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Abstract: Animal venoms are a rich source of pharmacological compounds with ecological and
evolutionary significance, as well as with therapeutic and biotechnological potentials. Among
the most promising venomous animals, cone snails produce potent neurotoxic venom to facilitate
prey capture and defend against aggressors. Conus striatus, one of the largest piscivorous species,
is widely distributed, from east African coasts to remote Polynesian Islands. In this study, we
investigated potential intraspecific differences in venom composition between distinct geographical
populations from Mayotte Island (Indian Ocean) and Australia (Pacific Ocean). Significant variations
were noted among the most abundant components, namely the kA-conotoxins, which contain three
disulfide bridges and complex glycosylations. The amino acid sequence of a novel kA-conotoxin
SIVC, including its N-terminal acetylated variant, was deciphered using tandem mass spectrometry
(MS/MS). In addition, the glycosylation pattern was found to be consisting of two HexNAc and four
Hex for the Mayotte population, which diverge from the previously characterized two HexNAc and
three Hex combinations for this species, collected elsewhere. Whereas the biological and ecological
roles of these modifications remain to be investigated, population-specific glycosylation patterns
provide, for the first time, a new level of intraspecific variations in cone snail venoms.

Keywords: Conus striatus; conotoxin; glycosylation; mass spectrometry

Key Contribution: This work provides the first evidence of population-specific glycosylation patterns
in kA-conotoxins.

1. Introduction

Cones are predatory marine molluscs that produce potent venom to subdue prey and
deter predators [1]. These venoms are a mixture of a wide variety of conotoxins, which
are small peptides (9 to >50 amino acids) often constrained by disulfide bridges [2]. Due
to their diversity and specificity, conotoxins are of particular ecological and evolutionary
significance and show great promise as drug candidates [3]. Indeed, they often target,
with high affinity and high selectivity, a myriad of membrane proteins, including ion
channels, GPCRs and transporters [4]. One such conopeptide is a marketed analgesic
drug (Ziconotide) and many others have been investigated for the treatment of various
disorders, such as schizophrenia, epilepsy, neuromuscular and cardiovascular disorders [5].
The structural diversity of these conopeptides has enabled the development of specialized
databases and bioinformatics tools, such as ConoServer, in which the sequences of genes
and peptides can be categorized and analyzed [6].

Cone snails have developed various prey-capture methods, depending on their diet.
The striated cone, Conus striatus, is one of the largest species of fish hunters in the genus
Conus, which is found throughout the Indo-Pacific region from the Hawaiian Islands to
the East African coast. To catch their prey, the piscivorous Pionoconus such as C. striatus
project an extensible proboscis at the end of which is located the radula, a sharp harpoon-
like tooth filled with venom (Figure 1). The injection of venom induces characteristic
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violent muscle spasms in fish prey, leading to immediate paralysis. This is believed to be
achieved by the concerted action of toxins that target the ion channels and receptors in
the peripheral nervous system, although the exact mode of action remains controversial.
Indeed, a combination of potassium channel blockers and sodium channel activators were
originally suggested to explain the observed spastic paralysis [7]. However, the injection of
such a combination of conotoxins in the piscivorous cones of the Pionoconus clade seem
to be rather unusual, if they occur at all. Rather than being a result of the combination of
distinct potassium blockers and sodium channel activators, the spastic paralysis induced by
the venom of C. striatus is due solely to the presence of the neuroexcitatory kA-conotoxins.
Indeed, when kA-conotoxins SIVA and SIVB were purified and injected in fish, these
conotoxins alone induce tetanic paralysis, recapping the effect of the whole venom [8,9]. To
date, and although being the major toxin used for fish predation, the molecular targets and
mechanism of action of these kA-conotoxins have not been elucidated.

Figure 1. Geographic localisation of the different populations of Conus striatus used in this study (top
left panel). Comparison of the shells of specimens from Australia (top) and Mayotte (bottom left
panel). The spire appears lower in specimens from Mayotte, as well as having a higher shoulder. A
3D rendered model of the radula tooth of C. striatus (right panel). Vertical bar indicates 1 mm.

Gene-encoded conopeptides are translated from mRNA into protein precursors, which
undergo a step-by-step maturation process, during which a signal sequence and a pro-
region are cleaved from the mature peptide region. Being amenable to high-throughput
sequencing, transcriptomics of the venom gland has revolutionized the field, providing an
exhaustive catalogue of all conotoxin sequences in one single experiment [3]. However, in
addition to disulfide bonds, the presence of other post-translational modifications (PTMs),
such as hydroxylation, N-terminal pyroglutamic acid, C-terminal amidation, bromina-
tion or O-glycosylation, can only be detected through mass spectrometry methods [10].
Some of these post-translational modifications may confer structural stability, enzymatic
resistance and biological specificity to conotoxins. For instance, SIVA conotoxin from C.
striatus (ZKSLVPSVITTCCGYDOGTMCOOCRCTNSC-NHj;) contains pyroglutamylation
(Z), glycosylation of a serine (S), hydroxylation of prolines (O) and C-terminus amida-
tion [8,10]. The determination of the peptide sequence using tandem mass spectrometry,
such as collision-induced dissociation (CID) or electron transfer dissociation (ETD), is called
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de novo sequencing [11]. CID leads to the formation of a, b ions, corresponding to the
C-terminus, and y ions corresponding to the N-terminus. The identification of the fragment
ions series allows the reconstruction of the peptide sequence and to identify the PTM due
to mass differences [11]. Some PTM, such as phosphorylation or glycosylation, are labile
and are therefore dissociated before the peptide backbone, preventing the determination
of the position of the PTM [12]. However, the fragmentation of the glycosylation allows
the determination of its composition and the sugar sequence [13]. On the other hand,
ETD form c ions at the C-terminus and z ions at the N-terminus, and do not fragment
the labile PTM, allowing the determination of their position. The combination of those
two complementary techniques allows the determination of the peptide sequence along
with the type and location of PTM [12,14,15].

In this work, we aimed to decipher the intraspecific venom variations between geo-
graphically distant specimens of Pionoconus striatus from Mayotte Island (Indian Ocean)
and Australia (Pacific Ocean). Consequently, we report on the de novo sequencing and
glycosylation pattern determination of novel and population-specific K A-conotoxin SIVC,
isolated from the predatory venom.

2. Results
2.1. RP-HPLC of Predatory C. striatus Venoms

For several months, the predatory venom was collected every week from captive
specimens in Australia and Mayotte. Freeze-dried samples (5 mg) were separated using
RP-HPLC, and 1 min fractions were automatically collected in 2 mL 96 well plates. Both
populations produce a comparable and moderately complex venom (Figure 2). Most
components eluted between 5 and 55 min, with the dominant peak for each population
corresponding to the kA-conotoxins.

KkA-conotoxins

= Australia
— Mayotte

2000+

1000+

Absorbance (214 nm) mAU

0=

Time (min)

Figure 2. RP-HPLC traces (UV 214 nm) of pooled predatory venom from C. striatus collected in
Australia and Mayotte. Although they largely overlap, the traces show marked differences, in
particular around the kA-conotoxins elution time.

2.2. Mass Spectrometry Analysis of Venom Fractions

The protonated peptides were observed for the Mayotte fraction 20 at m/z 1997.8
(2+), 1332.2 (3+) and 999.4 (4+), and for the fraction 21 at m/z 2018.8 (2+), 1346.2 (3+)
and 1009.9 (4+), leading to a monoisotopic neutral mass of 3993.6 Da for the fraction 20,
and 4035.6 Da for the fraction 21 (Figure 3). The mass difference of 42 Da between the
two fractions could correspond to an acetylation of the peptide. None of the peptide masses
correspond to the SIVA conotoxin (4079.6 Da), which is usually found in C. striatus [8], but
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it was observed in the venom extracted from Australian cone snails in the fraction 21 at m/z
1360.9 (3+) and 1020.9 (4+), leading to a monoisotopic neutral mass of 4079.6 Da (Figure 3, top).
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Figure 3. Mass spectra of the fraction 21 from Australia (AUS F21, top) and fractions 20 and 21 from
Mayotte (MAY F20, middle and MAY F21, bottom, respectively) of the Conus striatus crude venom.
The peptides mainly appear protonated with two to four charges, with the monoisotopic m/z noted
on the spectra. The peaks to the right of the protonated ones are sodium and potassium adducts.

2.3. Peptide Glycosylation Investigation

Given that the monoisotopic masses found in the Mayotte venom fractions do not
correspond to the known C. striatus peptides, the difference may arise from a divergent
amino acid sequence and/or glycosylation pattern. Therefore, we first investigated the
presence of glycosylation on the peptides from fractions 20 and 21 by CID. As mentioned
in the introduction, the fragmentation of the glycosylation occurs before the fragmentation
of the peptide, allowing us to determine the composition and the sequence of the sugar
moiety. The fragmentation of the 3+ peptide at m/z 1332 and 1346 for the fractions 20 and
21, respectively, leads to the loss of hexose (Hex) and N-Acetyl Hexose (HexNAc) sugars
(see in Figure 4 and in the full spectra in Figure S1). The loss of Hex (162 Da) and HexNAc
(203 Da) gives a m/z difference of 54 and 67.7, respectively, for 3+ fragments and a m/z
difference of 81 and 101.5 for 2+ fragments.
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Figure 4. MSMS (CID) spectra of the 3+ charged peptide from the fractions 20 (1/z 1332, top) and
21 (m/z 1346, bottom) from the C. striatus crude venom zoomed on the 3+ fragments area. The
fragments marked with * correspond to a loss of water (18 Da) from the adjacent fragment ion.
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As highlighted in Figure 4, the fragmentation leads to the loss of 4 Hex and 2 HexNAc
sugars, and is similar for both fractions, showing that the 42 Da difference is linked to the
peptide part and not the glycosylation. The presence of the fragments with low intensity,
at m/z 1102.5 and 1156.5 for the fraction 20, and at m/z 1116.5 and 1170.5 for fraction 21,
could correspond to a branch in the glycosylation sequence. The fragments marked with an
asterisk correspond to a loss of water (18 Da) from the adjacent fragment ion and can arise
from the glycosylation [16] or the peptide [17]. Compared to SIVA, whose glycosylation
is HexgHexNAc; (892.3 Da) [8,13], the glycosylation contains one more hexose leading to
HexsHexNAc; (1054.4 Da). Therefore, the peptide neutral mass is 2939.30 Da for the fraction
20 and 2981.28 Da for the fraction 21. As the peptide masses do not correspond to any
known conotoxin listed in the conoserver [6], the next step towards the identification of the
conotoxins is the fragmentation of the peptide to obtain amino acid sequence information.

2.4. De Novo Peptide Sequencing

The A-superfamily of conotoxins, to which the SIVA conotoxins belongs to, is char-
acterized by the presence of disulfide bridges with cysteine patterns characteristic of
subclasses [18,19]. Therefore, the peptides were reduced using TCEP to obtain information
concerning the number of disulfide bridges and to increase the sequence coverage [20].

The comparison between the MS spectra of native and reduced peptides (Figure S2)
shows a mass difference of 6 Da, corresponding to three disulfide bonds, as observed in the
SIVA conotoxin [8].

The fragmentation of peptide by CID usually leads to a, b and y ions. The a ions are
formed by the neutral loss of CO (28 Da) from the b ions, and allows us to differentiate the
b and y sequences in the MS spectra (Figure 5 and Figure S3).
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Figure 5. MSMS (CID) spectra of the 3+ reduced peptide from the fractions 20 (11/z 1334, top) and
21 (m/z 1348, bottom) from the C. striatus crude venom. The a ions are labelled in green, the b ions
in blue and the y ions in red. Lxx corresponds to either leucine or isoleucine, O corresponds to
(3 or 4)-hydroxyproline and C(NH,) is the C-terminal amidated cysteine. The order of the amino
acids in parenthesis was not determined due to the lack of the intermediate fragments. Some b and y
ions are not highlighted due to their low intensity.
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As shown in Figure 5 and Figure S3, the a/b ions and y ions sequences were deter-
mined for both fractions. The comparison between the two spectra shows that the a and b
ions are shifted by 42 Da for the fraction 21, while the y ions have the same mass, indicating
that they have the same sequence; however, in the fraction 21, the peptide is acetylated at
the N-terminus. The composition of the peptide was deciphered and shown to contain 29
residues, but the order of some amino acids could not be determined due to the lack of inter-
mediate fragments: (acetyl)-AOALxxVVTATTNCCGYTG(AO)CH(LxxCO)CTQTC(NH,),
C corresponding to cysteine forming disulfide bridge, Lxx to either leucine or isoleucine
and O to 3- or 4-hydroxyproline.

To unambiguously determine the complete sequence, the peptides were digested by «-
chymotrypsin, which hydrolyses on the C-terminal side of tyrosine (in position 15) [21,22],
leading to two smaller peptides. The peptide AOALxxVVTATTNCCGY (Figure S4, m/z
1277.5 and 1299.5 for the fractions 20 and 21, respectively) is glycosylated, showing that
the glycosylation is located either on T7, T9 and/or T10. The fragmentation of the pep-
tide TG(AO)CH(LxxCO)CTQTC(NH,) (m/z 733.3, Figure S5) allows us to determine the
complete peptide sequence of this novel kA-conotoxin, that we named SIVC (Figure S5):
(acetyl)-AOALxxVVTATTNCCGYTGOACHOCLxxCTQTC(NH,;). The cysteine pattern
corresponds to the kA-conotoxins family (-CC(X4_7)C(X2)CXC(X3)C-) [18,19].

In Figure 6, we compared the sequence of SIVC with two other conotoxins containing
similarities [6]; MIVA from Conus magus was found to have both T7 and T9 glycosylated,
contributing to a 1053.6 Da higher mass than the predicted peptide [18]. Where the com-
position of the sugars was not determined, it may be identical to SIVC based on the mass
of the sugar moiety. The closest sequence to SIVC was Ac4.2, from Conus achatinus (90%
identity), the sequence for which was obtained only at the nucleic acid level, and thus
lacked PTMs [6,23]. Next, we determined the location of the glycosylation site(s).

APWMVVTATTNCCGYTGPA-CHPCLCTQSC
AOALVVTATTNCCGY TGOA-CHOCLCTQTC (NHZ2)
AOXLVVTATTNCCGYNOMTICOOCMCTYSCOOKRKO (NHZ2)

Figure 6. Comparison of the peptide sequence determined in this study (SIVCfrom
Mayotte fraction 20) and two other sequences having similarities. Identical amino acids are high-
lighted in yellow, ambiguous leucines are highlighted in red as they were not confirmed, and glyco-
sylated threonine residues are highlighted in green (see next section for the location of glycosylation
sites in SIVC). “X” indicates a gamma-carboxyglutamate.

2.5. Glycosylation Site Determination

As mentioned in the introduction, CID fragments the glycosylation before the peptide,
and is thus unable to give information on the glycosylation position. However, ETD frag-
ments the peptide while keeping the glycosylation intact. The results of ETD fragmentation
can be found in the supporting information (Figure 56) and show that the glycosylations are
located on T7 and T9, each with a glycosylation mass of 527.19 Da that can only correspond
to Hex,HexNAc. It was not possible to determine the exact sequence for each glycosylation
site, but we expect similar sequences as they both have the same composition. Moreover,
the sugar linked on the threonine is necessarily a HexNAc [13] and it is not possible to
distinguish linear from branched sugar by CID as they present the same fragments.

3. Discussion

The fish-hunting cone snails have certainly evolved one of the most fascinating prey-
capture strategies nature has to offer, as it provides one of the rare examples of an inverte-
brate predator capable of overpowering a vertebrate prey. To achieve this remarkable feat,
the piscivorous gastropods from the Pionoconus clade rely on an extremely potent neuro-
toxic venom that produces immediate immobilization of the prey upon injection [24]. This
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prey-capture strategy has been nicknamed “hook-and-line” and requires the injection of
“lightning-strike cabals”, where a combination of different conotoxin types would produce
this electrocution-like effect, hence also the “taser-and-tether” name for this strategy [25].
Originally described in the Atlantic Chelyconus clade, it was hypothesized that two phar-
macologically distinct conotoxin classes were necessary to elicit the potent neuroexcitatory
effect: a potassium channel blocker and a sodium channel activator [7]. An investigation
of the predatory venom of both Chelyconus species C. ermineus and C. purpurascens later
showed dramatic variations in the cocktail of conotoxin injected, with, at times, a complete
absence of one or the other “required” conotoxin class, suggesting that “one strategy fits
all” does not apply in the case of hook-and-line piscivorous cone snails [26,27].

In the Pionoconus clade, C. striatus is the largest and most recognizable species. Its
venom has been investigated for the past 60 years and many conotoxins have been identified
and characterized from its venom duct extracts. These include the x-conotoxins SI, STA
and SII, the p-conotoxins SIITA and SIIIB, the §-conotoxins SVIA-SVIE, con-ikot-ikot and
conkunitzin-S1, but also non-disulfide rich peptides such as contryphan-S and conopressin-
S. Yet, the major venom component responsible for the immediate spastic paralysis of the
fish upon injection are the kA-conotoxins. Indeed, injection of the purified kA-conotoxins
SIVA or SIVB recapitulate the observed tetanic effect in fish [8,9]. Quite remarkably, despite
being the major ichthyotoxic component, the molecular target remains controversial and its
mode of action unknown.

The kA-conotoxins belong to the A-superfamily of conotoxins, together with the
shorter x-conotoxins that block the nicotinic acetylcholine receptors. Sequencing of cDNA
libraries from several Pionoconus species yielded a large number of kA-conotoxins, and this
diversification is consistent with their critical ecological importance [18]. With the exception
of SIVA and SIVB, CcTx from Pionoconus consors is the best characterized kA-conotoxin.
This 30 amino acid-long peptide was found to produce marked contraction and extension
of the fins in fish, as well as spontaneous contractions of isolated frog neuromuscular
preparations [28]. CcTx possesses the same glycosylation pattern as SIVA and SIVB, and
it is the only member of this family for which a complete three-dimensional structure is
available, including the sugar moiety [29]. This study determined the exact branching and
nature of the sugars, and quite remarkably, identified two terminal L-galactose units, in
addition to a D-galactose, a N-acetyl-D-galactosamine and a N-acetyl-D-glucosamine. The
presence of these unexpected L-configured sugars at the terminal extremity explain why it
was impossible to remove the glycosylation using conventional D-galactosidases. It also
suggests a possible role for the glycosylation in conotoxins, namely the increased stability
and resistance to the catabolism of the O-glycan in prey devoid of L-galactosidases.

Here, we describe a novel kA-conotoxin SIVC and its N-acetylated variant from
specimens collected in the West Indian Ocean (Mayotte), which differ from previously
characterized SIVA and SIVB at the amino acid sequence level and in terms of glycosylation
composition. Indeed, in SIVC, the glycosylation was found to consist of HexsHexNAc;
(1054.4 Da), as opposed to HexzsHexNAc; (892.3 Da) in SIVA, SIVB or CcTx. Furthermore,
we determined that the glycosylation is not monosite, as in SIVA (on S7), but rather, is
located at two sites (T7 and T9). In this regard, SIVC more closely resembles MIVA from
Pionoconus magus [18]. The impact of the glycosylation pattern on the structure, stability
and biological activity of kK A-conotoxins remains to be investigated. Similarly, the role of
the N-acetylation is mostly unknown, as it has seldom been studied. For the w-conotoxin
GVIA, N-acetylation was found to significantly (16-fold) reduce the binding affinity [30],
whereas it produced only modest changes in affinity (2- to 3-fold) for an o-conotoxin [31].

Quite remarkably, this particular kA-conotoxin SIVC was specific to a population of
Pionoconus striatus from Mayotte, as it completely replaced the well-known SIVA and SIVB
found in the venom of Australian specimens. One could wonder if this could suggest a
process of speciation at work, or the presence of a local sub-species (sometimes referred as
“Pionoconus striatus subsp. juliaallaryae”). However, the complete repertoire of conotoxins
expressed in the venom gland of Australian specimens of Pionoconus striatus was recently
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revealed using a combination of transcriptomic and proteomic methods [32]. Interestingly,
the sequence corresponding to SIVC was found in the transcriptome (named STR18)
but seems not to be expressed at the proteomic level (only detected very weakly in the
gland extracts of one out of three specimens investigated, but not in the injected venom).
This instead suggests that local environment may trigger the expression of some gene
and suppress others in response to specific pressures (i.e., different habitats, prey types,
predators). Future studies should investigate this hypothesis, including a transcriptomic
analysis of specimens from Mayotte to demonstrate the presence (or not) of the SIVA and
SIVB conotoxins.

4. Conclusions

In this study, we have fully de novo sequenced a novel kA-conotoxin from the preda-
tory venom of Pionoconus striatus specimens collected from Mayotte Island. Surprisingly,
this kA-conotoxin SIVC was unique to this population (Indian Ocean), and not detected in
the predatory venom of Australian specimens. In addition to its novel peptide sequence,
the glycosylation was analyzed, and it differs significantly from previously character-
ized kA-conotoxins from this species. Indeed, the glycosylation was found to consist of
2x(HexoHexNAc) as opposed to HexzHexNAc; identified in SIVA and SIVB. Given that
kA-conotoxins of the Pionoconus clade are the major venom component injected for prey cap-
ture, being responsible for the rapid spastic paralysis of fish, future studies are needed to in-
vestigate the role of the glycosylation pattern on the biological activity of these conotoxins.

5. Materials and Methods
5.1. Materials

Optima LC/MS water and acetonitrile (ACN) were obtained from Fisher Chemical
(Illkirch, France). Formic acid (FA), Tris(2-carboxyethyl)phosphine (TCEP), 4-nitrotoluene
and o-chymotrypsin from bovine pancreas were obtained from Sigma-Aldrich (Saint-Louis,
MO, USA).

5.2. Venom Extraction and HPLC Fractionation

Several adult specimens, collected from Mayotte and Australia, were kept in captivity
and regularly milked for their predatory venom. Pooled samples from each geographic
location were then fractioned by High Performance Liquid Chromatography, operated on
an UltiMate® 3000 Standard LC system (ThermoFisher Scientific, Waltham, MA, USA).
First, crude venom was loaded onto a C;g reversed-phase (RP) HPLC column Luna Omega
PS Cyg, 250 mm x 4.6 mm, 5 pm (Phenomenex, Torrance, CA, USA) and separated using a
linear gradient water/acetonitrile (ACN) in 0.1% formic acid. Components were eluted at
a flow rate of 1 mL/min and 1-min fractions were automatically collected in a 2 mL 96-well
plate with the following gradient: 0-80% of ACN over 80 min for a total run of 105 min, at
40 °C. Venom fractions of interest were freeze-dried and resolubilized in 200 uL of pure water.

5.3. Sample Preparation

For mass spectrometry analyses, the kA-conotoxin-containing solutions were diluted
100 times in HyO/ACN/FA (90/10/0.1). The reduced samples were obtained by adding
TCEP at 0.25 mM final concentration. The solutions were incubated 15 min at 56 °C. The
samples were then directly injected.

5.4. Digestion

A solution of a-chymotrypsin at 1 mg/mL was prepared in 50 mM acetic acid. The
solution was then diluted to 0.01 mg/mL in 50 mM ammonium bicarbonate. The peptides
were first reduced by mixing 10 uL of peptide stock solution with 1 uL of 50 mM TCEP,
incubated 15 min at 56 °C. After the reduction, 20 pL of x-chymotrypsin 0.01 mg/mL was
added and incubated 7 h at 37 °C. The digestion was stopped by adding 1 puL of FA, then
diluted by adding 20 puL of ACN and 148 pL of water.
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5.5. Mass Spectrometry

Electrospray ionization mass spectrometry experiments were performed on a Waters
Synapt G2-S (Waters Coproration, Milford, MA, USA). The solutions were infused at a
flow rate of 2 puL/min with an automatic injector (Harvard Apparatus, Holliston, MA,
USA). The capillary voltage was set to 2 kV, and the source and desolvation temperature
to 80 °C and 120 °C, respectively. Collision-induced dissociation (CID) was performed
with Argon as collision gas and electron transfer dissociation (ETD) with para-nitrotoluene
as the reagent. CID collision energy was optimized depending on the charge state and
the type of fragmentation investigated (around 20 V for the glycosylation and between
40 and 60 V for the peptide). For ETD experiments, the discharge current was set to 50 uA,
the makeup gas flow to 90 mL/min and the trap RF offset voltage to 425 V with a refill
time was 0.2 s. Trap wave height was set to values between 0.15 and 0.3 to optimize
the fragmentation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxins14110799/s1, Figure S1: MSMS spectra of glycosylated
peptides; Figure S2: MS spectra of reduced peptides; Figure S3: CID peptide sequencing; Figure S4;
MS spectra of digested peptides; Figure S5: CID sequencing of digested peptides; Figure S6: ETD
sequencing of digested peptides; Table S1: m/z values of sugar losses.

Author Contributions: Conceptualization, C.B. and S.D.; formal analysis, G.C., F.S. and C.B.; re-
sources, S.D.; writing—original draft preparation, ES. and S.D.; writing—review and editing, ES.,
C.B. and S.D,; funding acquisition, C.B. and S.D. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the CNRS Défi X-life “branches méconnues du vivants” (to
S.D.) and ANR-21-CE29-0002-01 (to C.B. and ES.).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge the Parc Naturel Marin de Mayotte and the
Office Francais de la Biodiversité for their logistic support during the fieltrips in Mayotte. We also
thank Vincent Creuze for his help in collecting the specimens and Valentin Dutertre for milking the
specimens used in this study, as well as for creating the 3D model of the radula of Pionoconus striatus.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Dutertre, S.; Jin, A.-H.; Vetter, I.; Hamilton, B.; Sunagar, K.; Lavergne, V.; Dutertre, V.; Fry, B.G.; Antunes, A.; Venter, D.J.; et al.
Evolution of Separate Predation- and Defence-Evoked Venoms in Carnivorous Cone Snails. Nat. Commun. 2014, 5, 3521.
[CrossRef] [PubMed]

Jin, A.-H.; Muttenthaler, M.; Dutertre, S.; Himaya, S.W.A.; Kaas, Q.; Craik, D.J.; Lewis, R.].; Alewood, P.E. Conotoxins: Chemistry
and Biology. Chem. Rev. 2019, 119, 11510-11549. [CrossRef]

Prashanth, ].R.; Brust, A,; Jin, A.-H.; Alewood, PF,; Dutertre, S.; Lewis, R.J. Cone Snail Venomics: From Novel Biology to Novel
Therapeutics. Futur. Med. Chem. 2014, 6, 1659-1675. [CrossRef] [PubMed]

Lewis, R].; Dutertre, S.; Vetter, I.; Christie, M.J. Conus Venom Peptide Pharmacology. Pharmacol. Rev. 2012, 64, 259-298. [CrossRef]
[PubMed]

Gao, B.; Peng, C.; Yang, J.; Yi, Y.; Zhang, ].; Shi, Q. Cone Snails: A Big Store of Conotoxins for Novel Drug Discovery. Toxins 2017,
9, 397. [CrossRef]

Kaas, Q.; Yu, R; Jin, A.-H.; Dutertre, S.; Craik, D.J. ConoServer: Updated Content, Knowledge, and Discovery Tools in the
Conopeptide Database. Nucleic Acids Res. 2012, 40, D325-D330. [CrossRef]

Terlau, H.; Shon, K.-J; Grilley, M.; Stocker, M.; Stithmer, W.; Olivera, B.M. Strategy for Rapid Immobilization of Prey by a
Fish-Hunting Marine Snail. Nature 1996, 381, 148-151. [CrossRef]

Craig, A.G.; Zafaralla, G.; Cruz, L.J.; Santos, A.D.; Hillyard, D.R.; Dykert, J.; Rivier, ].E.; Gray, W.R.; Imperial, J.; DelaCruz, R.G;
et al. An O-Glycosylated Neuroexcitatory Conus Peptide. Biochemistry 1998, 37, 16019-16025. [CrossRef]


https://www.mdpi.com/article/10.3390/toxins14110799/s1
https://www.mdpi.com/article/10.3390/toxins14110799/s1
http://doi.org/10.1038/ncomms4521
http://www.ncbi.nlm.nih.gov/pubmed/24662800
http://doi.org/10.1021/acs.chemrev.9b00207
http://doi.org/10.4155/fmc.14.99
http://www.ncbi.nlm.nih.gov/pubmed/25406006
http://doi.org/10.1124/pr.111.005322
http://www.ncbi.nlm.nih.gov/pubmed/22407615
http://doi.org/10.3390/toxins9120397
http://doi.org/10.1093/nar/gkr886
http://doi.org/10.1038/381148a0
http://doi.org/10.1021/bi981690a

Toxins 2022, 14, 799 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

Kelley, W.P,; Schulz, J.R.; Jakubowski, J.A.; Gilly, W.F.; Sweedler, ].V. Two Toxins from Conus Striatus That Individually Induce
Tetanic Paralysis. Biochemistry 2006, 45, 14212-14222. [CrossRef]

Jakubowski, J.A.; Kelley, W.P.; Sweedler, J.V. Screening for Post-Translational Modifications in Conotoxins Using Liquid Chro-
matography/Mass Spectrometry: An Important Component of Conotoxin Discovery. Toxicon 2006, 47, 688-699. [CrossRef]
Medzihradszky, K.F.; Chalkley, R.J. Lessons in de Novo Peptide Sequencing by Tandem Mass Spectrometry. Mass Spectrom. Rev.
2015, 34, 43-63. [CrossRef] [PubMed]

Mikesh, L.M.; Ueberheide, B.; Chi, A.; Coon, ].J.; Syka, ].E.P.; Shabanowitz, J.; Hunt, D.E. The Utility of ETD Mass Spectrometry in
Proteomic Analysis. Biochim. Biophys. Acta-Proteins Proteom. 2006, 1764, 1811-1822. [CrossRef] [PubMed]

Gerwig, G.; Hocking, H.; Stocklin, R.; Kamerling, J.; Boelens, R. Glycosylation of Conotoxins. Mar. Drugs 2013, 11, 623-642.
[CrossRef] [PubMed]

Wiesner, J.; Premsler, T.; Sickmann, A. Application of Electron Transfer Dissociation (ETD) for the Analysis of Posttranslational
Modifications. Proteomics 2008, 8, 4466—4483. [CrossRef]

Syka, ].E.P,; Coon, ].J.; Schroeder, M.].; Shabanowitz, J.; Hunt, D.F. Peptide and Protein Sequence Analysis by Electron Transfer
Dissociation Mass Spectrometry. Proc. Natl. Acad. Sci. USA 2004, 101, 9528-9533. [CrossRef]

Penn, S.G.; Cancilla, M.T.; Lebrilla, C.B. Collision-Induced Dissociation of Branched Oligosaccharide Ions with Analysis and
Calculation of Relative Dissociation Thresholds. Anal. Chem. 1996, 68, 2331-2339. [CrossRef]

Paizs, B.; Suhai, S. Fragmentation Pathways of Protonated Peptides. Mass Spectrom. Rev. 2005, 24, 508-548. [CrossRef]

Santos, A.D.; McIntosh, ].M.; Hillyard, D.R.; Cruz, L.J.; Olivera, B.M. The A-Superfamily of Conotoxins. . Biol. Chem. 2004, 279,
17596-17606. [CrossRef]

Puillandre, N.; Watkins, M.; Olivera, B.M. Evolution of Conus Peptide Genes: Duplication and Positive Selection in the
A-Superfamily. J. Mol. Evol. 2010, 70, 190-202. [CrossRef]

Tsai, PL.; Chen, S.-F; Huang, S.Y. Mass Spectrometry-Based Strategies for Protein Disulfide Bond Identification. Rev. Anal. Chem.
2013, 32, 257-268. [CrossRef]

Baumann, W.K,; Bizzozero, S.A.; Dutler, H. Specificity of a-Chymotrypsin. Dipeptide Substrates. FEBS Lett. 1970, 8, 257-260.
[CrossRef]

Keil, B. Specificity of Proteolysis; Springer: Berlin/Heidelberg, Germany, 1992; ISBN 9783642483820.

Yuan, D.-D.; Han, Y.-H.; Wang, C.-G.; Chi, C.-W. From the Identification of Gene Organization of o Conotoxins to the Cloning of
Novel Toxins. Toxicon 2007, 49, 1135-1149. [CrossRef] [PubMed]

Kohn, A J. Piscivorous gastropods of the genus conus. Proc. Natl. Acad. Sci. USA 1956, 42, 168-171. [CrossRef] [PubMed]
Olivera, B.M.; Seger, J.; Horvath, M.P.,; Fedosov, A.E. Prey-Capture Strategies of Fish-Hunting Cone Snails: Behavior, Neurobiology
and Evolution. Brain Behav. Evol. 2015, 86, 58-74. [CrossRef]

Rivera-Ortiz, ].A.; Cano, H.; Mari, F. Intraspecies Variability and Conopeptide Profiling of the Injected Venom of Conus Ermineus.
Peptides 2011, 32, 306-316. [CrossRef]

Rodriguez, A.M.; Dutertre, S.; Lewis, R.J.; Mari, F. Intraspecific Variations in Conus Purpurascens Injected Venom Using
LC/MALDI-TOF-MS and LC-ESI-TripleTOF-MS. Anal. Bioanal. Chem. 2015, 407, 6105-6116. [CrossRef]

Le Gall, F; Favreau, P.; Benoit, E.; Mattei, C.; Bouet, F; Menou, J.-L.; Ménez, A.; Letourneux, Y.; Molgo, J. A New Conotoxin
Isolated from Conus Consors Venom Acting Selectively on Axons and Motor Nerve Terminals through a Na*-Dependent
Mechanism. Eur. |. Neurosci. 1999, 11, 3134-3142. [CrossRef]

Hocking, H.G.; Gerwig, G.J.; Dutertre, S.; Violette, A.; Favreau, P; Stocklin, R.; Kamerling, J.P.; Boelens, R. Structure of the
O-Glycosylated Conopeptide CcTx from Conus Consors Venom. Chem. Eur. J. 2013, 19, 870-879. [CrossRef]

Lampe, R.A.; Lo, M.M.S.; Keith, R.A.; Horn, M.B.; McLane, M.W.; Herman, J.L.; Spreen, R.C. Effects of Site-Specific Acetylation
on Omega.-Conotoxin GVIA Binding and Function. Biochemistry 1993, 32, 3255-3260. [CrossRef]

Papineni, R.V.L.; Sanchez, ].U.; Baksi, K.; Willcockson, I.U.; Pedersen, S.E. Site-Specific Charge Interactions of a-Conotoxin MI
with the Nicotinic Acetylcholine Receptor. J. Biol. Chem. 2001, 276, 23589-23598. [CrossRef]

Himaya, S.W.A; Jin, A.-H.; Hamilton, B.; Rai, S.K.; Alewood, P.; Lewis, R.J. Venom Duct Origins of Prey Capture and Defensive
Conotoxins in Piscivorous Conus Striatus. Sci. Rep. 2021, 11, 13282. [CrossRef] [PubMed]


http://doi.org/10.1021/bi061485s
http://doi.org/10.1016/j.toxicon.2006.01.021
http://doi.org/10.1002/mas.21406
http://www.ncbi.nlm.nih.gov/pubmed/25667941
http://doi.org/10.1016/j.bbapap.2006.10.003
http://www.ncbi.nlm.nih.gov/pubmed/17118725
http://doi.org/10.3390/md11030623
http://www.ncbi.nlm.nih.gov/pubmed/23455513
http://doi.org/10.1002/pmic.200800329
http://doi.org/10.1073/pnas.0402700101
http://doi.org/10.1021/ac960155i
http://doi.org/10.1002/mas.20024
http://doi.org/10.1074/jbc.M309654200
http://doi.org/10.1007/s00239-010-9321-7
http://doi.org/10.1515/revac-2013-0011
http://doi.org/10.1016/0014-5793(70)80280-0
http://doi.org/10.1016/j.toxicon.2007.02.011
http://www.ncbi.nlm.nih.gov/pubmed/17400270
http://doi.org/10.1073/pnas.42.3.168
http://www.ncbi.nlm.nih.gov/pubmed/16589843
http://doi.org/10.1159/000438449
http://doi.org/10.1016/j.peptides.2010.11.014
http://doi.org/10.1007/s00216-015-8787-y
http://doi.org/10.1046/j.1460-9568.1999.00732.x
http://doi.org/10.1002/chem.201202713
http://doi.org/10.1021/bi00064a007
http://doi.org/10.1074/jbc.M102350200
http://doi.org/10.1038/s41598-021-91919-4
http://www.ncbi.nlm.nih.gov/pubmed/34168165

	Introduction 
	Results 
	RP-HPLC of Predatory C. striatus Venoms 
	Mass Spectrometry Analysis of Venom Fractions 
	Peptide Glycosylation Investigation 
	De Novo Peptide Sequencing 
	Glycosylation Site Determination 

	Discussion 
	Conclusions 
	Materials and Methods 
	Materials 
	Venom Extraction and HPLC Fractionation 
	Sample Preparation 
	Digestion 
	Mass Spectrometry 

	References

