yields are listed in Table 1. Am-
monium acetate buffer (1 M, pH 7.8) containing GSSG and
GSH (condition 1), which is used for efficient synthesis of
MVIIA ( 19) and MVIIC (20), afforded only a minute amount
of correctly folded TxVII. A large amount of precipitate
formed during air oxidation. This is probably due to
aggregation and polymerization of the peptide, since most
of the crude cyclized products eluted earlier than the
monomeric fraction upon gel-filtration chromatography.
Addition of detergent improved the yields (conditions 2 and
3). TxVII is rich in hydrophobic residues and its folded
isomers become even more hydrophobic than the linear form,
as judged from retention times on RP-HPLC. We therefore
tested solutions of increasing hydrophobicity containing
organic solvents (conditions 4-6). Some of these conditions
increased the efficiency of TxVII folding, with the best yield
at 50% methanol as cosolvent (condition 6). Significant
improvement was also observed when the buffer was
changed from ammonium acetate (pH 7.8) to Tris-HCl (pH
8.2) (conditions 7-12). We further examined the effect of
GSSG and GSH and found that lack of GSH did not lower
the yield of TxVII notably, whereas lack of GSSG reduced
correct folding. Reaction temperature, which has been shown
to be crucial for folding of MVIIA or MVIIC, did not
prominently influence the yield in the range from-20 to
37 °C in 50% methanol solution. Although the folding
reaction reached maximum faster at higher temperature,
prolonged reaction at 37°C resulted in a decrease of peak
height in RP-HPLC analysis.

Preparative amounts of TxVII were ultimately synthesized
according to condition 12 in Table 1, with a folding solution
containing 50% methanol, 5% acetonitrile, 0.4 M Tris-HCl
(final pH 8.2), 1 mM EDTA, 0.5 mM GSSG, 5 mM GSH,
and 0.05 mM linear peptide. Figure 2A shows the RP-HPLC
profile of the reaction mixture. Compounds from peaks a
and b were purified until they migrated as a single peak on
an analytical RP-HPLC. Both compounds showed the same
molecular weight (MH+ ) 2835.3) by MALDI-TOF-MS
analysis, which is in good agreement with the calculated
value for TxVII (MH+ ) 2835.3028), indicating that they
are disulfide bond isomers. Figure 2B,C shows the RP-HPLC

profiles of purified synthetic TxVII (peak a in Figure 2A)
and semipurified native TxVII. Peaks c and d in Figure 2C

FIGURE 2: Reversed-phase HPLC profiles of (A) TxVII folding
mixtures as obtained under condition 12 in Table 1; (B, E, H)
purified synthetic TxVII; (C, F, I) native TxVII; and (D, G, J)
coinjection of synthetic and native TxVII. Peak a, TxVII; peak b,
TxVII isomer; peaks c and d, noncharacterized native peptides. In
chromatograms A-D, peptides were eluted from an ODS column
(4.6 × 250 mm) in a linear gradient of 5-75% acetonitrile with
aqueous 0.1% TFA for 35 min at a flow rate of 1 mL/min. In
chromatograms E-G, peptides were eluted from an ODS column
(4.6 × 250 mm) in an isocratic condition of 42% acetonitrile in
0.1% aqueous TFA at a flow rate of 1 mL/min. In chromatograms
H-J, peptides were eluted from a C4 column (4.6× 250 mm) in
an isocratic condition of 29% acetonitrile in 0.1% aqueous TFA at
a flow rate of 1 mL/min.
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yielded noncharacterized peptides with MH+ ) 2850.9 and
3113.6, respectively. Figure 2D shows a RP-HPLC profile
of coinjected equal amounts of synthetic and native TxVII.
Isocratic elution on RP-HPLC of synthetic and native TxVII
also showed the same retention time in both coinjection and
individual injection for both ODS (Figure 2E-G) and C4
(Figure 2H-J) columns, indicating that synthetic TxVII is
identical to native toxin. The total synthesis from 0.25 mmol
equivalent resin yielded 40 mg of TxVII and 1.6 mg of its
isomer.

Determination of Disulfide Bond Pairing.We determined
the disulfide bond pattern of synthetic TxVII and its isomer
by the method previously described for the characterization
of MVIIC isomers and MVIIC analogues (21, 22). Succes-
sive digestion of synthetic TxVII and its isomer with lysyl
endopeptidase and thermolysin gave a series of fragments,
which were analyzed by RP-HPLC and MALDI-TOF-MS
measurements. The most intense peak on the RP-HPLC
corresponded to the C-terminal dipeptide (Met-Trp), and the
other two intense peaks were derived from fragments
containing the disulfide bond, designated as fragments A and
B (Figure 3A). The identification of fragment B from the
two peptides by RP-HPLC and MALDI-TOF-MS measure-
ments revealed that both the peptides have a disulfide bond
between Cys8 and Cys20. The two fragment A peptides also
gave the same MH+ value (1076.85( 0.2) irrespective of
their different origin; however, their retention times on RP-
HPLC were slightly different from each other.

There are two possible combinations of the four cysteines
in fragment A, namely, Cys1-Cys15/Cys16-Cys24 (broken
line in Figure 3A) and Cys1-Cys16/Cys15-Cys24 (solid line
in Figure 3A). Each of these could correspond to the disulfide
bond pairing of either synthetic TxVII or its isomer. To select
the alternatives, we synthesized an authentic fragment A with
disulfide bond pairing of Cys1-Cys16/Cys15-Cys24 according
to the scheme shown in Figure 3B. The two-step disulfide
bond formation method gave a peptide containing a definite
disulfide bond successfully in each step. Coinjection of the
authentic fragment A and each fragment A derived from
synthetic TxVII or its isomer clearly showed that the
fragment A from synthetic TxVII was identical with the
authentic fragment A, while that from the isomer was not
(Figure 3C). Therefore, we concluded that TxVII has the
same disulfide bond pairings as otherω-conotoxins, namely,
Cys1-Cys16, Cys8-Cys20, and Cys15-Cys24. It follows that
the disulfide bonding of the TxVII isomer is likely to be
Cys1-Cys15, Cys8-Cys20, and Cys16-Cys24.

Secondary Structure Estimation from CD Spectra.In order
to acquire further structural information, we measured the
CD spectra of synthetic TxVII and its isomer (Figure 4).
The spectrum of TxVII reveals two minima at around 205
and 280 nm and has overall features similar to those of
MVIIA and MVIIC. The spectrum of the isomer is clearly
different, with two maxima at around 210 and 285 nm,
further supporting a structural difference between the two
folding isomers of TxVII.

Synthetic TxVII Affected L-Type-like Ca2+ Currents in an
Identified Respiratory Interneuron.To test whether synthetic
TxVII blocks Ca2+ currents in the identifiedLymnaeaneuron
right pedal dorsal 1 (RPeD1), the neuronal somata were
isolated from the intact ganglia and maintained in cell culture.
In DM, the isolated cells did not exhibit neurite outgrowth

and assumed a spherical shape within 12-24 h of culture
(Figure 5). Whole-cell voltage-clamp recordings were made
from the somata. Macroscopic Ca2+ currents were evoked
by 450 ms depolarizing pulses applied from a holding
potential of-80 to+35 mV, either in the absence or in the
presence of synthetic TxVII. Figure 5 shows an example
where bath-applied TxVII (20µM) reduced the high-voltage-
activated (HVA) Ca2+ current in RPeD1. The toxin-induced
blockade of this Ca2+ current was reversible and occurred
in the absence of any measurable shift in theI-V relation-
ship. Ca2+ current traces evoked by a voltage step from-80
to +5 mV (recorded from the same cell as shown in Figure
5) are presented in an inset. At depolarizing pulses applied
from a holding potential of-80 to+5 mV, 20µM synthetic
TxVII reduced the peak L-type-like Ca2+ currents by 29%
( 14% (n ) 11, p < 0.05). Since the dihydropyridine-
blockable fraction of the current in these neurons is typically
35-40% of total calcium current (36), these effects of

FIGURE 3: Determination of disulfide bond pairings of TxVII and
its isomer. (A) Primary structures of fragments A and B, obtained
from both TxVII and its isomer by successive digestion with lysyl
endopeptidase (specific for C-terminus of a Lys residue) and
thermolysin (specific for N-terminus of a hydrophobic amino acid
residue). The solid line and the dashed line on the sequence of
fragment A denote the alternative disulfide bond pairings. (B)
Synthesis of authentic fragment A. The reaction condition in each
step is described under Experimental Procedures. (C) Determination
of identity between authentic fragment A and fragment A from
synthetic TxVII or its isomer. All the peptides were injected as
their molar equivalents were equal and eluted from an ODS column
(4.6 × 250 mm) in an isocratic condition of 10% acetonitrile in
0.1% aqueous TFA at a flow rate of 1 mL/min.
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synthetic TxVII reflect an almost complete block of the
L-type-like current in RpeD1 cells. Furthermore, these effects
were more pronounced when examined at the end of the
depolarization pulse, where the current amplitude was
reduced by 72%( 15% (n ) 11). This is consistent with
the longer inactivation time of the sustained L-type current
compared to the transient component that predominates in
the early phase of the inward calcium current (37). Taken
together, these data show that synthetic TxVII significantly

and reversibly blocked the L-type-like Ca2+ current in
culturedLymnaeaRPeD1 neurons, similar to the previously
described effects of the native toxin onLymnaeaneurons
(9).

In order to examine effects of synthetic TxVII on
vertebrate L-type calcium channels, we carried out fluores-
cent measurements of voltage-driven calcium fluxes in PC12
cells. The cells were loaded with the calcium-sensitive dye
Fluo4 as described under Experimental Procedures, and
calcium influx was measured after depolarization with KCl.
A voltage-induced calcium influx averaging 500 relative
fluorescence units was obtained in this system. In the
presence of the well-characterized L-type blocker nifedipine
(10 µM), the flux was reduced to 45.7%( 9.3% (mean(
SD, n ) 3) of control levels, indicating that approximately
half of the calcium current thus observed was through L-type
channels. However, in the presence of 20µM TxVII the
observed calcium flux was 111.5%( 13.2% (mean( SD,
n ) 3) of control. Thus it appears that synthetic TxVII does
not effectively block L-type calcium channels in PC12 cells.

Sequence and Phylogenetic Analysis of the TxVII Precur-
sor cDNA.To characterize the cDNA sequence of the TxVII
precursor, we cloned it by PCR. A degenerate antisense
primer was constructed from the amino acid sequence data
of mature TxVII (9) and used for PCR versus the T3 primer
for pBluescript. The product thus obtained encodes a 70-
amino acid open reading frame (ORF) containing at the
C-terminal end the mature TxVII toxin sequence ending on
the antisense cloning primer. A full-length cDNA sequence
was obtained by using a sense primer on the start codon of
the ORF versus a T7 primer for PCR on the cDNA library.
A single PCR fragment was obtained and multiple subclones
were sequenced. The predicted length of the TxVII precursor
is 77 amino acids, which falls in the 73-82-amino acid range
of other precursors of conotoxins based on their sequenced
cDNAs (Figure 6A). Multiple sequence alignments were
performed for the TxVII precursor sequence against five
conotoxin cDNA sequences found in GenBank, as follows:
TxVI-Ph from the Philippines form ofC. textile [formerly
designated as King-Kong 0 (23) or TxVIA (24)]; KK-1 and
KK-2 from C. textile (23); MrVIB from Conus marmoreus
(25); and GVIA fromConus geographus(26). An additional
sequence for the Red Sea variant of TxVIA (TxVIA-RS)
from C. textile neoVicarius was obtained from an EST
sequencing program on ourC. textilelibrary (S. Conticello
and M. Fainzilber, unpublished results). The precursor amino
acid sequence alignment with assigned signal, propeptide,
and mature sequences as well as the well-conserved six
cysteine-four loop residues is shown in Figure 6B. To
visualize evolutionary relationships between precursor cono-
toxin sequences, an inferred nonrooted phylogenetic tree was
constructed on the basis of the sequence alignments by the
neighbor-joining method (17) (Figure 6C).

DISCUSSION

The hydrophobicity and acidity of TxVII distinguishes it
from the hydrophilic and basic nature of most otherω-cono-
toxins (9). Consequently, folding conditions optimized for
syntheses ofω-conotoxins MVIIA (13) or MVIIC (14)
proved unsuitable for TxVII and resulted in formation of
large amounts of precipitate. The results of the present study

FIGURE 4: CD spectra of TxVII, its isomer, MVIIA, and MVIIC
in H2O solution (10 mM sodium phosphate, pH 7.0) at 20°C. The
spectra were recorded in the far-UV range (190-240 nm) and the
near-UV range (240-330 nm) on a Jasco J-600 spectropolarimeter
with a quartz cell of 1 mm path range. The vertical axis expresses
molar ellipticity.

FIGURE 5: Synthetic TxVII blocked L-type like Ca2+ current in
RPeD1. Whole-cell voltage clamp recordings were made from
individually isolated somata of RPeD1. TheI-V relationship of
Ca2+ current was obtained either in the absence (control and wash)
or the presence of TxVII (20µM) from cultured single RPeD1
(phase contrast photo; the diameter of the cell is 70µm). Although
bath-applied TxVII reduced the amplitude of the current in a
voltage-dependent manner, it did not shift its current-voltage
relationships. The inset shows Ca2+ current traces recorded at a
voltage step from-80 mV to+5 mV in the absence (control/wash)
or the presence of 20µM TxVII. These data were collected from
the same cell as shown in the figure.
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are consistent with a model whereby linear synthetic TxVII
tends to aggregate in a hydrophilic environment, followed
by forming of intermolecular disulfide bonds. The positive
effect of organic solvents or detergent on folding of TxVII
would thus be explained in terms of an isolating effect, which
favors intramolecular disulfide bond formation. Examination
of salt effects on folding further accentuates the different
requirements of the TxVII sequence. Whereas anion effects
were previously shown to be crucial for folding of the highly
basic conotoxin MVIIC (21), our current study clearly shows
that Tris-HCl is more efficient than ammonium acetate for
folding of TxVII. The predominance of acidic residues in
TxVII suggests that the protonated tris(hydroxymethyl) amine
ion is a better countercation for anions in the peptide,
although part of the Tris effect might also be attributed to

its relative hydrophobicity. This suggests that intramolecular
repulsion between acidic residues might be the predominant
electrostatic force obstructing correct folding of TxVII. The
methods established in this study for efficient preparation
of TxVII are likely to be applicable to other hydrophobic
peptides that tend to aggregate during folding. Thus efficient
in vitro folding of small cysteine-rich hydrophobic sequences
will be favored by the combination of an isolating organic
solvent with appropriate counterions for the predominant
charged residues in the peptide.

The inefficient in vitro folding of TxVII raises speculations
concerning facilitatory in vivo mechanisms for biosynthesis
and folding of this and similar sequences. These might
include disulfide isomerases, molecular chaperones, or other
factors. Indeed, Woodward et al. (27) have previously

FIGURE 6: (A) cDNA sequence and predicted amino acid sequence of the TxVII toxin precursor. (B) Multiple sequence alignment of the
precursor conotoxin sequence of TxVII versus other conotoxin precursors. TxVIA-Red Sea, TxVIA-Philippines [117742] (24), KK-1 [117743],
and KK-2 [117744] (23) are fromC. textile, while MrVIB [S78990] (25) is from C. marmoreus, and GVIA [461869] (26) is from C.
geographus. Significant homologies are shown blocked while minor homologous amino acids are shown in boldface type. The signal,
propeptide, and mature regions are indicated above the sequences with arrows. The conserved cysteine framework is indicated below the
sequences. (C) Nonrooted phylogenetic tree of TxVII precursor with other conotoxin precursors. Branch lengths (values not indicated) are
additive and indicative of the relative degree of homology between the precursor amino acid sequences.
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suggested that the propeptide domain in conotoxins might
provide an intramolecular chaperone to facilitate folding of
the mature peptide. However, subsequent in vitro studies of
Price-Carter et al. (28, 29) suggested that the precursor
sequence does not play a crucial role in the folding of
MVIIA. A caveat for those studies is the hydrophilic nature
of MVIIA, which allows relatively facile folding in solution,
in contrast to the results of the present study on TxVII.
Therefore, the possibility that the propeptide domain plays
a role in folding is still open, and indeed hydrophobic
sequences recalcitrant to folding such as TxVII are likely to
prove most informative for such studies in the future.

Fragmentation of TxVII with endopeptidases and synthesis
of an authentic fragment clearly showed that TxVII has the
same disulfide bonding pattern as otherω-conotoxins, i.e.,
Cys1-Cys16, Cys8-Cys20, and Cys15-Cys24. Structural analy-
sis of TxVII was further supplemented by comparative CD
spectra, revealing that the CD spectrum of TxVII is similar
to those of MVIIA and MVIIC. The disulfide isomer of
TxVII exhibits a different CD spectrum, indicating a different
structure imposed by the nonnative disulfide pairing. The
classicalω-conotoxin GVIA contains three tyrosines, which
affect its CD spectrum; however a Tyr27 f Ala GVIA mutant
also exhibits a CD spectrum similar to that of TxVII [this
mutation does not affect GVIA activity (30)]. Thus, as long
as aromatic chromophores do not affect the spectra,ω-cono-
toxins ranging from the hydrophilic and highly basic GVIA
to the hydrophobic and acidic TxVII exhibit similar CD
spectra.

The three-dimensional solution structures of GVIA, MVI-
IA, and MVIIC have been determined by two-dimensional
NMR, revealing a triple-stranded antiparallelâ-sheet as their
common structural motif (31-34). Taken together, the
disulfide pairing and CD spectra determined in the current
study suggest that TxVII shares this basic structural fold of
ω-conotoxins. Previously, we have shown that Tyr13 is a
common active site of GVIA (35), MVIIA ( 19), and MVIIC
(20) and that the amino acid residues restricted to the
N-terminal half are important for the recognition of N-type
channels, whereas essential residues for P/Q-type channel
recognition are widely spread over the wholeω-conotoxin
molecule (22). If TxVII has a similar structural motif to those
of other ω-conotoxins, it will be of much interest to
determine the amino acid residues in TxVII essential for the
its calcium channel subtype selectivity. In order to address
these issues, synthesis of Ala-scanning analogues of TxVII
and the analysis of three-dimensional structure by NMR are
currently in progress.

Purified native TxVII effects on Ca2+ currents were
originally tested only on caudodorsal cells ofLymnaea(9),
due to limited amounts of venom-purified toxin. That study
found that the L-type-like Ca2+ currents in these neurons
(10) were significantly and reversibly blocked by the purified
toxin TxVII (9). In the present study we opted to use an
identified neuron (RPeD1) whose intrinsic, synaptic, network,
and functional properties are well-characterized at the level
of a single cell. The slowly inactivating HVA Ca2+ currents
recorded from RPeD1 cells exhibited the pharmacological
and biophysical properties of the L-type Ca2+ channel
previously observed in the CDC cells (10). Moreover,
venom-purified native toxin also reversibly blocked the
L-type Ca2+ currents in RPeD1 (data not shown). In the

present study, synthetic TxVII was found to significantly and
reversibly block the L-type Ca2+ current in RPeD1. Since
the toxin did not alter theI-V relationship of this current, it
seems that TxVII binding to the Ca2+ channel does not affect
the voltage-dependent properties of its channel proteins.
These findings are consistent with earlier studies on the CDC
cells where the purified toxin, although it blocked the L-type-
like Ca currents, did not affect theirI-V relationship (9). It
therefore appears that the functional properties of the
synthesized toxin are similar to those of the purified peptide
and that its effects on HVA Ca2+ currents are widespread in
the Lymnaeacentral nervous system. However, TxVII did
not block calcium flux through L-type channels in PC12 cells
(which are of rat origin). This suggests that the L-type
channel family may reveal either subtype or phyletic
subdivisions, which should be distinguishable by use of
TxVII and related toxins as pharmacological tools. Further
analyses of TxVII effects on a wide range of preparations
should shed light on this issue. In any case the selective and
reversible effects of TxVII on molluscan neurons suggest
that this toxin will be a useful tool for studies on the roles
of calcium channels in synaptic mechanisms under study in
these systems. Since TxVII selectively and reversibly blocked
the HVA Ca2+ channels in RPeD1 cells, this toxin should
prove a useful tool for studies on the role of Ca2+ channels
in synaptic mechanisms by which respiratory rhythm is
generated in the intact animals (14, 36).

Cloning of the full-length TxVII precursor cDNA sequence
revealed that this 26 residue conotoxin is initially translated
as a prepropeptide of 77 amino acids. The cDNA open
reading frame encodes signal and propeptide regions with
the mature toxin located at the C-terminal end, similar to
the prepropeptide organization found in other conotoxins
(29). Multiple sequence alignment of the TxVII prepropep-
tide against other known conotoxin precursor sequences
revealed significant homology between the signal and
propeptide region of the precursors and hypervariability in
the mature region except the cysteines, as expected for
conotoxin cDNAs. Phylogenetic analysis of the TxVII
precursor based on a nonrooted phylogenetic tree reveals that
its overall sequence is evolutionarily closest to that of TxVIA,
further strengthening the argument that TxVIA and TxVII
may be the result of a recent gene duplication and subsequent
divergent selection to different targets.

The results in this study confirmed that, despite its
divergent sequence, TxVII has the canonical structural fold
of all other ω-conotoxins. In terms of homology of se-
quences, TxVII constitutes a subclass together withδ-cono-
toxin TxVIA, the structural information of which has not
been obtained except for its sequence. TxVIA is likely
therefore to form the same structural motif as theω-cono-
toxins, which indicates that this structural scaffold can
accommodate diverse sequences and differing biological
activities. Synthetic approaches to artificial ion channel
blocking peptides are focused on developing more potent
toxins with higher selectivity as pharmacological tools. The
ω-conotoxin scaffold has clearly served as a successful basis
for evolutionary elaboration of many such tools. Future work
should take up the challenge of further modifications on this
theme, to invent peptides with yet more diverse and selective
activities.
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