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Abstract

Conotoxins (CTxs) are typically small peptides composed of 12–50 amino acid residues with 2–5

disulfide bridges. Most of them potently and selectively target a wide variety of ion channels and

membrane receptors. They are highly valued as neuropharmacological probes and in pharmaceut-

ical development. In this work, a novel α4/6-CTx named ViIA (RDCCSNPPCAHNNPDC-NH2) was

identified from a cDNA library of the venom ducts of Conus virgo (C. virgo). ViIA was then synthe-

sized chemically and its disulfide connectivity was identified as ‘C1-C3, C2-C4
’. Its molecular targets

were further assessed using two-electrode voltage clamping. The results indicated that ViIA select-

ively inhibited nicotinic acetylcholine receptor (nAChR) α3β2 subtype with an IC50 of 845.5 nM, but

did not target dorsal root ganglion sodium (Na+)-, potassium (K+)- or calcium (Ca2+)-ion channels.

Further structure-activity relationship analysis demonstrated that Arg1 and His11 but not Asp2 were

the functional residues. To the best of our knowledge, ViIA is the first 4/6 α-CTx that selectively

inhibits nAChR α3β2 subtype. This finding expands the knowledge of targets of α4/6-family CTxs.

Key words: α-conotoxin, ViIA, cloning, synthesis, α3β2 nAChR subtype

Introduction

Conotoxins (CTxs), the small neurotoxic peptides composed of 12–50
amino acid residues with 2–5 disulfide bridges, are derived from the
venom glands of cone snails. Based on the number of cysteine (C) re-
sidues, the arrangement of the disulfide bonds (S-Ss) and the consensus
signal sequences, CTxs are categorized into various super-families
(A, B, C, D, E, I, M, O, P, S and T etc.) [1,2]. To date, more than 26
super-families have been identified [1,2]. Most of them potently and
selectively target a wide variety of ion channels, including sodium
(Na+)-, potassium (K+)- and calcium Ca2+)-channels, as well as mem-
brane receptors, including nicotinic acetylcholine receptor (nAChR),
5-hydroxytryptamine receptor (5-HT3R), N-methyl-D-aspartate
receptor (NMDAR) and G-protein-coupled receptor (GPCR). They
are highly valued as neuropharmacological probes and in pharma-
ceutical development [3–6].

Alpha-CTxs (α-CTxs) belong to the A-superfamily of CTxs and
selectively inhibit nAChRs. Their sizes are typically in the range of
12–18 amino acid residues, including four C residues, CC-C-C, con-
nected via the intra-chain -S-S- bridges in the ‘C1-C3 and C2-C4

’

arrangements [7]. According to the residue numbers of the inter cyst-
eine loops [-CC-(loop1)-C-(loop2)-C-], they are further divided into
several subfamilies (such as α3/5, α4/3, α4/4, α4/6, α4/7 and α5/5)
[8–10]. For example, α3/5 CTxs mainly inhibit vertebrate muscular
nAChRs, while α4/7 CTxs primarily target the vertebrate neuronal
nAChRs [7,11]. To date, more than one hundred α-CTxs have been
identified by direct peptide separation and gene cloning, of which,
α4/7 CTxs are the most common ones. Only four α-CTxs belonging
to 4/6 subgroup, including TxID, AuIB, Bu22 and TiIA, have been re-
ported. TxID and AuIB are the inhibitors specific for α3β4 subtype
[12–16]. However, Bu22 and TiIA have not been characterized
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functionally yet. Moreover, some CTxs such as Vc1.1 and AuIB have
been found to possess potent analgesic activity [17,18].

In this paper, we described the discovery, synthesis and functional
characterization of a novel α4/6 CTx named ViIAwhich was identified
from the worm-hunting cone snail, Conus virgo (C. virgo). Electro-
physiological experiments showed that ViIA selectively inhibited the
α3β2 subtype of nAChRs, but did not inhibit other subtypes including
α2β2, α2β4, α3β4, α4β2, α4β4, α7 and α9α10. The key residues re-
sponsible for its effects on α3β2 subtype were further investigated.
To the best of our knowledge, this is the first 4/6 type α-CTx that spe-
cifically inhibits α3β2 subtype. Therefore, this finding expands the
scope of the α4/6 CTx family and the knowledge of the targets of
α4/6-family CTx. This novel α-CTx will serve as a valuable neuro-
pharmacological probe.

Materials and Methods

Reagents

N-Fmoc-amino acids and hydroxybenzotriazole (HOBt) were ob-
tained from GL Biochem Ltd. (Shanghai, China). Rink resin was pur-
chased from Tianjing Nankai Hecheng S&T Co. (Tianjin, China).
N,N′-dicyclohexylcarbodiimide (DCC) and methanol were obtained
from J&K Chemical LTD (Beijing, China) and Honeywell Burdick
& Jackson (Muskegon, USA), respectively. The other reagents were
of analytical grade.

Cloning of ViIA cDNA

ViIA was identified from the cDNA library of the venom ducts of
C. virgo which was collected from the Xisha Island of the South
China Sea. The cDNA library was constructed as reported previously
[19,20]. Clones from the cDNA library were randomly picked and
cultured in LB medium containing 100 µg/ml ampicillin. After being
cultured, the clones were sequenced using the M13 forward primer.
All the sequences were manually edited to discard vector and adaptor
regions. The predicted protein sequences were analyzed using Seqtools
(http://www.bio-soft.net/sms). The signal peptide sequences of the

novel CTx precursors were predicted using the SignalP 3.0 Server
(http://www.cbs.dtu.dk/services/SignalP/) [21]. A novel cDNA
sequence of ViIA was identified by comparison with the sequences
available in the GenBank nucleotide sequence database and in the
literature, and was deposited in the Genbank nucleotide sequence
database.

Peptide synthesis and in vitro folding

ViIA, its mutants and the control peptide RegIIA were synthesized
using the method described previously [22,23]. Briefly, ViIA was
assembled and then cleaved from Rink resin by treatment with the
cleavage solution composed of 8.8 ml of trifluoroacetic acid (TFA),
0.5 ml of water, 0.5 g of dithiothreitol (DTT) and 0.2 ml of Triisopro-
pylsilane. The released peptides (0.1 mg/ml) were oxidized in 0.1 M
NH4HCO3 at room temperature, pH8.0–8.2. The folding products
were then purified by semi-preparative reversed phase HPLC
(RP-HPLC). The final products were assessed by analytical RP-HPLC.
The primary sequence of ViIA is listed in Table 1.

Disulfide connectivity analysis

The disulfide bridge arrangement of the one-step oxidative folding
product, α-ViIA, was determined by comparing the folded peptide
products with the known disulfide connectivity [23]. The linear pep-
tide containing an acetamidomethyl (Acm)-protecting group at the
C2-C4 or C1-C4 position was folded by incubation in 0.1 M NH4-

HCO3 (pH 8.0) at room temperature for 24–48 h. The folded product
was further oxidized with an iodine mixture containing 30%CH3CN/
2%TFA/68%H2O for 10 min to yield a peptidewith the -S-S- bridges
of ‘C1-C3, C2-C4

’ or ‘C1-C4, C2-C3
’. This second oxidized product

was co-applied with the one-step folding product, ViIA, to determine
the disulfide connectivity.

Circular dichroism (CD) spectra

CD spectra of ViIAwere measured between 190 and 340 nm on a Bio-
Logic Mos 450 spectropolarimeter (Biologic, Grenoble, France). The
ViIA peptide was dissolved in 0.01 M phosphate buffer (pH 7.2) to a

Table 1. Amino acid sequences of some α-CTXs targets nAChR α3β2 or α3β4

αm/n Peptide Sequence nAChR subtypes (IC50, nM) Reference

α4/6 ViIA RDCC SNPP CAHNNPD-Ca α3β2 (848.5) This work
TxID GCC SHPVCSAMSPI-Ca α3β4 (12.5) > α6/α3β4 (94) > α2β4 (4550) [12]
AuIB GCC SYPP CFATNPD-Ca α3β4 (750) > α7 [14]
Bu22 GCCTYPP C AVLSPL-CD N.D. [15]
TiIA GGCC SHPACQNNPDy-Ca N.D. [16]

α4/7 ArIA IRDECC SNPACRVNNOHVCRRR α3β2 (18) < α7 (6.02) [24]
AnIB GGCC SHPAC AANNQDYCa α3β2 (0.3) > α7 (76) [25]
GIC GCC SHPAC AGNNQHICa α3β2 (1.1) > α4β2 (309) > α3β4 (755) [26]
GID IRDγCC SNPACRVNNOHVC α3β2 (3.4) ≈ α7 (5.1) > α4β2 (128.6) [19]
LsIA SGCC SNPACRVNNPNICa α3β2 (10.3) ≈ α7 (10.1) [27]
MII GCC SNPVCHLEHSNLCa α3β2 (2.20) ≈ α6/α3β2β3 (0.39) [28]
OmIA GCC SHPACNVNNPHICGa α3β2 (11) > α7 > α6/α3β2β3 (201) [29]
PeIA GCC SHPACSVNHPELCa α9α10 (6.9) > α3β2 (23) > α3β4 (480) > α7 (1800) [30]
PnIA GCC SLPP C AANNPDYCa α3β2 (9.6) > α7 (252) [31]
RegIIA GCC SHPACNVNNPHICa α3β2 (33) > α3β4 (97) > α7 (103) > α9α10 (>1000) [32]
TxIA GCC SRPP CIANNPDLCa α3β2 (3.6) > α7 (392) [33]
Vc1.1 GCC SDPRCNYDHPEICa α9α10 > α6/α3β2β3 > α6/α3β4 > α3β4 > α3β2 [34]

α4/3 ImI GCC SDPRCAWR----Ca α3β2 (41) > α7 (595) > α9α10 (2000) [35]

ViIA is the new peptide identified in this work; αm/n denote α-CTxs subgroups (4/6, 4/7 and 4/3); Amino acid conservations are denoted by light gray shade.
aDenote the C-terminal amide; N.D.: untested.
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final concentration of 35 µM. A 1-cm path length quartz cell was em-
ployed. Each spectrum represents the accumulation of eight individual
scans collected at 1.0 nm intervals at a bandwidth of 1.0 nm.

Two-electrode voltage-clamp recording on oocytes

cDNA preparation, oocytes harvest and expression of nAChR subu-
nits were performed as described previously with some modifications
[23,24]. Each Xenopus oocyte was injected with at least 20 ng of cDNA
and incubated with ND96 solution (96.0 mM NaCl, 2.0 mM KCl,
1.8 mM CaCl2, 1.0 mM MgCl2 and 5 mM HEPES, pH 7.3) containing
2.5 mMpyruvic acid sodium andmixed antibiotics of 100 U/ml penicillin
and 100 µg/ml streptomycin (Sigma, St Louis, USA) at 18°C. Data were
recorded at days 2–5 post-injection at room temperature.

The oocytes were gravity-perfused in a recording chamber (50 µl)
with ND96 at a rate of 1.5 ml/min. The membrane potential was
clamped at −70 mV and the ACh-gated currents were recorded with
a two-electrode voltage-clamp amplifier Axoclamp 900A (Axon In-
struments Inc., Union City, USA). To measure the baseline responses,
the oocytes were continuously perfused with ND96, during which
ACh was automatically applied at a 5-min interval. To measure the
dose-dependent response, the oocytes were continuously perfused
with toxin solution until equilibrium (5–10 min) prior to the ACh
pulse. AChs were prepared with ND96 at concentrations of 200 µM
for α7, 30 µM for α9α10 and 100 µM for the others, respectively.
The concentration of stock solution of peptide in water was deter-
mined by the HPLC method according to the protocol of Proteins
& Peptides A205 with the Thermo Scientific NanoDrop 2000/2000c
spectrophotometer [36], and then diluted with 0.1 mg/ml BSA to
reduce the non-specific adsorption.

The dose-dependent response data were fit to the equation:
response (%) = 100/[1 + ([toxin]/IC50)

n], where n is the Hill coefficient
and IC50 is the antagonist concentration giving half-maximal
response, by non-linear regression analysis using GraphPad Prism
(GraphPad Software, San Diego, USA).

Results

The identification of a novel α-CTx ViIA

A novel CTx precursor was isolated from a cDNA library of
C. virgo. The mature toxin sequence was predicted as
RDCCSNPPCAHNNPDC-NH2 with a cysteine (C) pattern of

CCX4CX6C (X represents any other amino acids), suggesting that
this peptide belongs to the α4/6 family CTx. In accordance with con-
ventional CTx nomenclature, the cloned sequence that encodes the
novel CTxwas designated as ViIA. This cDNA sequence has been sub-
mitted to GenBank and its GenBank accession number is JF436964.1
(Fig. 1).

Peptide synthesis and disulfide connectivity in ViIA

HPLC results of the one-step and two-step folding of the two different
AcmAcm-protected ViIA linear peptides are shown in Figs. 2 and 3.
Two major peaks, ViIA-I and ViIA-II, were the two-bridge isomers
formed during oxidative folding of the linear peptide, respectively
(Fig. 2). The folding conditions [(i) 0.1 M NH4HCO3, pH 8.1; (ii)
0.1 M NH4Ac, pH 8.1; (iii) 0.1 M NH4HCO3 + 1 M (NH4)2CO3,
pH 8.1; (iv) 0.1 M Tris·HCl, pH 8.1 and (v) 0.1 M Tris·HCl + 1 mM
GSH+ 0.1 mMGSSG, pH 8.1)] did not significantly affect the ratio of

Figure 1. The cDNA sequence and predicted translation product of ViIA The signal peptide andmature toxin are shaded. The codons of conserved Cys are shown

in bold letter. The nucleotide sequence data are available in the GenBank database under the accession numbers JF436964.1 for ViIA.

Figure 2. HPLC analysis of the folded products of linearized ViIA One-step

oxidative folding of ViIA. Traces from bottom to top: (a) The linearized

peptide; (b) One-step oxidized products; (c) The purified product of ViIA-I; (d)

The purified product of ViIA-II. Samples were applied to a Calesil ODS-100

C18 column (4.6 mm× 250 mm) and eluted with a linear gradient of 5%–10%

B for 0–1 min; 10%–50% B for 25 min and 50%–95% B for 25–28 min at flow

rate of 1 ml/min, the eluted peptides were monitored at 214 nm. B is

acetonitrile in 0.1% TFA.

A novel α4/6 conotoxin inhibits α3β2 nAchR subtype 1025

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/47/12/1023/1323 by guest on 23 April 2024



ViIA-I/ViIA-II (Supplementary Fig. S1). Mass spectral analysis with
Bruker Ultraflex III TOF/TOF mass spectrometry (Bruker, Billerica,
USA) showed that the molecular weights are the same as those ex-
pected. For example, the monoisotopic m/zs for ViIA-I and Vil.6-II
were 1740.6549 and 1740.6157, respectively, which were almost
identical to the calculated m/z (1740.6407). A co-elution assay per-
formed with ViIA-I, Vil.6-II and the two products formed in the two-
step oxidative folding reaction indicated that ViIA-II has a disulfide
connectivity arrangement of ‘C1-C3, C2-C4

’ (Fig. 3A) and the ViIA-I
has the arrangement of ‘C1-C4, C2-C3

’(Fig. 3B).
The ViIAvariants were also synthesized as described above and as-

sessed by analytical RP-HPLC. Their purities were >98%with the ex-
pected molecular weights.

CD spectra of ViIA

The CD spectra of ViIA-II in 0.01 M phosphate buffer (pH 7.2)
showed some ellipticities around 208 nm and 220 nm (Fig. 4),

indicating that it has a helical structure. However, ViIA-I did not
show any significant helical folding.

Activities of ViIA and its variants on nAChRs

Two-electrode voltage clamping was used to assess the effects of ViIA
and its variants on various neuronal nAChRs expressed by Xenopus
oocytes. As shown in Fig. 5, ViIA-II exhibited an inhibition on the rat
neuronal subtype α3β2 with an IC50 of 845.5 nM, but not on the sub-
types of α2β2, α2β4, α3β4, α4β2, α4β4, α7 or α9α10 (IC50 > 10 μM).

Figure 3. HPLC analysis of the folded products of linear ViIA with Acm modification (A) Determination of the disulfide bond connectivity of ViIA-II. Traces from

bottom to top: (a) Linear peptide with Acm modifications at Cys1 and Cys3; (b) the first oxidized product; (c) The second oxidized product and (d) co-elution of the

two-step folding products and the purified product ViIA-II. (B) Determination of disulfide bond connectivity of ViIA-I: Traces from bottom to top: (a) Linear peptide

with Acm modifications at Cys1 and Cys4; (b) The first oxidized product; (c) The second oxidized product; (d) Co-elution of the two-step folding products and the

purified product ViIA-I. Analytical conditions were the same as those described in Fig. 2.

Figure 4. CD spectra of ViIA in 0.01 Mphosphate buffer solution The peptides

were dissolved in 0.01 M phosphate buffer (pH 7.2) to a final concentration of

35 μM.A 1 cmpath length quartz cell was employed. Each spectrum represents

the accumulation of eight individual scans collected at 1.0 nm intervals at a

bandwidth of 1.0 nm.

Figure 5. Effects of ViIA on rat nAChRs expressed in Xenopus oocytes (A)

Concentration-dependent response curves of the rat α3β2 nAChR (n = 4–6).

(B) IC50 of peptides on various rat nAChR subtypes. The control peptide for

α3β2 was RegIIA (IC50 = 34.5 nM). Peptides were applied by perfusion to

oocytes expressing AChRs as described in Materials and Methods. Numbers

in parentheses indicate 95% confidence intervals. ViIA was tested on α7,

α3β4, α4β2, α2β2, α2β4, α9α10 and α4β4 nAchR subtypes with the IC50 > 10 µM.
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These results indicate that ViIA-II selectively inhibits the α3β2 subtype
of nAChRs. However, ViIA-I having the disulfide connectivity
arrangements of ‘C1-C4, C2-C3’ displayed no apparent inhibitory
effects on nAChR subtypes with the inhibitory ratio lower than
15% at 10 μM. When His11 was mutated to Ala, the binding ratio
was decreased to lower than 50% at 10 µM. On the contrary, the sub-
stitution of Arg1 with Ala resulted in an increase in inhibitory activity
on α3β2 with an IC50 of 532.4 nM (428.5–661.5 nM). Interestingly,
ViIA(+16L), in which a Leu residue was added ahead of the last Cys,
displayed a significantly elevated binding activity with an IC50 of
62.6 nM.

Discussion

Up till now, four α4/6-CTxs, including TxID, AuIB, Bu22 and TiIA,
have been reported (Table 1). Both TxID and AuIB were shown to be
the specific inhibitors of α3β4 subtype [12–14], but Bu22 and TiIA
have not been characterized functionally [15,16]. In this study, we
identified and characterized a novel α4/6 CTx known as ViIA and
found that it specifically inhibited the α3β2 subtype but did not display
any inhibitory effects on the subtypes of α2β2, α2β4, α3β4, α4β2,
α4β4, α7 or α9α10 (IC50 > 10 μM). In addition, ViIA had no signifi-
cant effect on dorsal root ganglion (DRG) Na+-, K+- or Ca2+-channels
(data not shown). To the best of our knowledge, ViIA is the first α4/6
-CTx that inhibits the nAChR α3β2 subtype. The target preference of
ViIA may be attributed to its unique sequence because sequence align-
ment reveals that ViIA shares 55%, 69%, 75% and 75% sequence
identity with those of TxID, TiIA, AuIB and Bu22, respectively.

Currently, several α-CTx subtypes, including 4/3, 4/4, 4/5 and 4/7
subtypes, have been found to potently inhibit the α3β2 nAChR sub-
type (Table 1) [24–35]. However, they also inhibit other nAChR
subtypes, such as α7, α9 α10, α2β4 and α3β4. On the contrary,
ViIA selectively inhibits the α3β2 subtype though its IC50 is not very
high. Compared with other α-CTxs targeting the α3β2 subtype
[37,38], ViIA displays a low content of helical conformation (Fig. 4).
The unique residues at its N-terminal and in loop 2 may mainly con-
tribute to its high selectivity.

It should be noted that there are a basic (Arg) residue and an acidic
(Asp) residue upstream of the first cysteine (C) residue. This phenom-
enon rarely occurs in other α-CTxs targeting the α3β2 subtype. To
investigate the contributions of the two residues, we synthesized two
mutants. The replacement of Asp2 by Ala in ViIA did not decrease the
activity (IC50 = 854.1 nM), but the substitution of Arg1 with Ala led to
an increase in the activity (IC50 = 532.4 nM). Based on the structure-
activity information of α-CTxs targeting the α3β2 subtype [13,30],
His11 of ViIA was selected to be mutated. The result showed that
the replacement of His11 by Ala resulted in a sharp decrease in the ac-
tivity (IC50 < 10 μM). These results suggest that both Arg1 and His11

are the crucial residues.
Based on the sequence identity between the 4/7 α-CTxs and

ViIA at position 16 (Table 1) [25–34], a mutant ViIA[+16L]
(RDCCSNPPCAHNNPDLC-NH2) was synthesized and functionally
characterized. The results showed that ViIA[+16L] exhibited
12-folds higher binding ability than ViIA, with an IC50 of 62.6 nM.
It is likely due to the fact that Leu residue may increase the hydropho-
bicity of this peptide. This is consistent with a previous report that the
hydrophobic residue at position 16 is important for its inhibitory
activity towards the α3β2 nAChR subtype [39].

Two major peaks (ViIA-I and ViIA-II) existed during the oxidative
folding reaction of the linear ViIA peptide. Further activity assay de-
monstrated that ViIA-II, which has the disulfide connectivity of ‘C1-C3

and C2-C4’, displayed a strong binding ability to the α3β2 nAChR sub-
type. However, ViIA-I, which has the disulfide connectivity of ‘C1-C4,
C2-C3’, did not bind to α3β2 or other nAChR subtypes, suggesting
that ViIA-II may be the natural peptide, though it has not been re-
ported in the venom.

In conclusion, we found a novel α4/6 CTx ViIA targeting specific-
ally the α3β2 nAChR subtype. This finding expands our knowledge
about the target of the CTxs in α4/6 family and provides a motif for
designing novel inhibitors specifically for the α3β2 nAChR subtype.

Supplementary Data

Supplementary data is available at ABBS online.
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