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The venoms of cone snails (genus Conus) are remarkably complex, consisting of hundreds of typically
short, disulfide-rich peptides termed conotoxins. These peptides have diverse pharmacological targets,
with injection of venom eliciting a range of physiological responses, including sedation, paralysis and
sensory overload. Most conotoxins target the prey’s nervous system but evidence of venom peptides tar-
geting neuroendocrine processes is emerging. Examples include vasopressin, RFamide neuropeptides and
recently also insulin. To investigate the diversity of hormone/neuropeptide-like molecules in the venoms

gfé’l:‘frﬁine_‘l of cone snails we systematically mined the venom gland transcriptomes of several cone snail species and
Elevenin examined secreted venom peptides in dissected and injected venom of the Australian cone snail Conus
Conotoxin victoriae. Using this approach we identified several novel hormone/neuropeptide-like toxins, including
Venom peptides similar to the bee brain hormone prohormone-4, the mollusc ganglia neuropeptide elevenin,
Neuropeptide and thyrostimulin, a member of the glycoprotein hormone family, and confirmed the presence of insulin.
Hormone We confirmed that at least two of these peptides are not only expressed in the venom gland but also form

part of the injected venom cocktail, unambiguously demonstrating their role in envenomation. Our find-
ings suggest that hormone/neuropeptide-like toxins are a diverse and integral part of the complex enven-
omation strategy of Conus. Exploration of this group of venom components offers an exciting new avenue
for the discovery of novel pharmacological tools and drug candidates, complementary to conotoxins.

© 2015 Elsevier Inc. All rights reserved.

porters. As such, conotoxins represent a rich source of valuable
pharmacological tools and drug candidates.

1. Introduction

Marine cone snails (genus Conus) are venomous. They use their
venoms for prey capture, self-defense and possibly intraspecific
competition (Dutertre et al., 2014; Olivera, 1999). Cone snail ven-
oms are remarkably complex cocktails containing hundreds of
small cysteine-rich peptide toxins (conotoxins) (Olivera et al.,
1990; Robinson and Norton, 2014). Many conotoxins have
unmatched potency and selectivity profiles for their respective tar-
gets, including specific subtypes of voltage- and ligand-gated ion
channels, G protein-coupled receptors and neurotransmitter trans-

Abbreviations: MeCN, acetonitrile; MS, mass spectrometry; TFA, trifluoroacetic
acid.
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Conotoxins are produced in a specialized venom gland, where
they are translated as precursor peptides. As a general rule, cono-
toxin precursor peptides are comprised of an N-terminal signal
sequence for targeting to the cellular secretory pathway, an inter-
mediate pro-region that plays a role in vesicular transport
(Conticello et al, 2003), post-translational modification
(Bandyopadhyay et al., 1998) and folding (Buczek et al., 2004)
and is presumably cleaved following secretion, and a single copy
of the mature toxin peptide at the C-terminus. In many ways this
process mirrors the production of endogenous hormones/
neuropeptides.

While conotoxins are the major, and by far the most studied,
constituent of Conus venom, several cases of hormone/
neuropeptide-like components have been reported (Table 1).
Examples include the conopressins (vasopressin analogues) from
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Table 1

Hormones/neuropeptides identified in Conus venoms.”

S.D. Robinson et al./General and Comparative Endocrinology xxx (2015) XXx—xXX

Conopressins
Conopressin-S
Conopressin-G
Conopressin-Vil
Conopressin-T

Contulakin-G

Conorfamides
CNF-Sr1
CNF-Sr2
CNF-Vc1

Conomap-Vt
ConoCAP-a
Neuropeptide-F/Y

CIIRNCPRG" Cruz et al., 1987
CFIRNCPKG Cruz et al., 1987
CLIQDCPYG Moller and Mari (2007)
CYIQNCLRV Dutertre et al. (2008)
ZSEEGGSNATKKPYIL Craig et al., 1999
GPMGWVPVFYRF Maillo et al., 2002
GPMYDPLYIIRI Aguilar et al. (2008)
HSGFLLAWSGPRNRFVRF Robinson et al., 2015
AfVKGSAQRVAHGY Dutertre et al., 2006
PFCNSFGCYN Moller et al., 2010

TVSDPPARPAVFHSREELMNYVRELNRYFAIVGRPRF

Wau et al. (2010)

TVSDPPARPAVFHSREELMNYVRELNLYFAIVGRPRY Wau et al. (2010)
Insulin
Con-Ins G1 A-chain GVVYHCCHRPCSNAEFKKYC Safavi-Hemami et al. (2015)
B-chain TFDTOKHRCGSYITNSYMDLCYR
Elevenin-Vc1 RRIDCKVFVFAPICRGVAA This study
PH4-Vc1 IGFPGFSTPPR This study

# Only those confirmed, in their entirety, at the peptide level are shown.

“ C-terminal amidation, y; gamma-carboxyglutamate, Z; pyroglutamic acid, T; O-glycosylated threonine, f; D-phenylalanine, O; hydroxyproline, cysteines are bolded.

Conus geographus and Conus striatus (Cruz et al., 1987), contulakin-
G (a neurotensin analogue) from C. geographus (Craig et al., 1999),
RFamide neuropeptides from Conus spurius and Conus victoriae
(Maillo et al., 2002; Robinson et al., 2015), conomap (a myoactive
tetradecapeptide) from Conus vitulinus (Dutertre et al., 2006), cono-
CAPs (analogues of crustacean cardioactive peptide) from Conus
villepinii (Moller et al.,, 2010) and neuropeptide-F/Y from Conus
betulinus (Wu et al., 2010). Furthermore, we recently demonstrated
that specialized insulins are an abundant and active component of
some Conus venoms (Safavi-Hemami et al., 2015). When injected
into fish, the venom insulin elicits hypoglycemic shock, thus facil-
itating capture of the physiologically impaired prey. It is thus
becoming clear that Conus venoms are not limited to conotoxins
targeting neuronal ion channels, but that other fascinating strate-
gies are also being employed.

To systematically explore the full extent of hormone/
neuropeptide-like venom components expressed, secreted and
ultimately injected into the prey by cone snails, we used a com-
bined transcriptomics/proteomics-based strategy (mass spectrom-
etry (MS)-matching) on the extruded as well as the injected venom
(venom collected from live snails during an envenomation event)
of C. victoriae, a mollusc-hunting species endemic to the coast of
north-western Australia. This combined approach led to the iden-
tification of several novel peptides that share high similarity with
endogenous hormones/neuropeptides from other organisms. Fur-
thermore, interrogation of venom gland transcriptomic data from
additional cone snail species revealed that these peptides are
widely distributed in the genus Conus.

2. Materials and methods
2.1. Venom gland transcriptome

Specimens of C. victoriae were collected from Broome, Western
Australia. Specimens were collected specifically for research use,
under a commercial fishing license of the Western Australian Spec-
imen Shell Managed Fishery (license number 2577). Ethics
approval is not required, in Australia, for taking samples from
Conus.

Preparation of the venom gland transcriptome of C. victoriae has
been described previously (Robinson et al., 2014). Briefly, whole

venom glands of live specimens were removed, snap-frozen in liq-
uid nitrogen and stored at —80 °C. Frozen venom glands were pul-
verized and homogenized prior to extraction of total RNA with
Trizol (Invitrogen, Life Technologies). cDNA library preparation,
normalization and 454 sequencing were performed by Eurofins,
MWG Operon (Budendorf, GER). De novo transcriptome assembly
was performed using MIRA3 (Chevreux et al., 2004) and annotated
using BLAST+ (version 2.2.27+) (Altschul et al., 1990; Camacho
et al., 2009).

The venom gland transcriptomes of Conus marmoreus, C. geogra-
phus, C. bullatus, Conus tessulatus, Conus varius and Conus virgo were
sequenced on an Illumina HiSEq. 2000 platform at Cofactor Geno-
mics as described previously (Safavi-Hemami et al., 2015). Reads
were de novo assembled using Trinity (Grabherr et al., 2011) and
annotated using BLASTx.

2.2. Venom extraction & preparation

Extruded venom samples were obtained by manually squeezing
freshly dissected C. victoriae venom glands, then snap-frozen in lig-
uid nitrogen and stored at —80 °C. Extruded venom (from several
specimens) was reconstituted in 0.1% trifluoroacetic acid (TFA),
pooled and homogenized using a glass Dounce tissue grinder.
Insoluble material was pelleted by centrifugation, supernatant col-
lected and lyophilized. Pellets were resuspended in 0.1% TFA/20%
acetonitrile (MeCN), centrifuged, supernatant collected and lyophi-
lized. This process was repeated with 40% and 60% MeCN. Lyophi-
lized venom was resuspended in 2% MeCN, 0.1% TFA and pooled.
Protein concentration was determined using a Bradford assay with
ovalbumin as the standard. An aliquot of the venom was reduced in
20 mM tris(2-carboxyethyl)phosphine (pH 8) for 30 min at 60 °C,
then alkylated by incubating in 40 mM iodoacetamide for 30 min.
An aliquot of reduced and alkylated venom was further processed
by tryptic digestion, essentially according to the manufacturer’s
instructions (Sigma-Aldrich, St. Louis, MO, USA), with an incuba-
tion time of 4 h at 37 °C.

Lyophilized injected venom of C. victoriae was purchased from
BioConus (www.bioconus.com). These specimens were also
sourced from Broome, Western Australia and maintained in captiv-
ity where injected venom was collected using a procedure adapted
from Hopkins et al. (1995). The injected venom samples were
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