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T-superfamily conotoxins have a typical cysteine pattern of “CC-CC”, and are known to mainly target cal-
cium or sodium ion channels. Recently, we screened the targets of a series of T-superfamily conotoxins
and found that a new T-superfamily conotoxin TxVC (KPCCSIHDNSCCGL-NH,) from the venom of Conus
textile. It selectively targeted the neuronal nicotinic acetylcholine receptor (nAChR) subtypes o482 and
a3p2, with ICsg values of 343.4 and 1047.2 nM, respectively, but did not exhibit obvious pharmacological
effects on voltage-gated potassium, sodium or calcium channel in DRG cells, the BK channels expressed in
HEK293 cells, or the Kv channels in LBT2 cells. The changes in the inhibitory activities of its Ala mutants,
the NMR structure, and molecular simulation results based on other conotoxins targeting nAChR o482, all
demonstrated that the residues Ile® and Leu'* were the main hydrophobic pharmacophores. To our best
knowledge, this is the first T-superfamily conotoxin that inhibits neuronal nAChRs and possesses high
binding affinity to o4p2. This finding will expand the knowledge of the targets of T-superfamily conotox-

Keywords:

Conus textile

T-superfamily conotoxin TxVC

Neuronal nicotinic acetylcholine receptor
Selectivity

NMR structure

ins and the motif information could help the design of new nAChR inhibitors.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Conotoxins are secreted by Cone snails to subdue preys and
defend against predators. A large number of conotoxin genes and
proteins have been identified and categorized into various super-
families (A,B,C,D,E, I, M, O, P, S, T, et al.), according to the number
of cysteine residues, the arrangement of the disulfide bonds and
the consensus signal sequences [1]. These conotoxins specifically
target various ion channels such as Na*, K*, and Ca®* channels
and membrane receptors such as nAChR, 5-HT3R, NMDAR and
G-protein-coupled receptors [2]. Some conotoxins are neurophar-
macological reagents, and several have entered clinical trials. One
conotoxin was even approved by FDA for pain treatment [3].

T-superfamily conotoxins typically contain CC-CC- cysteine
pattern with a disulfide bond connectivity of I-III, II-IV, or CC-C-
C pattern with a disulfide bond connectivity of I-1V, II-IIl. They
selectively interact with Na* channels, presynaptic Ca** channels
or G protein-coupled presynaptic receptors in general [4,5].
However, we isolated a T-superfamily conotoxin TxVC
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(KPCCSIHDNSCCGL-NH,) from C. textile years ago, determined its
peptide sequence by Edman method [6], investigated its disulfide
bond configuration using the synthesized peptide, and then sur-
prisingly found that this TxVC selectively interacted with neuronal
nicotinic acetylcholine receptor (nAChR) subtype o482 and a3p2
without obvious pharmacological effects on voltage-gated K*, Na*
and Ca?* ion channels in DRG cells. In order to probe its functional
residues, its Ala mutants were generated and the inhibitory activ-
ities of those mutants were studied. The NMR structure of TxVC
and molecular simulations based on other conotoxins targeting
nAChR o4B2 revealed the key functional residues. To our best
knowledge, this was the first T-superfamily conotoxin that was
found to inhibit neuronal nAChRs particularly with high binding
affinity to the a4p2 subtype. Our findings therefore expanded the
knowledge of the T-superfamily conotoxin targets and this novel
motif could be used to design new nAChR inhibitors.

2. Material and methods
2.1. Peptide synthesis

TxVC and its mutants were synthesized using the method
described previously [7]. Briefly, the peptide was synthesized and


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.10.055&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.10.055
mailto:lingjiang@wipm.ac.cn
mailto:qy_dai@yahoo.com
http://dx.doi.org/10.1016/j.bbrc.2014.10.055
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

152 S. Wang et al./Biochemical and Biophysical Research Communications 454 (2014) 151-156

then cleaved from Rink resin with the cleavage solution [trifluoro-
acetic acid (TFA), 8.8 ml/water, 0.5 ml/DTT, 0.5 g/Triisopropylsi-
lane, 0.2 ml]. The released peptides were oxidized in 0.1 M
NH4HCO3 at room temperature, pH 8.0-8.2. The folded products
were then purified using semi-preparative RP-HPLC. The final
products were assessed using analytical reversed-phase HPLC.
The primary sequences of TxVC and its analogue were listed in
Table 1.

2.2. Disulfide bond analysis

Limited amount of the natural TxVC, which was formed during
the one-step oxidative folding, only allowed its disulfide bond
arrangement to be determined by comparison with the folded pep-
tide products with known disulfide bond connectivity. The linear
peptides containing acetamidomethyl (Acm) protected groups at
positions C2-C4, C'-C?, or C3>-C* were folded in 0.1 M NH4HCO3
buffer (pH =8.0) at room temperature for 24-48 h. The folded
products were further oxidized with an iodine buffer containing
30% CH3CN, 2% TFA, and 68% H,0 for 10 min to form different types
of disulfide bond such as “C'-C3, C?>-c*, “C'-C?, (®>-C*, and
“C'-C* C2-C®'. These secondary oxidized products were mixed
with the one-step folding product of TxVC, and the disulfide bond
connectivities were determined.

2.3. NMR spectroscopy

TxVC was dissolved in 500 pl 20 mM phosphate buffer (pH 5.5)
containing 10% D,0. NMR experiments, including TOCSY, NOESY
and DQF-COSY, were conducted on a Bruker Avance 800 MHz spec-
trometer using TXI cryoprobe. All spectra were acquired at 303 K.
The mixing times of TOCSY were 30 and 70 ms. The mixing times
used for NOESY experiments were 300, 500, and 800 ms. H/D
exchange experiment was performed at 303 K with addition of
500 pl D,0 to the lyophilized sample.

Spectra were processed using NMRPipe software and peak anal-
yses were conducted with XEASY module in Cara (version 1.5.5)
[8]. Spin systems were established based on DQF-COSY and TOCSY
spectra. The NOE intensities of NOESY spectra with a 500 ms mix-
ing time were extracted using CARA 1.8.4.2 and converted into dis-
tance constraints. *J,.nn coupling constants were determined by
DQF-COSY. A set of 100 structures was calculated using CYANA
(version 2.1) with 171 nonredundant NOE constraints and 12 dihe-
dral angle constraints. The final 20 conformers with the lowest
energies were refined using Amber11. Disulfide bonds were identi-
fied by first measuring the internuclear distances in structures
without disulfide bond constraints and then adding them into
the final calculations. Seventy point eight percent of the phi-psi

torsion angles in the structure were in the most favored regions
in the Ramachandran plot according to Procheck. The three-
dimensional structures were displayed using MOLMOL graphics
program.

2.4. Inhibitory activity on nAChR subunits expressed in Oocyte

cRNA preparation, oocyte harvesting, and nAChR subunits
expression were performed as previously described with modifica-
tions [9]. Each Xenopus oocyte was injected with at least 20 ng of
cRNA and incubated with ND96 solution (96.0 mM Nacl, 2.0 mM
KCl, 1.8 mM CaCl,, 1.0 mM MgCl,, and 5 mM HEPES, pH ~ 7.3) con-
taining 2.5 mM pyruvic acid sodium (Sigma, St. Louis, MO) and
antibiotics (100 U/mL penicillin, 100 mg/mL streptomycin, Sigma)
at 18 °C. Data were recorded at day2 through day5 post-injection
at room temperature (~22 °C).

The oocytes were gravity-perfused in a recording chamber
(~50 pl) with ND96 at a rate of ~1.5 ml/min. The membrane poten-
tial was clamped at —70 mV and the ACh-gated currents were
recorded with a two-electrode voltage-clamp amplifier (Axoclamp
900A, Axon Instruments Inc., USA). The current signals were digi-
tized at 20 Hz with Axon Digidata 1440A (Axon Instruments Inc.,
USA) and low-pass filtered at 5Hz. To measure the baseline
responses, the oocytes were continuously perfused with ND96, dur-
ing which ACh was automatically applied at 5 min intervals until
peak current amplitude was obtained (3 s). To measure the dose
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 uM for o7,
30 uM for a9010, and 100 uM for the others. TxVC solution
contained 0.1 mg/ml BSA to reduce non-specific adsorption. In
experiments with high doses (1 uM or greater), 55l of a
10-fold-concentrated toxin solution was added directly into the
static bath for 5 min prior to ACh pulse exposure.

The dose-response data were fit to the equation: %
response = 100/[1 + ([toxin]/ICso)"], where n is the Hill coefficient
and ICso is the antagonist concentration giving half-maximal
response, by non-linear regression analysis using GraphPad Prism
(GraphPad Software, San Diego, CA).

2.5. Analyses of key residues of TxVC binding to nAChR 452

To date, only GIC (PDB ID 1UL2) and GID (PDB ID 1MTQ) have
been reported as the potent inhibitors of nAChR a4p2 among the
known conotoxins (Table 1) [17,18]. Therefore, their functional
residues were compared with those from TxVC [10]. All the three
a-conotoxins and their mutants were subject to standard molecu-
lar dynamics to obtain their stable conformations. First of all, the

Table 1

Sequences of TxVC, its mutant and other conotoxins that target nAChR a4f2.
Peptide Sequence (@) Refs.
TxVC KPCCSIHDNSCCGL* 343 nM This work
TxVC[K1A] APCCSIHDNSCCGL* >10 uM This work
TxVC[P2A] KACCSIHDNSCCGL* >10 uM This work
TxVC[I6A] KPCCSAHDNSCCGL* >10 uM This work
TxVC[H7A] KPCCSIADNSCCGL* >10 uM This work
TxVC[L14A] KPCCSIHDNSCCGA* >10 uM This work
El ROCCYHPTCNMSNPQIC* ~50% inhibition at 10 uM peptide [14]
SrIA RTCCSROTCRMYYPYLCG* ~50% inhibition at 10 pM peptide [14]
SriB RTCCSROTCRMEYPYLCG* ~50% inhibition at 10 uM peptide [14]
AnIB GGCCSHPACAANNQDYC* ~50% inhibition at 1 M peptide [15]
GIC GCCSHPACAGNNQHIC* 309 nM [16]
GID IRGYCCSNPACRVNNOHVC" 152 nM [17]
Mil GCCSNPVCHLEHSNLC* ~500 nM [9]

O: 4-trans-hydroxyproline; y: y-carboxyglutamate; ~: C-terminal carboxylate; *: C-terminal carboxamide. The conserved Cys residues are highlighted in bold.
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missing atoms, including polar and nonpolar hydrogen atoms,
were added. Those peptides were then solvated into different
water box with different sizes according to their own sizes. These
systems were next relaxed for 12 ns under the microcanonical
(NPT) ensembles with a time step of 1 fs using the current version
of DESMOND (2014.2). The equilibrated conformations were
extracted for further analysis. Finally, all the refined conotoxin
conformations were aligned to the reference conformation in
PyMol Suite (The PyMOL Molecular Graphics System, Version
1.5.0.4, Schrodinger, LLC).

3. Results
3.1. Chemical identity of the synthesized TxVC and its analogues

Native TxVC was isolated from the crude venom of C. textile by
RP-HPLC [6]. Synthesized TxVC and its analogues were assessed
using analytical reversed-phase HPLC, and the results showed that
their purities were all above 98%. The purified TxVC and the native
TxVC had the same retention time as shown in Fig. 1A. All the pep-
tides had the same expected molecular weights, which were deter-
mined using Ultraflex IIl TOF/TOF mass spectrometry (Bruker).

3.2. Disulfide bridge pattern of TxVC was I-III, II-1V

HPLC results of the one-step and two-step folding of the three
different Acm protected linearized peptides were shown in

A

synthetic TXVC + natural TxVC

synthetic TxVC

folding

,\ linear peptide

10 15 20
Retention Time (min)

10 15 20
Retention Time (min)

Fig. 1B-D. The retention time of the native TxVC was identical to
that of TxVC with a disulfide connectivity of I-III, II-IV formed in
the two-step oxidation process; instead, the retention time of the
native TxVC was different from that of the synthetic TxVC with a
disulfide bond connectivity of I-IV, II-III or the synthetic TXVC with
a disulfide bond connectivity of I-II, IlI-1V, indicating the native
disulfide bond connectivity of TxVC was I-III, I[I-1V.

3.3. NMR structure of TxVC

The structural parameters of TxVC are shown in Table 2. The
ensemble of the 20 lowest energy structures was shown in
Fig. 2A, and the ribbon representation was shown in Fig. 2B. The
peptide contains a hairpin-like loop from Cys* to Asn®, stabilized
by two hydrogen bonds between Ser® NH and Asp® O, and Ser® O
and Asp® NH. The side chains of the residues inside this compact
loop were well defined. The C terminus of TxVC that formed a
helical structure, was in close contact with the N terminus. The ter-
minal contacts were stabilized by two disulfide bonds, Cys3>-Cys'!
and Cys*-Cys'?, as illustrated by side chain lines in Fig. 2A.

3.4. TXVC selectively targeted nAChR 042 and o382 subtypes

TxVC mainly bound to nAChRs a4p2 and a3p2 with the ICsos of
343.4 (283.3-416.4)nM and 1047.2 (748.0-1446.0) nM, respec-
tively (Fig. 3A and B). It also exhibited weak binding activities to
other nAChR subtypes such as o232, a2p4, 04p2, a4p4, o7, and

10 15 20
Retention Time (min)

10 15 20
Retention Time (min)

Fig. 1. HPLC analyses of the folded products of linear TxVC and its Acm derivatives. (A) One-step oxidative folding of TxVC. Traces from bottom to top: (a) linear peptide; (b)
one-step oxidized products; (c) purified product; (d) co-elution of native TxVC and synthetic TxVC. (B) Determination of the disulfide bond connectivity of TxVC. Traces from
bottom to top: (a) linear peptide with Acm modification at Cys2 and Cys4; (b) the first oxidized product; (c) the second oxidized product and (d) co-elution of the two-step
folding products and one-step folding products. (C) and (D) determination of disulfide bond connectivity of TxVC with Acm modification at Cys1 and Cys4, Cys3 and Cys4,
respectively. Samples were applied to a Calesil ODS-100 C18 column (4.6 mm x 250 mm) and eluted with a linear gradient of 0-1 min, 5-10% B; 1-25 min, 10-50% B;

25-28 min, 50-95% B, B is acetonitrile (0.1% TFA) at flow rate of 1 ml/min, 214 nm.
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Table 2
Structural statistics of the ensemble of 20 structures of TxVC after CYANA calculation.
Parameter Value
Target function 0.43
NOE distance constraints 171
Intra-residue 89
Sequential 45
Medium range (1<|[i—j| <5) 16
Long range (|i —j| = 5) 21
Dihedral angle 12
NMR constraint violations
Number of NOE violations > 0.2 A 0
Number of dihedral angle violations = 5 0
RMSD deviation from the mean structure (A)
Backbone atoms 0.17 £ 0.06
Heavy atoms 0.59+0.15
Ramachandran statistics obtained using PROCHECK-NMR
Residues in most favored regions 70.0%
Residues in allowed regions 30.0%
Residues in disallowed regions 0

090110 with 50-60% inhibition at 10 pM concentration. When Lys’,
Pro?, 1le®, His’ or Leu'# was mutated to alanine, the binding ratio
decreased to less than 50% at 10 pM concentration, suggesting
the charges on the surface or at the hydrophobic pharmacophores
of TxVC might be the main contributors to its binding activity.

4. Discussion

About 200 T-superfamily conotoxins have been deposited in the
ConoServer database and a few are pharmacologically important
[11]. T-superfamily conotoxins with a CC-CC cysteine pattern
generally target voltage-sensitive Na* channel, presynaptic Ca®*
channel, or G protein-coupled presynaptic receptors. For example,
e-TxIX selectively reduces neurotransmitter release by reducing
the presynaptic influx of Ca%* [4,12], and Lt5d potently inhibits
TTX-sensitive sodium currents in adult rat dorsal root ganglion

S. Wang et al./Biochemical and Biophysical Research Communications 454 (2014) 151-156

A

Fig. 2. NMR structure of TxVC. (A) Backbone ensemble of 20 lowest energy
structures. The side chains of Cys residues are shown in red. (B) Ribbon
representation of the closest-to-mean structure.

neurons [13]. However, the present study showed that T-family
conotoxin TXVC specifically inhibited neuronal nAChRs o382 and
a4B2 Fig. 3), without significant effects on DRG Na*, K" or Ca%*
channels (see Supplementary Fig. 1). TXVC did not act on the BK
channels expressed in HEK293 cells or kV channels in LBT2 cells
(data not shown), either, suggesting that it was unique. To our
knowledge, TxVC is the first reported T-superfamily conotoxin that
targets neuronal nAChRs. Currently, conotoxins from several fami-
lies, including o-conotoxins, aS-conotoxins, and oC-conotoxins,
have been found to inhibit nAChRs [2]. Among them, only a few
a-conotoxins, such as GID, GIC, MlII, AnlIB, SrIA, SrIB and EI, target
nAChR subtype a4p2 Table 1. SrlA, SrIB and EI presented weak
inhibitory effects on 04p2 subtype (10 uM peptides inhibited
nAChR a4p2 current by 50-60%) [14]. AnIB was slightly stronger,
inhibiting nAChR o482 current by about 50% at 1 uM [15]. GID,

120 120 ® GID[y4E]
. ?i?/l::A ° Ix\\;S[KM]
o TX
100; - § o ek 1004 § < Tera
Q o TxVC[I6A] Q X 4 TxVC[I6A]
2 8o v TXVC[H7A] 2 80 v TxVB[H7A]
) & TxVC[L14A] ] 4 TxVC[L14A]
2 60 2 60
Q O
['4 14
X 40 X 40
20 . 20
0 L 0
10 -9 -8 7 6 5 -4 10 -9 -8 7 6 -5 -4
Log[peptides] M Log[peptides] M
ICso (nM) a3p2 a4p2 a2fB2 a2pB4 a3p4 a4p4 a7 a9al0
ReglIA 34.5(26.0 - 45.7) - - - - - - -
GID[y4E] - 64.9 (52.6 - 80.2) - - - - - -
TxVC 1032.8 (758.9 — 1405.5)  343.4 (283.3 - 416.4) >10000 >10000 >10000 >10000 >10000 >10000
TxVCI[K1A] >10000 >10000 >10000 >10000 >10000 >10000 >10000 >10000
TxVC[P2A] >10000 >10000 >10000 >10000 >10000 >10000 >10000 >10000
TxVCI[I6A] >10000 >10000 >10000 >10000 >10000 >10000 >10000 >10000
TxVC[H7A] >10000 >10000 >10000 >10000 >10000 >10000 =>10000 =>10000
TxVC[L14A] >10000 >10000 >10000 >10000 >10000 >10000 >10000 >10000

Fig. 3. Effects of TxVC on rat nAChRs that were expressed in Xenopus Oocytes. (A) and (B) concentration-response curves of the rat a3p2 and 482 nAChR (n = 4-6). (C) IC5q of
peptides on various rat nAChR subtypes. The control peptides of «3p2 and a4p2 were ReglIA (ICso = 34.5 nM) and GID[Y4E] (ICso = 64.9 nM), respectively. Peptides were
applied by perfusion to oocytes expressing nAChRs as described in Section 2. “~", untested. Numbers in parentheses indicate 95% confidence intervals.
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GIC and MII were very potent, inhibiting a4p2 subtype with ICsps
of 152 nM, 309 nM and 500 nM, respectively, and a3p2 subtype
with even lower ICsgs, 3.1 nM, 1.1 nM and 0.5 nM, respectively.
Therefore, their inhibitory effect ratios on o3B2 vs. a4B2 were
~50-fold, 300-fold and 1000-fold, respectively [9,16,17]. Therefore,
TxVC was the third potent o4B2 inhibitor among all the natural
conotoxins, and exhibited even higher selectivity on a4p2, with
the a4p2 vs a3B2 selectivity ration of 3.

T-superfamily conotoxins with cysteine frame “CC-CC” could
adopt three possible disulfide bond connectivities: globular (I-III,
[I-1V), ribbon (I-1V, II-III) and beads (I-II, IlI-IV), and the one in
TxVC appeared to be the disulfide bond connectivity of I-III, I-IV.
TxVC belongs to framework V of the T-superfamily conotoxins
(Fig. 1), and to date only two conotoxins (e-TxIX and T-CnVA) from
this superfamily have been characterized using NMR [18]. Interest-
ingly, these two conotoxins share little common structure. The
inter-cysteine loop number of TxVC and the residues involved
are significantly different from those of &-TxIX and t-CnVA, and
therefore their targets are different: e-TxIX interacts with GPCR
to reduce the Ca®* presynaptic influx at a cholinergic synapse
and t-CnVA abolishes the agonist-induced activation of the sst3
receptor [4,19].

Since alpha-conotoxins GIC and GID target nAChR subtype a4p2
[20], their function residues were compared with those from TxVC.
Molecular calculation showed that each of them had three func-
tional residues adopting similar orientation to form specific phar-
macophores. In GID, these residues are Ala'®, Val'® and Val'®
with the first two residing only in the helix, whereas in GIC, they
are Ala’, Ala® and Ile'® (Fig. 4). Consistently, the length of the ali-
phatic side-chain at position 13 in GID determined the receptor
selectivity and the corresponding residue in GIC was at position
10 [17]. Although their N termini both had flexible conformations,
the distance between these functional residues almost always
stayed the same even after exhaustive molecular dynamics simula-
tions (total simulation period was 12 ns with a time step of 1 fs).
Structure alignment of TxVC with both GIC and GID revealed the
overlap of Ile® and Leu'* with those hydrophobic pharmacophores.
However, the distance between Ile® and Leu'* was slightly longer
than those in GIC and GID. Additionally, TxVC lacked the helix,
and therefore the conformations at both ends of the pharmaco-
phore were more flexible and more hydrophobic. The replacement
of Lys!, Pro?, Ile®, His” and Leu'* with Ala in TxVC also confirmed
the hypothesis as the inhibitory activities of these mutants on
a4p2 and a3B2 decreased significantly (Fig.3).

In addition to the typical cysteine framework CC-CC, other cys-
teine frameworks also exist in T-superfamily conotoxins, such as
CC-C-C- and C-C-CC[21,22]. The targets of most of T-superfamily

GID-A104

® GID-V13

Fig. 4. Spatial orientation of the hydrophobic pharmacophores and key residues in
GID (dark gray), GIC (purple) and TxVC (green) indicating their similar conforma-
tion. Key residues are indicated by sticks.

conotoxins with the above cysteine framework still remain
unknown, except that a few were found to target alphal-adreno-
ceptor or neuronal noradrenaline transporters [23].

In conclusion, we found a new T-superfamily conotoxin TxVC
targeting neuronal nAChR subtypes. This conotoxin was designated
as oT-conotoxin, which expanded the knowledge of the existing
T-superfamily conotoxins. The unique pharmacological sites of
TxVC provided new insight into the biological activity of
T-superfamily conotoxin, and the molecular structure could poten-
tially be used for designing novel nAChRs probes.
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