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As part of continuing studies of the identification of
gene organization and cloning of novel a-conotoxins,
the first o4/4-conotoxin identified in a vermivorous
Conus species, designated Qcl.2, was originally
obtained by ¢DNA and genomic DNA cloning from
Conus quercinus collected in the South China Sea. The
predicted mature toxin of Qcl.2 contains 14 amino acid
residues with two disulfide bonds (I-III, II-IV connec-
tivity) in a native globular configuration. The mature
peptide of Qcl.2 is supposed to contain an N-terminal
post-translationally processed pyroglutamate residue
and a free carboxyl C-terminus. This peptide was
chemically synthesized and refolded for further charac-
terization of its functional properties. The synthetic
Qcl1.2 has two interconvertible conformations in
aqueous solution, which may be due to the cis-trans iso-
merization of the two successive Pro residues in its first
Cys loop. Using the Xenopus oocyte heterologous
expression system, Qcl.2 was shown to selectively
inhibit both rat neuronal a3f32 and a3f34 subtypes of
nicotinic acetylcholine receptors with low potency. A
block of ~63% and 37% of the ACh-evoked currents
was observed, respectively, and the toxin dissociated
rapidly from the receptors. Compared with other
characterized a-conotoxin members, the unusual struc-
tural features in Qcl.2 that confer to its receptor recog-
nition profile are addressed.
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Introduction

Nicotinic acetylcholine receptors (nAChRs) are penta-
meric ligand-gated cationic channels that belong to the
Cys-loop receptor superfamily which includes GABA,,
glycine, and S5HT; neurotransmitter receptors [1].
nAChRs are present at the neuromuscular junction to
cause muscle contraction, in sympathetic and parasympa-
thetic ganglia to mediate neurotransmission, and in the
brain to modulate neurotransmitter release [1]. To date,
they represent one of the most intensively investigated
membrane proteins by biochemical, molecular biological,
electrophysiological, and pharmacological approaches.
Muscular nAChR in vertebrate is composed of four hom-
ologous subunits around the central ion-conducting
channel in a heteropentameric structure, with either the
embryonic subtype alf1vyd or the adult a131€d. As 11
nAChR subunits (a2-a7, a9, «l0, B2-B4) have been
cloned from neuronal and sensory mammalian tissues,
the subunit assembly of different neuronal nAChRs
largely determines distinct physiological and pharmaco-
logical properties of the channel [1].

nAChRs appear to be involved in attention, memory,
learning, development, antinociception, nicotine addic-
tion, neurological disorders such as Parkinson’s and
Alzheimer’s diseases, Tourette’s syndrome, certain forms
of epilepsy, and schizophrenia [2—4]. Thus, development
of selective nAChR modulators is needed for discrimi-
nation between the combinatorial diversity of subtypes
and medication.

The genus Conus is a group of venomous predatory
snails inhabited in tropical water, which prey upon
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a broad diversity of organisms (five different phyla),
including fish, other mollusks, and worms [5]. These
hunting gastropods are evolutionarily the most successful
marine invertebrates. The venom of each of the ~700
species contains 50—200 bioactive small peptides that
act at many ligand- and voltage-gated ion channels,
receptors, and transporters, with most of which are
disulfide-rich toxins (conotoxins) [6]. They could be
classified into different superfamilies according to the
highly conserved signal sequence in their precursors and
further grouped into individual pharmacological families.
a-conotoxins belong to the A-superfamily and are
proven to be competitive antagonists of a plethora of
nAChRs, which makes them valuable tools for elucidat-
ing different nAChRs and candidates for developing
subtype specific drugs.

Based on the number of amino acid residues encom-
passed by the second and third cysteine residues and the
third and fourth cysteine residues, a-conotoxins can be
divided into several structural subfamilies, «3/5, a4/3,
ad/4, ad/5, ad/6, and ad/7. The o3/5 subfamily mostly
blocks the fetal muscular nAChRs, except for a-Gl that
inhibits the adult subtype, whereas the neuronally active
a-conotoxins are typically from the a4/3, a4/6, and a4/7
subfamilies. However, two exceptions have been found
in the most abundant a4/7 subfamily: EI which antagon-
izes the neuromuscular subtype [7]; SrIA and SrIB that
potentiate the receptor activity [8]. Unlike other subfami-
lies, ad/4-conotoxins (Table 1) are active against a broad
spectrum of nAChR subtypes: BulA has been character-
ized as potent antagonists at neuronal a6/a3B32, o332,
and o334 subtypes [5], whereas PIB is highly selective
for muscle nAChRs indicated with 1Cs, values of 45 nM
and 36 nM for fetal and adult subtypes, respectively [9].
Thus, it is tempting to further investigate this group of
peptides with unusual structure and function.

We previously obtained the first a4/4-conotoxin from
a worm-hunting species Conus quercinus, Qcl.2, by

molecular cloning [10]. This toxin is predicted to have
an N-terminal pyroglutamate and a free carboxyl
C-terminus. In this work, we chemically and functionally
characterize «4/4-Qcl.2 by total synthesis, in vitro
refolding and electrophysiology recording. The result
will improve the understanding of this relatively under-
characterized group of a-conotoxins and thus facilitate
the rational design of more potent and selective drug
molecules.

Materials and Methods

Materials

ZORBAX 300SB-C,g semi-preparative column was pur-
chased from Agilent Technologies (Santa Clara, USA).
PepMap-C;g analytical column is from LC Packings
(Sunnyvale, USA). Trifluoroacetic acid (TFA) and aceto-
nitrile (ACN) for HPLC were from Merck (Darmstadt,
Germany). Other reagents were of analytical grade.

Peptide synthesis and folding

Linear peptide «-Qcl.2 (ZCCANPPCKHVNCR) was
assembled on resin by solid-phase method, using Fmoc
[N-(9-fluorenylmethoxycarbonyl)] chemistry and standard
side-chain protection [11]. Peptide synthesis was per-
formed on an ABI 433A peptide synthesizer (ABI, Foster
City, USA) by GL Biochem (Shanghai) Ltd (Shanghai,
China). Cys residues were protected with the stable
S-acetamidomethyl on Cys2 and Cys8; Cys3 and Cysl3
were protected as the acid-labile Cys (S-trityl). The
peptide was removed from the resin by treatment with
TFA/H,O/ethanedithiol/phenol/thioanisole, immediately
precipitated and the solution was centrifuged to separate
the pellet, which was washed several times with cold
methyl-t-butyl ether. Side chains of non-Cys residues were
de-protected during the cleavage. Pyroglutamate was not
protected with Fmoc so that further de-protection was not
necessary. The crude peptide was then purified by HPLC

Table 1 Physical-chemical characteristics and biological activities of a4/4-conotoxins identified from piscivorous (p) and vermivorous (v)

Conus species

Peptide Sequence Species Prey Selectivity Reference
BulA GCCSTPPCAVLYC* C. bullatus P a6/03(B4/B2) [5]

PIB ZSOGCCWNPACVKNRC * C. purpurascens P alB13(y/e) [9]

S1.1 GCCRNPACESHRC* C. striatus p N/A [26]
Qcl.2 ZCCANPPCKHVNCR C. quercinus v a3B2, a3p4 This work

Conserved cysteine residues are highlighted in bold-face. For post-translational modifications: Z, pyroglutamic acid; O, hydroxyproline; N/A, not

available. *amidated C-terminus.
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on a ZORBAX 300SB-C;g semi-preparative column
(9.4 mmx 250 mm) and characterized by electrospray-
mass spectrometry (ESI-MS). The product was lyophilized
and dissolved in 50 mM Tris—HCI buffer (pH 8.7).

A two-step oxidation protocol was used to selectively
fold the peptide to its natural global disulfide isomer as
described previously [12]. Briefly, the disulfide bridge
between Cys3 and Cys13 was closed by air oxidation. The
linear peptide was stirred at 4°C and the monocyclic
peptide was purified by reverse-phase HPLC on a semi-
preparative C;g column. Simultaneous removal of the
S-acetamidomethyl groups and formation of the disulfide
bridge between Cys2 and Cys8 was carried out by iodine
oxidation in 5 mM iodine in H,O/TFA/ACN (86:4:10 by
volume). The solution was stirred at room temperature for
1 h and the reaction was quenched by the addition of 1%
ascorbic acid. The predominant form of the bicyclic
peptide was purified to homogeneity, using a reverse-phase
semi-preparative  C;g column. The final product was
applied to a PepMap analytical C;g column (4.6 mm x
250 mm; flow rate = 0.5 ml/min) to verify its purity, using
a 15-27% linear gradient of ACN in 0.1% TFA and water
for 24 min. The mass of the folded peptide analyzed by
ESI-MS was consistent with the predicated sequence
(average mass: calculated 1551.8; observed 1552.0).

Voltage clamp recording

Oocytes of Xenopus laevis frogs were prepared and
injected with capped RNA to elicit expression of mouse
fetal skeletal-muscle and various rat neuronal nAChR
subtypes as described previously in detail [12—16].

All two-electrode voltage clamp recordings of
Xenopus oocyte nAChR currents were conducted at
room temperature on an OC-725C amplifier (Warner
Instruments, Hamden, USA). Oocytes were placed in a
300 pl-volume Warner RC-3Z recording chamber
attached with an OC-725 bath clamp. Glass microelec-
trodes with the resistance between 0.05 and 0.2 M)
were filled with 3M KCI. Oocytes were voltage
clamped at a membrane potential of —60 mV and
gravity-perfused with OR2 buffer at a rate of ~5 ml/min
by use of a Warner BPS-8 controller [17]. One micromo-
lar atropine was added to OR2 buffer to block endogen-
ous muscarinic AChRs for the recordings of all nAChRs,
with the exception of a7 nAChR, which atropine
antagonizes [18]. ACh-gated currents were elicited by a
5-s pulse of agonist solution applied at intervals of 2 min
to obtain the baseline activity: 10 uM ACh for the
muscle subtype and 100 wM ACh for the neuronal sub-
types. To identify the effect of the peptide, a
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predetermined concentration of Qcl.2 was applied to an
oocyte in the static bath for 10 min to reach equilibrium
with a particular receptor subtype prior to restoration of
OR?2 perfusion and ACh pulse. The current signals were
sampled and filtered at 500 and 200 Hz, respectively.
The average peak amplitude of three control responses
preceding exposure to toxin was used to normalize the
amplitude of each test response to obtain ‘% response’
and recovery from the toxin application. All data were
represented as arithmetic mean + SD from measure-
ments of 3—5 oocytes for each subtype.

Results

Chemical synthesis of a-Qc1.2

We previously utilized the highly conserved features of
the a-conotoxin gene structure, i.e. the signal sequence,
the intron immediately preceding the toxin sequence
and the 3’-untranslated region, to design oligonucleotide
primers for PCR amplification of the «-conotoxin
coding region [10]. The analysis of the nucleic acid
sequences derived from DNA clones from C. quercinus
has revealed a novel a4/4-conotoxin Qcl.2, according to
the nomenclature convention of conopeptides [19].
Similar to other known a-conotoxins, Qcl.2 is proteoly-
tically processed from a 62-amino acid precursor to the
mature moiety of 14 amino acids located at the
C-terminus of the prepropeptide (Fig. 1).

To investigate functional properties of Qcl.2, the first
ad/4-conotoxin identified from a vermivorous Conus
species, the solid-phase synthesis strategy was under-
taken. The N-terminal glutamine residue of this predicted
14-residue peptide is supposed to be post-translationally
modified to pyroglutamate, as all glutamines at the
termini of Conus peptides so far have been found as
pyroglutamate after proteolysis, ie. «a4/4-PIB [9],
w-SmlIIIA, SIHIA, and PHIA [11]. It was assumed that
the disulfide connectivity of a-Qcl.2 (Cys2 to Cys8 and
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Figure 1 The cDNA sequence and predicted translation product of
Qcl.2 The signal sequence and mature toxin are in shadow. The
conserved Cys codons are in bold. The nucleotide sequence data is
available in the DDBJ/EMBL/GenBank databases under the accession
numbers DQ311067 and AY 580320 for Qcl.2.
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Figure 2 HPLC (A) and MS (B) analysis of the oxidative folding of Qc1.2 The major oxidation product, marked by the asterisk, was purified
and used for further characterization. In (A), Qcl.2 was loaded onto a PepMap C,g analytical column in 90% buffer A and eluted with a flow rate
of 0.5 ml/min using the following gradient: 0—5 min, 10—15% buffer B; 5-29 min, 15—-27% buffer B; 29-31 min, 27—100% buffer B. Buffer A,
0.1% TFA; buffer B, 0.1% TFA in 100% ACN. Absorbance was measured at 214 nm. MS measurement of the purified peptide was performed by
ESI-MS on a Q-trap mass spectrometer gave an average mass 1552.0 (calculated mass 1551.8).

Cys3 to Cys13) was the same as that of all previously
characterized natural a-conotoxins. Orthogonal protec-
tion of Cys groups was used to direct disulfide bond for-
mation in this globular configuration.

The final folded toxin was purified on semi-
preparative HPLC and the elution profile displayed two
peaks with the same molecular weight (Fig. 2). The
minor peak could not be eliminated by optimizing
the oxidation condition. Interestingly, re-load of either
the major or the minor peak could also obtain both two

each represents a distinct conformation in solution that
could transit from each other.

Effects of a-Qc1.2 on oocyte-expressed nAChR
subtypes

a-Qcl.2 was tested for effects on ACh-evoked currents
in Xenopus oocytes expressing the mouse fetal skeletal-
muscle and various rat neuronal nAChR subunit combi-
nations (Fig. 3). To our surprise, the positively charged
Qcl.2 weakly and reversibly inhibited recombinant

peaks in the same ratio (data not shown), suggesting that ~ «332 and «3B4 subunits, as it was previously
2 min OR2 2 min OR2 10 min Qe1.2 (10 uM) 2 min OR2 2 min OR2 2 min OR2
ACh (100 uM) S ACh(100uM) = ACh(100uM) = ACh (100 uM) = ACh (100 uM) = ACh (100 uM) + ACh (100 uM)
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Figure 3 Representative current traces for a-Qcl.2 at 10 pM on the rat a332 and a334 nAChRs, respectively Control traces are shown
prior to the application of peptide. The arrow marks the first current trace elicited after a 10-min application of peptide. Subsequent current traces

show peptide dissociation and washout.
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demonstrated that o-conotoxins specific for neuronal
subtypes of nAChRs are neutral or negatively charged,
whereas a-conotoxins that target muscle receptors have a
net positive charge (data not shown) [20]. Qcl.2 (1 uM)
had little effect on the mouse fetal muscle (a131yd), rat
neuronal a7 and a6/a332 nAChR subtypes. At 10 uM,
Qcl.2 blocked ~63% of the ACh-elicited currents in
a3B2 nAChR and ~37% of the ACh-elicited current of
a3B4 (Fig. 3), but exhibited no inhibition on other neur-
onal receptor subtypes tested (Fig. 4). The selectivity of
Qcl.2 on «3B2 and «3PB4 nAChRs over the a4p2
subtype (P < 0.01) indicated that the &3 nAChR subunit
had an important influence on the effects of Qcl.2.
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Figure 4 Qcl.2 is selective for rat neuronal a332 nAChR Each bar
indicates the average percent response ( + SD) after the application of
1 M or 10 pM Qcl.2 to Xenopus oocytes expressing a variety of
nAChRs. To determine the average percent response, the peptide was
tested against each receptor subtype on 3—5 oocytes. In contrast to the
low nanomolar affinity of other a-conotoxins for a certain nAChR
subtype, Qcl.2 demonstrated more than 10 wM ICs, values for most of
the receptors tested. *P < 0.01 vs. a4B2.

Discussion

Nowadays, the identification of novel conotoxin
sequences largely depends on the PCR-based strategies,
which include amplification of cDNAs from venom duct
or genomic DNA from other cone snail tissues.
Compared with conventional venom fractionation and
function-based assay, the molecular biology approach
advantages in not only economizing the required
amounts of tissue but also detecting lowly expressed
conopeptides [1]. Here, we describe the chemical
synthesis and functional characterization of the first
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ad/4-conotoxin identified from a vermivorous Conus
species, Qcl.2, obtained by molecular cloning.

Despite that the disulfide-constrained a-conotoxins are
considered to have rigid structures, the folded toxin
resides in two interconvertible conformations in solution
that could result from the cis-trans isomerization of the
two successive Pro residues in its first loop. Previous
results suggested that some a3/5-conotoxins also exhibit
asymmetric elution peaks on HPLC following oxidation,
and have two conformations in aqueous condition
[13,21-23], which differ in the second Cys loop and
peptide termini region [23]. It would be difficult to
determine which conformer is more favorable for peptide
activity on nAChRs. Thus, only the major-eluting peak
of the synthetic a-Qc1.2 was subjected to the subsequent
functional experiment.

The C-terminus of Qcl.2 is supposed in this work to
be the Arg residue with free carboxyl group, since this
Arg residue is not preceded by Gly, which is believed to
be the cleavage signal and amidation donor. However,
the cleavage of the single basic residue at the most
C-terminus has also been found in several cases [24].
The identification of natural Qcl.2 toxin would be
needed to clarify this point.

To date, only four a-conotoxins with the unusual 4/4
disulfide scaffold have been identified (Table 1). Except
for Qcl.2, the other three members are all from fish-
eating species, with two of which have been character-
ized [5,9]. The functional determination of a4/4-Qcl.2
indicated that it is an inhibitor of neuronal a3B2 and
o3B4 nAChRs, like a4/4-BulA. Because of the similarity
in the receptor recognition profile, Qc1.2 may also have a
‘pseudo w-shaped’ molecular topology and a two-turn
helix motif revealed in the high-resolution three-
dimensional structure of BulA [25], of which the second
helical turn portion might be critical for binding to the
a3 subunit of nAChRs. However, in contrast to the
strong antagonistic activity of BulA, Qcl.2 only exhib-
ited weak inhibitory action at a3B2 and o34 subtypes.
Qcl.2 may act synergistically with other functionally
related groups of peptides to block neurotransmission
for prey capture, predator defense, and competitor
deterrence.

Because the inhibitory activity found in functional
assays of Qcl.2 is at rat a32 and a334 nAChRs, these
receptors probably resemble a preferential target for both
prey capture of worm and defense against a diversity of
invertebrate and vertebrate predators. However, as it
could be the case that one toxin is more effective at a
particular predatory or defense target than another [1],
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the affinity and receptor subtype selectivity of Qcl.2
might vary widely among different species such as
molluscan, Torpedo, avian, or human nAChRs.

In conclusion, we described the physical-chemical and
functional characterization of «4/4-conotoxin Qcl.2, a
selective antagonist of mammalian neuronal a332 and
a3B4 nAChR subtypes with low potency. This toxin
molecule has a unique primary sequence with unusual
post-translational modification profile and has two inter-
convertible conformations in solution that could result
from the cis-trans isomerization of the two successive
Pro residues in its first cysteine loop. Qcl.2 is the first
bioactive peptide component investigated in C. querci-
nus, which opens up a possibility to detect more novel
ligands for nAChRs from this unique Conus species
inhabited in the South China Sea. Our study will provide
the basis for future exploration on the structure-function
relationship and acting mechanism of Qc1.2.
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