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Transcriptomic analysis of cone snail venom duct tissue has permitted the identiﬁcation of diverse conopressin/
conophysin precursor sequences from seven distinct Conus species. Multiple precursor isoforms are present in
C.monile, C.lividus and C.loroisii. Aqueous extracts of the venom duct tissue from C.monile yield a band, at ~ 1520 kDa on SDS-PAGE. In-gel trypsin digestion, followed by mass spectrometry establishes the presence of two
distinct conopressin/conophysin isoforms that diﬀer at position 8 in the predicted conopressin nonapeptide
sequence. Mass spectrometric analysis of aqueous extracts revealed the presence of four conopressin related
peptides, whose sequences could be deduced from MS/MS fragmentation patterns. The four sequences determined in this study are CFIRNCPKG*, CFIRNCPEG*, CFIRNCPK* and CFIRNCPE* (∗ indicates amide), which
were further conﬁrmed by comparison with chemically synthesized peptides. A conophysin with a mass of
9419.7 Da was also detected, corresponding to one of the isoforms revealed by the transcriptome data. Complete
conservation of fourteen Cys residues and the key residues involved in peptide hormone binding is established by
comparison of conophysin sequences, with the crystallographically characterized sequence of bovine neurophysin, in complex with vasopressin. A survey of available sequences for oxytocin/vasopressin peptides in both
vertebrates and invertebrates establishes the conopressins as a distinct group in this family. C-terminal amidated,
truncated conopressin analogs may arise by alternate post-translational processing.

1. Introduction
The peptide hormones oxytocin and vasopressin have been extensively investigated in vertebrates [1–5]. The discovery of these
peptide hormones in Hydra suggests a role for these peptides as neurotransmitters in primitive organisms [6]. The more recent discovery of
insulin analogs in cone snail venom [7–9], emphasises the importance
of hormone like peptides in Conus venom duct extracts [10]. Olivera
and co-workers identiﬁed the invertebrate homolog of an oxytocin/
vasopressin peptide in marine cone snails nearly thirty years ago [11].
The conopressins were originally characterised from the venom of
the ﬁsh hunting marine cone snails, C.geographus and C.striatus [11].
Conopressins, Cys-Phe-Ile-Arg-Asn-Cys-Pro-Arg/Lys-Gly-NH2, were
shown to exercise behavioural eﬀects in mice following intracerebral
injection, which resembled those exhibited by Arg-vasopressin, suggesting speciﬁc interaction with a receptor in the central nervous

system [11]. A noteworthy feature of the conopressins is the presence of
a basic, Arg, residue in the macrocyclic disulﬁde loop, in contrast to the
oxytocin/vasopressin class of peptides, which do not have charged residues within the disulﬁde ring [11].
In mammals, oxytocin and vasopressin are biosynthesized in the
neurohypophysis as precursor proteins, which are proteolytically processed to yield the peptide hormones and the protein neurophysin
[4,12]. Noncovalent complexes of the peptide hormone and neurophysins are stored as granules in the pituitary gland. The invertebrate
analog of neurophysin was ﬁrst identiﬁed from the venom of C.radiatus
[13] All the fourteen Cys residues present in the mammalian neurophysins are conserved in conophysins. The high mutation rates for
genes encoding conopeptide precursors suggests that sequence diversity
may also be a feature of the conopressin class of peptides. Dutertre
et al., have isolated conopressin-T from the venom of C.tulipa with the
sequence Cys-Tyr-Ile-Gln-Asn-Cys-Leu-Arg-Val-NH2 [14]. Conopressin-
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Fig. 1. Multiple sequence alignment of the conopressin/conophysin precursor sequences of diverse species. Conopressin sequences are underlined in red Eleven
sequences (6–10, 12–14 and 17–19 are from this study. 1JK4 (PDB id) corresponds to the sequence of bovine neurophysin II bound to vasopressin. Accession numbers
for the remaining sequences are provided in Supplementary Table 2.
Fig. 2. (a) SDS-PAGE showing aqueous extract of
C.monile venom duct. Lane 1; molecular weight
marker proteins. Lane 2; 15 μL of C. monile aqueous
extract. Lane 3; 30 μL of the extract. Arrows mark
bands from which proteomic identiﬁcation have
been made. 1–2 glucose regulated protein(GRP); 3,
protein disulﬁde isomerase (PDI); 4, actin; 5, conophysin; 6, conotoxins. (b) Sequence of C.monile
isoform 3 conopressin/conophysin precursor.
Underlined segments correspond to those tryptic
fragments identiﬁed mass spectrometrically. (c)
Sequence of C.monile isoform 1 conopressin/conophysin precursor. The two tryptic tryptic fragments
characterized by mass spectrometry are underlined.
Positions of trypsin cleavage are marked by a vertical lines.

spectrometric studies of the total venom. Sequence diversity in conopressins is established with appreciable variations at position 8. Cterminus truncated peptides have also been detected in the venom
samples. The presence of conophysins is experimentally established by
mass spectrometry guided proteomic analysis.

T diﬀers signiﬁcantly from the known peptides of this class; two highly
conserved residues at position 7 (Pro) and 9 (Gly) being replaced with
Leu and Val, respectively. Conopressin-T binds to the oxytocin receptor
(OTR) and the vasopressin V1a receptor [14]. The wide distribution of
conopressins suggests a possible function as an endogenous hormone in
gastropods [15,16]. Interestingly, the possibility that the conopressin
may serve a role in prey capture has also been advanced [17].
In this report, we establish the presence of conopressins and conophysins in vermivorous and molluscivorous cone snails isolated from
the southern coast of India. Complete characterization of precursor
gene sequences has been obtained by mining the venom duct transcriptome and peptide characterization has been achieved by mass

2. Materials and methods
Details for the collection of Conus specimens have been described
previously [18]. Brieﬂy, Conus Specimen used in this study, C.amadis,
C.araneosus C.loroisii and C.monile were collected from Gulf of Mannar,
Tamil Nadu, India while C.ebraeus, C.frigidus, C.lividus, C.litteratus and
2
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Fig. 3. MS/MS spectrum of the peptide (M = 3772.2 Da). Inset shows the 4+ charge state (m/z 819.09) which has been subjected to collision induced dissociation
(CID). The b and y ions identiﬁed are marked on the spectrum and are highlighted against the sequence shown, which corresponds to C.monile isoform 3 conophysin
tryptic fragments (Fig. 2b). C* indicate S- carboxamidomethyl cysteine, residue mass 160 Da.

C.miles were from Andaman and Nicobar Islands, India. The reagents
used for protein isolation, electrophoresis reduction /alkylation and the
reagents used for mass spectrometry were obtained from Sigma Aldrich.
Sequencing grade trypsin was from Promega Corporation, USA.

database [20] revealed a high degree of sequence identity, conﬁrming,
the annotation of cone snail sequences. For the purpose of identifying
key residues for conopressin binding, the crystal structure of the bovine
neurophysin-II complex with vasopressin PDB id:1JK4 [21] was used.

2.1. Transcriptomic analysis

2.2. Protein isolation

Nine cone snail species C.amadis, C.loroisii, C.monile, C.araneosus,
C.ebraeus, C.miles, C.frigidus, C.lividus and C.litteratus were examined in
this study. The procedure for obtaining venom ducts, RNA extraction
and assembly of transcriptomic data have been previously described in
detail [18]. Brieﬂy, high quality RNA for NGS sequencing was obtained
using TRIzol RNA extraction method (Invitrogen). The puriﬁed mix was
subjected to a DNAase treatment to remove any contaminating DNA.
The concentration and purity of the RNA was estimated using Nanodrop
measurements. NGS data was collected either using Illumina sequencer
at Centre for Cellular and Molecular Platforms (C-CAMP), Bangalore
India or using a Roche 454 platform at CRG, Barcelona. Transcriptome
data was assembled using Mira 4.0 in the case of C.amadis and C.loroissii
while remaining all other Conus transcriptome reported in this study
was assembled using Trinity 6.0 assembler. Protein sequences obtained
by translating all the six possible frames were grouped as *……….*
sequences ﬂanked at both ends by stop codons. A full length conopressin-conophysin from C.geographus (Uniprot id:P05486) was used
to extract homologus sequences from the transcriptomic data using the
BLAST program [19]. A total of eleven conopressin-conophysin sequences were obtained from seven cone snail species (C.monile-three,
C.araneosus-one, C.loroisii-two, C.ebraeus-one, C.lividus-two, C.miles-one
and C.frigidus-one). Multiple sequence alignment with selected vertebrate oxytocin/vasoppressin-neurophysin sequences from the Uniprot

Methods to isolate the Conus venom proteins have been adapted
from published procedures [22,23]. Brieﬂy, four C.monile venom ducts
stored at −80 °C were kept in liquid nitrogen for 15 min. The ducts
were minced and homogenized in 0.5 mL of extraction buﬀer (20 mM
Tris-HCl of pH 8.0). The resulting mixture was subjected to centrifugation (15,700 ×g, 45 min). The supernatant obtained after the
removal of cell debris was used for the analysis by SDS-PAGE [24] and
mass spectrometry.

2.3. SDS-PAGE and in-gel trypsin digestion
The aqueous extract of the C.monile venom gland was subjected to
SDS-PAGE. Brieﬂy, varying volumes (15 μL, 30 μL) of the venom gland
extract were mixed with SDS-PAGE loading buﬀer (50 mM Tris-HCl
pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol and 0.02%
bromophenol blue), heated at 95 °C for 10 min, subjected to centrifugation (15,700 ×g, 15 min) and loaded onto 12% SDS-PAGE for
electrophoretic separation. The gel was stained with Coomassie
Brilliant Blue (CBB) R-250 to visualize the protein bands. Intense bands,
observed after destaining the gel, were excised out and subjected to ingel trypsin digestion, following a previously described protocol [25].
The extracted peptides were analyzed by mass spectrometry.
3
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Fig. 4. MS/MS spectrum of the peptide (M = 1136.5 Da). The 2+ charge state (m/z 569.25) has been subjected to CID. The product ions identiﬁed are marked on the
spectrum and highlighted against the sequence shown which corresponds to C. monile isoform 1 conophysin tryptic fragments (Fig. 2c).

2.7 μm particle size, Agilent Technologies, USA) was used to achieve
chromatographic separation.

2.4. Global reduction and alkylation
Reduction of the disulﬁde bonded C.monile venom gland proteins
were achieved by incubation of the protein sample with 10 mM of DTT
at 40 °C for 1 h at pH 8.0. The pH of the solution was maintained by
addition of 50 mM ammonium bicarbonate, buﬀered at pH 8.0.
Subsequently, 25 mM of iodoacetamide was added to the reaction mix,
incubated at 23 °C in dark for 30 min, to alkylate the cysteine residues.

2.6. Chemical synthesis of conopressin
The conopressin nonapeptides CFIRNCPKG*, CFIRNCPEG* and the
truncated conopressin variants CFIRNCPK*, CFIRNCPE* were synthesised manually by using standard 9-ﬂuorenylmethoxycarbonyl (Fmoc)
chemistry based solid-phase peptide synthesis protocols [26]. Synthesis
was performed on a target scale of 0.1 m mol, which corresponded to
137 mg of Rink amide AM resin from Novabiochem (loading capacity:
0.73 m mol/g).1-[Bis(dimethyl amino) methylene]-1H-1,2,3-triazolo
[4,5- b] pyridinium-3-oxid-hexaﬂuorophosphate (HATU) was used as a
coupling reagent. Peptides were cleaved from the resin and side chains
were deprotected by using the cocktail, TFA/water/anisole/phenol/
ethanedithiol (82.5/5/5/5/2.5). The crude peptide was precipitated by
addition of cold diethyl ether. The resulting solid was dissolved in 50%
acetonitrile and lyophilized. Oxidation of the peptide was carried out in
a 5% (v/v) DMSO solution containing 100 mM ammonium bicarbonate
pH 8.0. The concentration of the peptide used for oxidation reaction
was 0.5 mM. The mass of the oxidized conopressin peptides were determined by LC-ESI-MS on a Q-TOF mass spectrometer. The conditions
for chromatographic separation and mass spectral acquisition were similar to that used for native conopressins.

2.5. Mass spectrometry
C.monile venom gland extracts (before and after global reduction/
alkylation) and the tryptic peptides were initially screened by MALDIMS on a Bruker Daltonics MALDI-TOF mass spectrometer. For the mass
spectral analysis, 1–2 μL of sample was mixed with equal volume of
matrix (saturated solution of α-cyano-4 hydroxycinnamic acid or dihydroxy benzoic acid prepared in 1:1 mixture of H2O-acetonitrile with
0.1% triﬂouroacetic acid), spotted on a stainless-steel target plate and
air dried. The data were acquired in positive ion mode using the Flex
Control software and were analyzed using Flex analysis software version 4.1.
All the LC-ESI-MS and MS/MS data were acquired on a Q-TOF Maxis
Impact mass spectrometer (Bruker Daltonics, Germany). Conditions for
mass spectral acquisition of aqueous extracts were; m/z rage 50–3000,
Ionization source ESI, dry heater temperature of 220 °C, nebulizer
pressure of 1.8 bar, dry gas ﬂow rate of 9.0 L min−1, capillary voltage
of 3500 V, endplate oﬀset voltage of 500 V and charging voltage of
2000 V. Samples were injected on to a reverse-phase C8 column
(3 × 100 mm, 3.5 μm particle size, Agilent Technologies, USA).
Samples were eluted using water, acetonitrile mix with 0.1% formic
acid as the mobile phase, with a ﬂow rate of 0.2 mL min−1. For analysis
of the tryptic peptides a C18 reverse-phase column (4.6×150mm,

3. Results and discussion
3.1. Transcriptome derived sequences
Transcriptomic data for nine cone snail species collected oﬀ the
south-eastern coast of India were mined for the conopressin/conophysin precursor sequences, using the previously annotated
4

BBA - Proteins and Proteomics 1868 (2020) 140391

S. Kumar, et al.

Fig. 5. Charge state distribution observed for a polypeptide of mass (M = 9419.87 Da) corresponding to C. monile isoform 3 conophysin sequence (highlighted in
grey). The isotopic distribution is shown from which the precise mass has been computed using the isotopic component at the lowest m/z.

20 kDa. Gel slices were subjected to reduction (with dithiothretol) and
alkylation (with iodoacetamide) followed by digestion with trypsin. Ingel trypsin digestion followed by mass spectrometric analysis of the
peptide fragments permits identiﬁcation of the protein sequences using
the MASCOT algorithm to search a dataset of C.monile protein sequences derived from transcriptomic data. The low molecular weight
band (band 6, less than 10 kDa) yielded several conotoxin sequences.
Band 5 permitted the identiﬁcation of two long polypeptides from the
C.monile isoform 3 conophysin isoform (residues 1–28 and residues
29–55) (Fig. 2b) and C.monile isoform 1 conophysin (residues 65–74
and residues 75–86) (Fig. 2c). Peptide identiﬁcation was conﬁrmed by
manual analysis of the mass spectrum. Fig. 3 shows a representative
MS/MS spectrum of the conophysin fragment (residues 1–28) in which
the 4+ charge state was fragmented. The observation of a train of y
ions, together with the detection of N-terminus b2, b3 and b4 ions, unambiguously conﬁrms the sequence identity of the peptide. Fig. 4 shows
the observed fragmentation pattern obtained by subjecting the 2+
charge state (m/z 569. 25) of a peptide with a mass 1136.5 Da. All the
major fragments are consistent with the sequence corresponding to the
residues 65–74 of C.monile isoform 1 conopressin/conophysin precursor
sequence. Supplementary Figs. S1 and S2 show the mass spectra of the
C.monile isoform 3 (residues G29-K55) peptide and C. monile isoform 1
(residues C75-K86) with assignments, respectively.
The C.monile crude extract was examined by LC-ESI-MS on a Q-TOF
mass spectrometer. Fig. 5 shows the charge state distribution for a
polypeptide of mass 9419.7 Da, which corresponds exactly to the expected mass for the C.monile isoform 3 conophysin sequence. Satellite
masses corresponding to the addition of 16 Da (9435.7 Da) and 44 Da

C.geographus conopressin/conophysin precursor sequence (Uniprot
id:P05486) for the BLAST analysis. Fig. 1 shows a multiple sequence
alignment of twenty precursor sequences along with the sequence of the
crystallographically characterized noncovalent complex of vasopressin
with the bovine neurophysin II. In all cases, except for C.frigidus, full
length precursor protein sequences including the complete signal sequence could be extracted. Notably, multiple isoforms were obtained in
the case of C.loroisii (two), C.lividus (two) and C.monile (three). In the
case of C.monile isoform 3 the complete signal sequence was not recovered. The conophysin/conopressin precursor is proteolytically processed at the residue preceding the N-terminus Cys and the dibasic GlyLys-Arg motif at the C-terminus of the conopressin sequence. Proteolytic processing followed by C-terminal amidation results in the nonapeptide CFIRNCPXG* (*denotes amidation). Inspection of the sequences in Fig. 1 reveals a high degree of conservation of the
nonapeptide sequence of conopressins, with signiﬁcant variations (Lys,
Arg, Val, Gly, and Glu) being observed only at position 8. All fourteen
Cys residues of the protein conophysin are completely conserved. The
data in Fig. 1 suggests that multiple forms of conopressin and conophysin may be detectable in the cone snail venom duct extracts. In
order to explore this possibility, we have subjected the aqueous extracts
of C.monile venom duct to proteomic analysis.
3.2. Mass spectrometric detection of conophysin
Fig. 2 shows the SDS-PAGE proﬁle of an aqueous extract of C.monile
venom ducts. Several high molecular weight protein bands (> 35 kDa)
are detectable. Intense bands are observed in the mass range of less than
5
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Fig. 6. Top panel shows mass spectra of 2+ charge state of four putative conopressin related peptides, corresponding to peptide masses of 1033.5, 1034.5, 976.5 and
977.5 Da. The mass of 1033.5 and 1034.5 Da correspond to CFIRNCPKG* and CFIRNCPEG* conopressin sequence, respectively, while the masses 976.5 and 977.5 Da
indicate the truncated conopressin variants CFIRNCPK* and CFIRNCPE*. Bottom panel shows the extracted ion chromatogram (EIC) obtained using the four detected
masses. Inset shows the mass detected LC-proﬁle (total ion chromatogram) of the C.monile venom gland extract. The position of elution of four conopressin related
peptides are marked.

of signiﬁcantly lower intensity are observed at m/z 977.5, corresponding to the deletion of the Gly residue (57 Da) from conopressin
sequences. An anomalous intensity pattern is observed in the case of the
isotopic multiplet corresponds to m/z 977.5 although the deviation
from anticipated intensities is less pronounced. Fig. 6 (top panel) shows
ESI-MS spectrum of four conopressins. The Fig. 6 (bottom panel) shows
LC-ESI-MS extracted ion chromatogram for the four conopressin related
peptides using m/z values anticipated from the putative sequence. The
Fig. 6 (inset to the bottom panel) shows the total ion chromatogram
(mass detected LC proﬁle) for the C.monile crude venom. Conopressins
elute in the retention time window 24–27 min Fig. 6 (bottom panel).
Notably, the two major conopressins elute with appreciably diﬀerent
retention times (25 min and 27 min). Furthermore, for the conopressin
with Mcalc = 1033.5 Da three charge states, [M + H] +, [M + 2H]2+
and [M + 3H]3+ were observed. In contrast, for the conopressin with
Mcalc = 1034.5 only two charge states, [M + H] + and [M + 2H]2+
were observed. These observations are consistent with the presence of a
positively charged Lys(K) residue in one case and the presence of a
negatively charged residue Glu(E) at position 8 in the other peptide.
The crude venom extract was subjected to global reduction (dithiothreitol) and alkylation (iodoacetamide, ΔM = 58 Da). Extracted
ion chromatograms (EIC) of the LC-ESI-MS proﬁle of the reaction
mixture yielded the mass spectrum of the reduced/alkylated linearized
peptides. LC-ESI-MS/MS analysis yielded fragmentation data that permitted conﬁrmation of the anticipated conopressin sequences. Fig. 7
shows the MS/MS spectrum of the reduced/alkylated peptide obtained
by fragmenting the [M + 2H]2+ species at m/z 575.76. The

(9463.7 Da) are also detectable. These diﬀerences are suggestive of
hydroxylation at proline and gamma carboxylation at glutamic acid
residue; post-translational modiﬁcations that have been readily observed in Conus peptides. In their ﬁrst report on conophysin from
C.radiatus, Olivera and co-workers have observed similar satellite
masses [13]. The precise mass determination of conophysin is facilitated by the isotopic resolution observed on all the charge states
(Supplementary Fig. S3). Further conﬁrmation of the constitution of
conophysin comes from the mass spectral fragments observed when the
7+ charge state is subjected to collision induced dissociation. Supplementary Fig. S4 illustrates the observation of the N-terminus b ions in
the intact disulﬁde bonded protein conﬁrming the NVDEGPTK peptide
segment at the N-terminus.
3.3. Mass spectral detection of conopressin
The predicted conopressin sequences from the transcriptomic analysis of the C.monile venom duct are CFIRNCPXG*, where X = K Mcalc:
1033.5 Da, X = E Mcalc: 1034.5 Da and X = R Mcalc: 1061.5 Da.
Inspection of the MALDI-MS spectrum of the C.monile crude venom
(Supplementary Fig. S5) revealed the presence of a species with
[M + H]+ = 1034.5 Da corresponding to X = K conopressin. The
isotopic pattern shown in the inset to the (Supplementary Fig. S5) reveals a appreciably higher intensity of the second component of the
isotopic multiplet than anticipated for the peptide mass in the region of
approximately 1000 Da. This observation is suggestive of the presence
of a second peptide species with a mass of 1034.5 Da. In addition, peaks
6
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Fig. 7. MS/MS spectrum of reduced alkylated peptide of mass (M = 1149.5 Da) obtained after fragmenting the 2+ charge state at m/z 575.77. The assignment of the
observed fragments is fully consistent with the sequence.

sequence CFIRNCPK*. The related truncated conopressin with Glu residue at position 8 is also established by the fragmentation of the ions at
m/z 489.74 (2+) (Supplementary Fig. S7). The fragmentation of disulﬁde bonded peptide ions is not expected to lead to product ions which
can be routinely assigned. Disulﬁde bond cleavages which can result in
modiﬁed residue mass at Cys residues and the presence of disulﬁde
bonded fragment ions render interpretation diﬃcult. Further analysis of
the fragmentation pattern of intact single disulﬁde containing peptide
will be presented elsewhere.

observation of several b and y ions together with the assignment of the
intense a2/a6 (b2–28/b6–28) conﬁrms the sequence. Internal fragment
ions at m/z 226.1 [Pro-Lys] dipeptide and 516.2 [Ile-Arg-Asn-Cys]-28
and the iminium ions at m/z 70.06 (Pro), 86.09 (Ile) and 129.10 (Arg)
further establish the sequence. Fig. 8 shows the MS/MS spectrum obtained by selecting the ion at m/z 576.25 for further fragmentation.
Comparison of the fragmentation patterns in Fig. 7 and Fig. 8 revealed
identical m/z values for most of the product ions. The key diﬀerences
between the spectra shown in Fig. 7 and Fig. 8 are the observation of
peaks with m/z values of 204.10, 227.10, 301.15 and 1049.45. The
observation of these ions in Fig. 8 is consistent with the presence of a
Glu residue at position 8. The 1 Da diﬀerence observed for the y6 and y8
ions between the two spectra is also consistent with the presence of Lys
residue at position 8 in one peptide and Glu in the other.

3.5. Conﬁrmation of conopressin sequences
Conﬁrmation of the conopressins sequences established in this study
was achieved by comparing the LC-MS proﬁles of a mixture of four
synthetic peptides prepared by solid phase synthesis. The identity of
natural and synthetic peptides is established by comparison of the mass
spectral and the chromatographic data presented in Supplementary Fig.
S6.

3.4. Truncated conopressin analogs
ESI-MS analysis of the crude C.monile venom revealed the presence
of two peptides with mass of 976.5 and 977.5 Da. These masses correspond to a loss of 57 Da from the sequences CFIRNCPXG* (X = K, E).
The reduced/alkylated linearized derivatives of the peptides were not
detectable. Therefore, we turned to an analysis of the intact, potentially
disulﬁde bonded peptides. Mass spectral fragmentation patterns in
Fig. 9 shows the distribution of product ions obtained upon selecting
the doubly charged ion at m/z 489.25 to collision induced dissociation.
The fragment at m/z 735.30 can be readily assigned to the disulﬁde
bonded b6 ion [CFIRNC]. The observation of this ion and corresponding
ion obtained by the neutral loss of CO (28 Da) at m/z 707.31 is a
general feature observed in the fragmentation pattern of conopressins
CFIRNCPXG* (X = K, E). The observation of the intense iminium ion at
m/z 70.06 is consistent with the presence Pro(P) in the truncated

3.6. Conophysin/conopressin precursor sequences
The biosynthetic precursor for the pituitary peptides oxytocin and
vasopressin consists of a signal peptide followed by the nonapeptide
hormone, which is separated from the protein neurophysin by a cleavage at dibasic site [4]. The organization of conophysin/conopressin
precursor is identical to that of the mammalian oxytocin/vasopressin
precursors. Oxytocin and vasopressin form tight complexes with neurophysin [21,27]. The binding site has been well characterized crystallographically [21,27] and is illustrated in Fig. 10a. The key binding
interactions involve the terminal amino group of the hormone, the
aromatic ring at position 2 and the protonated amino group of hormone
7
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Fig. 8. MS/MS spectrum of linearized (reduced/alkylated) peptide of mass 1150.5 Da obtained after fragmenting the 2+ charge state at m/z 576.25. The assignment
of the observed fragments is consistent with the sequence.

conophysin Glu/Arg/Lys based on the residue at position 8 in the putative conopressin sequences. From the alignment in Fig. 1, it is evident
that the three conophysin forms show signiﬁcant diﬀerences. Speciﬁcally, the residues 14–18 loop present in the crystal structure is observed only in C.monile-Arg, but the deletion of this segment is seen in
C.monile-Glu/Lys. The crystal structure of neurophysin suggests that
this loop can be deleted without signiﬁcantly perturbing the native fold
(Supplementary Fig. S8). These observations suggest that the precursor
for C.monile conophysin-Lys may have a signal sequence similar to that
observed for C.monile conophysin-Glu, although we were unable to
recover the complete sequence from our transcriptome assembly.

and acts as a donor in forming three hydrogen bonds with carboxylate
of Glu-47 and the backbone carbonyl group of Leu50 and Ser52. Close
van der Waals interactions are observed between Cys6 CβH2 group and
CδH2 of Pro53. A close contact between Pro51 C=O and Cys-1sulfur
(3.2 Å) is also observed. The Tyr2 aromatic ring is sandwiched between
the pyrrolidine ring of Pro24 and CγH2 group of Glu47. The partial
alignment of three transcriptome derived C.monile conophysin sequences with bovine neurophysin shown in Fig. 10c reveals that residues Pro24, Glu47and Pro53 are completely conserved (numbers
correspond to that used in the crystal structure, PDB code: 1JK4). The
complete conservation of all fourteen Cys residues and the critical
hormone binding site in conophysin suggest that complex formation
may be important resulting in the formation of secretory granules in
cone snails.
The inspection of multiple sequence alignments (Fig. 1) reveal that
the cone snail derived conopressin/conophysin precursor sequences
may be classiﬁed into two broad gene families based on their signal
sequences. The ﬁrst ﬁve residues of the signal peptides MTRSA and
MKCSV permit a clear distinction. The signiﬁcance of the observation of
multiple gene super families for the conophysin/conopressin precursor
sequence is unclear, at present. The possibility that the conopressin may
serve both an endogenous function and an exogenous purpose, as a
component of the venom cocktail, may be considered to rationalize the
occurrence of two distinct secretory signals. There is no clearly established connection between the biological activity of the mature conopeptides and gene super families. In this study, we have obtained
seven sequences, including three diﬀerent isoforms in C.monile, two in
C.loroissii and C.lividus. Experimental evidence for the presence of
conophysin in venom duct extracts has been established in the C.monile
extract. The three precursor proteins may be classiﬁed as C.monile

3.7. Conopressins: relationship with oxytocin/vasopressin
The large class of oxytocin/vasopressin related peptides observed in
both vertebrates and invertebrates may be classiﬁed on the basis of the
sequence observed in the cyclic disulﬁde loop and the C-terminus tripeptide tail [12]. A search of the Uniprot database using BLAST, with
C.monile conophysin as the reference sequence yielded 250 hits for
potential conopressin/conophysin precursor sequences. Removal of
identical sequences from same species and uncharacterised and putative entries yielded a set of 194 unique precursor sequences. Fig. 10b
shows the residue distribution at non Cys positions in the putative
nonapeptide hormone sequences. Limited variability is observed at
positions 5, 7 and 9 with more than 98% of sequences having Asn, Pro
and Gly respectively. The greatest variability is observed at position 8
in the tripeptide tail. The mammalian oxytocins and vasopressins can be
diﬀerentiated on the basis of the residue at position 8, with a hydrophobic residue, Ile/leu, observed in the former and a basic residue, Arg/
8
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Fig. 9. Mass spectral fragmentation pattern for the disulﬁde bonded peptide CFIRNCPK* (M = 976.5 Da). The 2+ charge state at m/z 489.25 was selected for
fragmentation under CID condition. Selected product ions have been assigned.

may be better to redeﬁne the nomenclature used for these peptides. In
the case of conotoxins attempts to standardise nomenclature which
have been reported, include an identiﬁer for the origin of the peptide
[30–32]. The detection of peptides with the same sequence from different Conus species further complicates the issue of deﬁning a unique
descriptor for a new peptide [11,29].
We suggest as a preliminary step that the conopressins may be labelled using the one letter code for the residue at position 8. Additional
variations may be described by the residue number followed by the one
letter code in the parentheses specifying the position(s) of mutation(s).
For example, CFIRNCPEG* would be designated as conopressin-E, while
CFIRDCPKG* would be abbreviated as conopressin-K(5D). In all conopressin sequences, established thus far, the basic residue Arg at position 4 is conserved. The sole exception is conopressin-T(Con-T) from
C.tulipa venom which has the sequence CYIQNCLRV. This peptide is
classiﬁed as “vasopressin” in Supplementary Table 1. Interestingly,
seven of the nine residues in Con-T are identical to the vasotocin isolated from teleost ﬁsh, with complete identity of the residues in the
disulﬁde ring. Con-T is an antagonist at human vasopressin V1a receptor and also binds at the human oxytocin (OTR) receptor. The sequence variation observed at positions 7 and 9 in the tri-peptide tail is
critical in determining the receptor selectivity as demonstrated by
studies of synthetic analogs [14].

Lys in the later. The conopressins are unique in possessing a basic residue Arg at position 4, within the disulﬁde loop, thus forming a sequence cluster which is distinct from oxytocin and vasopressin. Interestingly, the activity observed for conopressin from C.geographus
resembles that of vasopressin [11,28]. Three broad classes of peptides
are readily distinguishable. Oxytocin related sequences which contain a
neutral/apolar residue at position 8 and vasopressin which harbors a
basic residue, Arg/Lys at position 8. The third distinct class is formed by
the conopressins which possesses a conserved Arg residue at position 4
internal to the disulﬁde loop and a variable residue at position 8. Of the
194 sequences examined,103 are classiﬁed as oxytocins, 57 as vasopressins and 31 as conopressins. The two sequences CFLGNCLND and
one sequence CLIQDCPEG are outliers. Supplementary Table 1 provides
a complete list of sequences used in this analysis.
3.8. Conopressin
Conopressin was ﬁrst isolated from the venom of C.geographus and
C.striatus. The C.geographus peptide CFIRNCPKG* was named as conopressin-G, while the C.striatus peptide was designated as conopressin-S
[11]. A subsequent study established the presence of conopressin-G in
the venom of C.imperialis [29]. These peptides were shown to exhibit
grooming and scratching behaviour in mice, following intracerebral
injection [11]. Similar behaviour has been earlier observed in golden
hamster following the injection of Arg-vasopressin into the hypothalamus [28]. From Supplementary Table 1 it is evident that sequence
variations in the oxytocin/vasopressin/conopressin class of peptides
may continue to be detected as the volume of genomic and proteomic
information grows. As the number of peptide sequences increases it

3.9. Truncated conopressin
The oxytocin/vasopressin/conopressin class of peptides are derived
from the proneurophysin precursor by selective proteolysis [33], followed by the action of the C-terminus amidating enzyme, which
9
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Fig. 10. (a) Crystal structure of bovine neurophysin II complexed to vasopressin (PDB id: 1JK4). Figure highlights residues that are critical for the hormone binding.
Red dashes highlight the hydrogen bonds, while Van der Waals contact distances are shown in black. Cys1, Tyr2 and Cys6 of vasopressin are shown in cyan, while
residues of neurophysin are shown in green. (b) Amino acid distribution in the sequence of oxytocin/vasopressin/conopressin related peptides deposited in UniProt
database from diverse organisms. The oxytocins and vasopressins can be readily distinguished on the basis of residue at position 3 and 8. Conopressins are unique in
possessing an Arg residue at position 4 in the hexapeptide loop. (c) Sequence alignment of C. monile isoforms 1,2, and 3 conophysin sequences with bovine
neurophysin II (PDB code: 1JK4). The alignment shows conservation of residues P24, E47, P51 and P 53 (highlighted by the arrows) that are important for binding of
the hormone to neurophysin. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

an institutional program grant from the DBT at the Indian Institute of
Science.

transforms C-terminus glycine residues [34]. Inspection of sequences in
Fig. 1 reveal that the peptide hormone and the carrier protein sequences are separated by a largely conserved Gly-Lys-Arg segment
peptide. This tripeptide motif is preceded by a Gly residue which forms
the C-terminus of the processed peptide. The detection of the truncated
conopressin analogs CFIRNCPK* and CFIRNCPE* suggests that the ﬁdelity of the post-translational machinery may not be absolute. It has
been suggested that the variable (“messy”) processing of conopeptides
may contribute to expansion of the venom repertoire [35,36]. The
biological properties of the truncated conopressins and their signiﬁcance, if any, in the venom cocktail of cone snail remains to be
elucidated. The possibility that hormone like peptides are a key element
of the envenomation strategy has been advanced [10]. The generation
of peptide diversity by hypermutable genes and variable post-translational processing must undoubtedly be advantageous in enhancing the
repertoire of the venom peptide combinatorial library, facilitating interaction with a continually diversifying range of target receptors, encountered in both prey capture and predator avoidance.
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