Research

© 2014 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Various Conotoxin Diversifications Revealed by
a Venomic Study of Conus flavidus*s

Aiping Lut, Longjin Yangt, Shaoqgiong Xut, and Chunguang Wangt$§

Conotoxins are peptide neurotoxins produced by preda-
tory cone snails. They are mostly cysteine-rich short pep-
tides with remarkable structural diversity. The conserved
signal peptide sequences of their mMRNA-encoded precur-
sors have enabled the grouping of known conotoxins into
a limited number of superfamilies. However, the conotox-
ins within each superfamily often present variable se-
quences, cysteine frameworks, and post-translational
modifications. To understand better how conotoxins are
diversified, we performed a venomic study with C. flavi-
dus, an uninvestigated vermivorous Conus species, by
combining transcriptomic and proteomic analyses. In
order to obtain the full-length conotoxin sequences, pro-
tease digestion was not performed with the venom ex-
traction prior to spectra acquisition via tandem mass
spectrometry (MS/MS). Because conotoxins are pro-
duced from mRNA-encoded precursors by means of pro-
teolytic cleavage, nonspecific digestion of precursors
was applied during the database search. Special attention
was also paid in interpreting the MS/MS spectra. All to-
gether, these analyses identified 69 nonredundant cDNA
sequences and 31 conotoxin components with confident
MS/MS spectra. A new Q-superfamily was also identified.
More importantly, this study revealed that conotoxin-en-
coding transcripts are diversified by hypermutation, frag-
ment insertion/deletion, and mutation-induced premature
termination, and that a single mRNA species can produce
multiple toxin products through alternative post-transila-
tional modifications and alternative cleavages of the
translated precursor. These multiple diversification strat-
egies at different levels may explain, at least in part, the
diversity of conotoxins, and provide the basis for further
investigation. Molecular & Cellular Proteomics 13:
10.1074/mcp.M113.028647, 105-118, 2014.

Cone snails (Conus species) are predatory mollusks that in-
habit tropical and subtropical shallow seawater. Their venom
ducts produce a mixture of peptides, generally known as cono-
toxins, that have exquisite specificity for different ion channels,
receptors, and transporters. These toxins are used to immobi-
lize or paralyze prey, as well as for defense (1). Because of their
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specificity, conotoxin peptides are considered the ideal neuro-
biological tools for investigating specific receptors and chan-
nels. Furthermore, they are valuable lead compounds for clinical
therapy. The conotoxin w-MVIIA, isolated from Conus magus, is
known commercially as Prialt (ziconotide) and is already in
clinical use for the treatment of chronic pain (2, 3).

Apart from their great potential for neurobiological and ther-
apeutic applications, an emerging enigma concerning conotox-
ins is their striking diversity. Conotoxins are generally short
disulfide-rich peptides of 10 to 40 amino acids. Every Conus
species can produce more than 1000 different conotoxins (4, 5),
and the number of Conus species with morphological differ-
ences is currently estimated as 800 (6). Hence, the total number
of conotoxins is thought to be over 1 million. Because fewer
than 2000 conotoxins have been conclusively identified in 92
different Conus species (7) and 99.8% of conotoxins are yet to
be discovered, the mechanisms of conotoxin diversity are far
from clear.

Despite this conundrum, it has been established that
conotoxin peptides are produced from corresponding
mRNA-encoded precursors that typically contain a highly
conserved N-terminal signal peptide, a more variable pro-
peptide, and a hypervariable mature peptide (8, 9). Based on
the conserved signal peptide sequence, the disulfide-rich
conotoxins are grouped into at least 17 superfamilies: the A-,
D-,11-,12-,13-, J-, L-, M-, O1-, O2-, O3-, P-, S-, T-, V-, Y-, and
K-conotoxin superfamilies (7, 10). The non-disulfide-rich
conotoxins are grouped into different families; these include
conantokin, contulakin, conorfamide, conomap, conophan,
contryphan, conkunitzin, conolysin, and conopressin, with
conantokin and contulakin being recently categorized as B-
and C-superfamily toxins, respectively (11).

In the mature peptides of conotoxins, the high content of
cysteine residues and the number of post-translational mod-
ifications (PTMs)' are also remarkable. Thus far, 23 different
cysteine frameworks, numbered | to XXIlI, have been identi-
fied (7, 10). The list of PTMs found in conotoxins includes
hydroxylation of proline, valine, and lysine; carboxylation of
glutamate; C-terminal amidation; cyclization of N-terminal
glutamine; glycosylation; sulfation; bromination; residue epi-
merization; and so on. In fact, conotoxins are considered to

" The abbreviations used are: PTM, post-translational modification;
bp, base pair; GO, Gene Ontology; HCD, higher-energy C-trap disso-
ciation; MS, mass spectrometry; MS/MS, tandem mass spectrometry.
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be one of the most highly post-translationally modified
classes of gene products known (12).

In order for the diversification of conotoxins to be better
understood, a greater number of conotoxin sequences, at
both the nucleotide and the amino acid sequence level, need
to be identified. The conserved signal peptide sequence of
conotoxin precursors has facilitated the large-scale identifi-
cation of conotoxin cDNA sequences (13-16). However, it
remains impossible to predict the sequences of mature cono-
toxins, in particular the termini of the mature peptides and
their PTMs, based only on cDNA sequences. As a result, most
information regarding conotoxin primary sequences has pre-
viously been obtained via traditional peptide chemistry tech-
niques, which require relatively large amounts of the precious
native conotoxin material.

Mass spectrometry (MS) techniques have been applied for
conotoxin identification for more than two decades (17, 18).
Some PTMs have been clearly identified with MS (19-22),
which is a definite advantage of MS over cDNA sequencing.
Recently, MS-based proteomics techniques have come into
favor for the large-scale study of conotoxin sequences. For
instance, proteomic analysis of different sections of the Conus
textile venom duct has been performed to explore the venom
processing (23). Some elegant de novo sequencing works have
also been done with conotoxins, but specialized MS method-
ologies were required (24, 25). Integrating the data from the
proteomic and transcriptomic analyses would facilitate the in-
terpretation of MS results. Such a strategy was attempted in
two recent studies, but high-accuracy tandem MS (MS/MS) was
not applied to identify the conotoxin components (26, 27).

In this work, we studied the venom from Conus flavidus, a
previously uninvestigated vermivorous Conus snail collected in
the South China Sea, using a combined transcriptomic and
proteomic approach. The analysis identified 69 nonredundant
conotoxin cDNA sequences, as well as 31 conotoxins with
confident MS/MS evidence. A new superfamily of conotoxins,
the Q-superfamily, was also identified. Moreover, our results
revealed various strategies of conotoxin diversification at differ-
ent levels.

EXPERIMENTAL PROCEDURES

cDNA Library Construction—C. flavidus specimens were collected
from the South China Sea near Hainan, China. The venom ducts were
excised from live snails and immediately frozen in liquid nitrogen. One
gram of frozen venom duct (from >10 specimens) was used for
mRNA extraction, and mRNAs shorter than 1000 base pairs (bps)
were used to construct the cDNA library (Invitrogen, Shanghai, China).

Analysis of cDNA Sequences—From this cDNA library, 1032 clones
were sequenced and analyzed according to the following procedure.
Vector sequences were detected using ClustalX 2.1 software for
multiple sequence alignment (28) and were deleted until the 3’ end of
a 74-bp common adaptor sequence (CTGATAGTGACCTGTTCGTT-
GCAACAAATTGATGAGCAATGCTTTTTTATAATGCCAACTTTGTAC-
AAAAAAGT) was reached. The sequences at the 3’ end to the poly-A
tag (>20 As; 414 of 1032 clones) or at the 5’ end to the poly-T tag
(>20 Ts; in 5 of 1032 clones) were deleted. The cDNA sequences

were then translated into protein sequences in six reading frames. All
resulting sequences were extracted from start codon to stop codon,
and sequences shorter than 50 amino acids were discarded. All pep-
tides that passed through these filters were treated as valid peptides,
and BLAST searches were conducted for each peptide sequence
against the National Center for Biotechnology Information (NCBI)
nonredundant protein database (downloaded on July 7, 2011) by
using the BLASTP algorithm in the ncbi-blast-2.2.25+-ia32-linux pro-
gram. The top 10 matched hits with e-values lower than 1076 were
returned for each query. Hits with the minimum e-value among all six
queries derived from the same clone were used for the appropriate
protein annotation of each clone. All sequence alignments were
performed using the ClustalW alignment tool in the MEGA5.0 soft-
ware package with default parameters.

Gene Ontology Annotation Analysis— Identified peptide sequences
were blasted against the Gene Ontology (GO) sequence database
(90_20110716-seqdb) by using the BLASTP algorithm compiled in the
ncbi-blast-2.2.25+-ia32-linux software. The e-value cutoff was set at
less than 0.01. GO IDs were uniquely extracted for each peptide, and
the alternative IDs or obsolete IDs were removed. Every GO ID was
replaced by its corresponding parent GO ID according to the hierar-
chy-resembled graph structure described in gene_ontology_ext.obo,
until their parent GO IDs were among the three root terms: GO:
0003674 (molecular_function), GO0:0005575 (cellular_component),
and G0:0008150 (biological_process).

Crude Venom Extraction—The venom ducts of 10 C. flavidus spec-
imens were cut into short fragments with scissors. The fragments
were then extracted successively with 10 ml 0.1% trifluoroacetic acid
three times, 10 ml 20% acetonitrile twice, 10 ml 40% acetonitrile
twice, and 10 ml 50% acetonitrile once. All venom duct extraction
solutions were pooled together and lyophilized for future use.

Mass Spectrometry Analysis— Crude venom extract (~300 n.g) was
dissolved in 50 mm NH,HCO4 (300 wl), reduced with 1 mm dithiothre-
itol at room temperature for 1 h, and then alkylated with 5.5 mm
iodoacetamide at room temperature in the dark for 45 min. To remove
hydrophobic proteins, lipids, salts, and tissue debris, the reaction
solution was passed through an Empore™ C18-SD 1-ml cartridge
(8M, St. Paul, MN), and the peptide components were eluted from the
cartridge with 90% acetonitrile and vacuum dried.

LC-MS analysis of the alkylated venom sample was performed on
an LTQ-Orbitrap Velos coupled with a Surveyor HPLC (Thermo Sci-
entific, Waltham, MA). One-third of the venom peptide mixture was
loaded onto a C18 column, and a 60-min gradient was applied for
washing and elution. lons in the m/z range of 300-1800 were ac-
quired. The automatic gain control target values were 1,000,000 for
the MS spectra and 200,000 for the MS/MS spectra; the maximum
injection times were 1000 ms for the MS spectra and 500 ms for the
MS/MS spectra; and the resolution was 60,000 for the MS spectra
and 15,000 for the MS/MS spectra. The top three peaks with a
minimum signal above 5000 were activated by higher-energy C-trap
dissociation (HCD), and their MS/MS spectra were acquired in the
Orbitrap analyzer. The normalized collision energy was 48, and the
activation time was 30.

MS Data Analysis—The software package pFind Studio 2.8 (29, 30)
was applied to analyze the MS data. Raw files were first converted to
MGF files by pXtract and searched with pFind against the decoy
database constructed with 69 cDNA-encoded nonredundant precur-
sor sequences obtained from the cDNA library of C. flavidus in this
work, as well as all 4572 protein sequences downloaded from the
ConoServer database (on December 11, 2012). The maximum mass
deviation was set as 10 ppm for both MS and MS/MS ions. Carbam-
idomethylation of Cys was a fixed modification, and the variable
modifications were oxidation of Met; hydroxylation of Pro, Val, and
Lys; cyclization of the N-terminal glutamine; bromination of Trp; sul-
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fation of Tyr; carboxylation of Glu; and C-terminal amidation. A non-
specific enzyme was used for the theoretical digestion. Identified
results were compiled by pBuild, and peptides with false discovery
rates greater than 0.01 were discarded. The MS/MS spectra inter-
pretation was done automatically by pLabel, and then the charge
states were manually checked and the interfragmented ions were
manually labeled. To extract deconvoluted MS peaks, DeconTools
AutoPrecessor_v1.0.4672 was applied (31).

cDNA Cloning of Q-superfamily Conotoxins with Rapid Amplifica-
tion of cDNA Ends—To obtain more cDNA sequences of Q-super-
family conotoxins, gene-specific primers were designed according to
the conserved sequence in the 5" untranslated region and the 5’ end
of the coding region of the Q-conotoxin cDNAs identified in the C.
flavidus cDNA library in this work. These primers were then used for
PCR amplification. The sequences of the gene-specific primers were
as follows: P1, 5'-AGTCCTGTCTCCTGCCCGCTG-3'; P2: 5'-GCC-
ATCGGTTCAAGACAGACT-3’; and P3: 5’-TGCACACACTGGAAAT-
GCTGCTGC -3'. Kits for 3’ rapid amplification of cDNA ends (RACE)
from Invitrogen or Takara (Dalian, China) were used to clone Q-
superfamily conotoxin cDNAs from C. flavidus, C. quercinus, and C.
caracteristicus as described previously (32). The cDNAs amplified via
PCR were cloned into the pGEM-T easy vector (Promega, Madison,
WI) for sequencing.

RESULTS

Data Processing of the cDNA Library—From the cDNA li-
brary of C. flavidus, a total of 1032 clones were sequenced.
The cDNA lengths ranged from 96 bp to 1279 bp, with an
average length of 982 bp. Among these clones, 414 se-
quences were cloned with cis mMRNA sequences marked with
poly-A tags, and five sequences were cloned with trans
mRNA sequences marked with poly-T tags. The sequence
direction of the other 613 clones could not be determined.
The translation of all six reading frames generated 3312 pep-
tides longer than 50 amino acids from 787 clones. All 3312
sequences had start and stop codons, and BLAST was used
to search the sequences against the NCBI nonredundant
database. The peptides were relatively short (51 to 346 amino
acids; median = 74 amino acids), and therefore a stringent
e-value cutoff (<107°) was used to filter matched hits with
high confidence. Hits with the minimum e-value for the same
clone were taken as the final protein annotation of each clone.
As a result, 353 clones with 259 nonredundant peptides had
matched hits with an e-value of less than 107°. No trans
translational products were identified among the cis mRNA
clones, and vice versa.

In order to elucidate the possible biological functions of the
proteins encoded by these cDNA clones, these sequences
were also searched against the GO sequence database. A
total of 209 nonredundant peptides from 287 clones had
matched hits with an e-value of less than 0.01. The molecular
function distribution (supplemental Fig. S1) showed that the
most populated categories of the translated products of the
short mRNAs in the venom duct were enzymes and structural
molecules such as ribosomal proteins. Conotoxins, which are
grouped with channel regulator activity and receptor regulator
activity, were the third major functional category. In addition,
transporters, enzyme regulators, transcription factors, elec-

tron carriers, molecular transducers, antioxidants, and nutri-
ent reservoirs were also present in the transcriptomic se-
quences of the C. flavidus venom duct.

Conotoxins Identified in the C. flavidus cDNA Library—
Conotoxin precursors encoded by these cDNA sequences
were first identified by NCBI BLAST. Peptides annotated with
“conotoxin/conantokin/contulakin/conorfamide/conomap/
conophan/contryphan/conkunitzin/conolysin/conopressin”
were extracted from the NCBI BLAST results, which yielded
63 nonredundant precursor sequences from 96 clones (sup-
plemental Table S1). For precursors without significant BLAST
results, cysteine patterns were extracted and empirically ex-
amined. In this way, six nonredundant precursor sequences
from eight clones were identified as conotoxins (supplemental
Table S1), yielding 69 nonredundant precursor sequences in
total. Because these six precursors without BLAST results
were similar to one another and their signal peptide se-
quences were different from the other known signal peptide
sequences (supplemental Fig. S2), we proposed grouping
them into a new superfamily, the Q-superfamily.

The nomenclature of these 69 cDNAs and the correspond-
ing precursor sequences identified in this study had three
components: the Conus species identifier, “Fla”; the cysteine
framework of the predicted mature peptide (determined by
using the ConoPrec tools at the Conoserver website (7)); and
a serial number (supplemental Table S1). If zero, two, or an
odd number of cysteine residues were present in any given
mature peptide, the format “Fla-serial number” was used. The
69 nonredundant cDNA sequences gave rise to 57 nonredun-
dant mature conotoxins. The cleavage sites were predicted by
using the ConoPrec tools at the ConoServer website (7) or,
when not applicable, were determined empirically.

These 69 conotoxin cDNAs from C. flavidus belonged to 11
superfamilies, including the newly identified Q-superfamily
(Fig. 1A). The most significant difference from the statistical
distribution of the current data pool in the ConoServer data-
base was that the C. flavidus transcriptome is rich in V-
superfamily conotoxins, with 16 similar cDNA sequences
identified in this study (Fig. 1B). Only two members of the
V-superfamily, vi15.1 and vt15.1, were previously known from
other Conus species (32). In particular, in addition to the
cysteine framework XV (C-C-CC-C-C-C-C) previously identi-
fied in V-conotoxins, the cysteine framework VI/VII (C-C-CC-
C-C), which is representative of the O-superfamily conotox-
ins, was also found in the V-conotoxins produced by C.
flavidus. The alignment of the cDNA sequences correspond-
ing to the mature peptides indicated that C. flavidus V-cono-
toxins with XV and VI/VIl frameworks shared the same cys-
teine codons, the same intervals between two adjacent
cysteine residues, and very similar lengths and sequences
(Fig. 1B). This strongly suggests that these V-conotoxins
evolved from the same ancestor.

The C. flavidus conotoxins belonging to other superfamilies
also presented some unusual cysteine frameworks. For ex-
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Fic. 1. Conotoxin cDNAs identified in the cDNA library of C. flavidus. A, distribution percentage of different conotoxin superfamilies in
the ConoServer database, the conotoxins identified in the C. flavidus cDNA library, and the conotoxins identified via MS/MS in the venom of
C. flavidus. B, comparison of the cysteine codon usage of V-conotoxins from C. flavidus with cysteine framework XV or VI/VII. The TGC cysteine
codons are shown in light gray, and the TGT codons are shown in dark gray. C, comparison of the precursor sequences of two A-superfamily
conotoxins from C. flavidus demonstrates that the alteration in the cysteine framework in Fla6.1 is caused by a fragment insertion.

ample, the A-superfamily conotoxins typically have cysteine
framework | (CC-C-C) (33), which is shared by six of the seven
A-conotoxins identified in this C. flavidus cDNA library. How-
ever, one predicted mature conotoxin of the A-superfamily
(encoded by two cDNA sequences, Fla6.1 and Fla6.2) instead
had cysteine framework VI/VII. Sequence alignment of these
A-conotoxins indicated that this unusual cysteine framework
was produced by a fragment insertion in the N terminus of the

mature peptide of Fla6.1 (Fig. 1C). In addition, most of the
M-superfamily conotoxins have cysteine framework Il (CC-C-
C-CC) (11). But three M-conotoxins from C. flavidus (Fla-13,
Fla-14, and Fla-15) had two, five, and seven cysteine residues,
respectively. Furthermore, four of the seven O1-conotoxins
identified in the C. flavidus cDNA library shared the most com-
mon cysteine framework for this superfamily, VI/VIl, whereas
three other O1-conotoxins (Fla-16, Fla-17, and Fla-18) were
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cysteine-free. These results indicate that the mRNA sequences
of conotoxins produced by C. flavidus are highly diversified.

MS/MS Analysis of the Venom Components of C. flavi-
dus—In order to obtain further insight into C. flavidus cono-
toxins at the protein level, the crude venom extract was
reduced, alkylated, and analyzed with LC-MS/MS on the LTQ-
Orbitrap Velos. HCD fragmentation was applied so that highly
accurate MS and MS/MS spectra were both acquired in the
Orbitrap analyzer. Then, the deconvoluted molecular weights of
all multiply charged peaks were extracted from the MS spectra
with scan numbers smaller than 4000 (the remaining MS spec-
tra were of too low quality), leading to the identification of more
than 80,000 masses. The number of masses was reduced to
8604 when redundant peaks within a 5-ppm mass deviation
were removed. These masses probably corresponded to
venom components, but the mass of a molecule alone is not
sufficient for it to be assigned to a given component.

To acquire confident sequence information regarding the
conotoxin components, MS/MS data were searched against
the 69 precursor sequences obtained from the C. flavidus
cDNA library, as well as all 4572 protein sequences down-
loaded from ConoServer, with very stringent criteria (maxi-
mum mass deviation within 10 ppm for both MS and MS/MS
data). In total, 31 different conotoxins were confidently iden-
tified (false discovery rates less than 0.01, score < 107 % in
pFind), and each of these was manually examined (Table I,
Figs. 2-4, and supplemental Figs. S3-S26). Manual examina-
tion of the MS/MS analysis proved necessary, as two auto-
matically assigned sequences (conantokin-fla and fla6e) were
corrected in this step (Fig. 2). Both corrected sequences
yielded significantly better coverage of fragment ions and a
higher percentage of assigned peaks, and thus much better
interpretation of the spectra.

These 31 conotoxin components identified from the venom
belonged to the A-, B- (formerly conantokin), L-, M-, O1-, T-,
V-, and Q-superfamilies, suggesting that these eight super-
families are relatively dominant in the venom of C. flavidus
(Fig. 1A). Most identified conotoxins (28 of 31) corresponded
to 14 cDNA-encoded precursors obtained from the C. flavidus
cDNA library, often with a high frequency of occurrence (sup-
plemental Fig. S27). This implies consistency between the
mRNA and protein components of the venom duct. In addition,
two conotoxins identified via MS/MS analysis corresponded to
two cDNA-encoded precursor sequences previously obtained
from other Conus species, and one component did not cor-
respond to any previously reported cDNA. Among the 31
identified conotoxins, only 3 (flalb, flaba, and fla5a) pos-
sessed sequences identical to those predicted from the pre-
cursors, underscoring the importance of characterizing cono-
toxins at the protein level.

Multiple Peptide Products from One Conotoxin Precursor—
One remarkable phenomenon revealed by the MS/MS results
is that conotoxin precursors often give rise to more than one
mature peptide, with various numbers of PTMs or alternative

cleavages; the most extreme case was that of five different
mature peptides derived from the Fla-18 precursor (supple-
mental Figs. S15-S19). Consistent with the results for cono-
toxins from other Conus species, the most common PTMs
observed in the C. flavidus conotoxins were C-terminal ami-
dation, hydroxylation of proline, and carboxylation of gluta-
mate, occurring in 15, 6, and 3 of 31 conotoxins, respectively.

Hydroxylation of proline causes a 16-Da increase in mass
and is rather stable against HCD fragmentation; thus, this
modification is clearly identified in MS/MS spectra. The ma-
ture peptide region of Fla14.3 has two proline residues. One,
two, or none of these residues may be hydroxylated, giving
rise to three different conotoxins in the venom (fla14a, fla14b,
and flal4c; supplemental Figs. S5-S7). A similar situation
exists for the Fla6.4 precursor, leading to three mature toxins
with various numbers of hydroxylated proline residues (sup-
plemental Figs. S20 and S21).

Carboxylation of glutamate gives rise to a residue termed
Gla and increases the mass by 44 Da, which is seen in MS
spectra. However, this modification is labile during HCD frag-
mentation so that no carboxylation remains in the MS/MS
spectra (22, 34). As a result, the position of the carboxylation
can be identified only when all of the Glu residues are car-
boxylated. In the cases of flaO1 versus flaO2 and fla3c versus
fla3d, the MS/MS spectra of each pair were rather similar
(supplemental Figs. S11-S14), but the difference between the
masses of each pair (44 Da) clearly showed that there is only
one Gla residue in fla02 and one Gla residue fla3d. Because only
one Glu residue is present in each of these two sequences, the
position of carboxylation is undoubtedly determined. In con-
trast, the mass of conantokin-fla shows that only four of five Glu
residues in this toxin are carboxylated, but determining the
positions of the resultant Gla residues is beyond the capability
of MS/MS with the HCD fragmentation technique.

Apart from PTMs, alternative cleavage is another strategy
by which multiple peptide products can be generated from
one conotoxin precursor, as shown for the precursors Fla1.3/
1.4/1.5, Fla-18, Fla5.2, and Fla16.1/16.2. The alternative
cleavage sites occurred at either the N terminus (as in Fla1.3/
1.4/1.5 and Fla5.2) or the C terminus (in Fla16.1/16.2), or at
both termini (in Fla-18). Furthermore, the cleavage sites at the
N terminus often occurred after a Gly residue, with one ex-
ception being cleavage after an Ala residue in flabb. However,
no clear sequence preference was observed for the alterna-
tive cleavage sites at the C terminus. The underlying mecha-
nism for the different cleaving preferences at different termini
certainly deserves further exploration.

Unexpected Cysteine Framework in a V-superfamily Cono-
toxin—Among all the cleavage sites identified in this work, the
most unanticipated site was observed in a peptide produced
from a precursor of Fla15.7. This cDNA sequence belongs to
the V-superfamily, because it shares a homologous signal
peptide sequence and cysteine framework XV (C-C-CC-CXC-
CXC) in the mature toxin region with the other V-superfamily
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SEQ: GYEDHREIAETIREL, Sulfo(Y2) Gla(E) Gla(E), Charge:3, MH+: 1998.8379, Score: 6.44e-08, Appm=1.68
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SEQ: GYEEDWEIWENIRK, Gla(E) Gla(E) Gla(E), Charge:3, MH+: 1998.8379, Appm=1.36
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SEQ: GYEEDREIAETIREL, Gla(E) Gla(E) Gla(E) Gla(E), Charge:3, MH+: 1998.8379, Appm=1.58
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Fic. 2. Manual examination of MS/MS spectra. A, the MS/MS spectrum of conantokin-fla was manually examined against three possible
conantokin sequences without the PTMs that are present in the precursor ion. The mass accuracy of each spectrum was calculated with the
mass of the precursor ion with corresponding PTMs shown in each spectrum heading. The third sequence was taken as the most confident
result. B, the MS/MS spectrum of flaBe was automatically annotated (panel i) and then manually assigned (panel ii) by introducing point
mutations of T11S, G23T, and L28V (shown in cyan in the inset sequences). Interfragmented ions were also manually labeled. In this figure,
as well as in Fig. 3 and Fig. 4, the orange letters in the inset sequences indicate the residues with modifications listed in each spectrum heading.
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B i. automatic assignment of MH+ 3205.2635 by pFind

SEQ:SCGHSGAGCYTRPCCPGLHCSGGHAGGLCY, Carb(C2) Carb (C9) Hydro(P13) Carb(C14) Carb (C15) Carb(C20) Carb (C29), Charge:5, MH+: 3205.2635, Appm=1.89
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ii. manual assignment of MH+ 3205.2635 by introducing T11S, G23T and L28V mutations gives much better peak coverage

SEQ:SCGHSGAGCYSRPCCPGLHCSGTHAGGVCYV, Carb(C2) Carb (C9) Carb(C14) C:
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arb (C15) Carb(C20) Carb (C29), Charge:5, MH+: 3205.2635, Appm=1.89

b27++++ 708.0287

a28++++ 7257974
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FiG. 2—continued

conotoxins. To our great surprise, a peptide corresponding to
the C-terminal half of the predicted mature toxin was identi-
fied in the venom of C. flavidus (Fig. 3). This peptide had only
four cysteine residues, although it is still named fla15a ac-
cording to the classification of its cDNA. Intriguingly, the
N-terminal cleavage site for the production of this peptide
also occurred after a Gly residue. It is unknown whether the
normal V-conotoxins with eight cysteine residues exist in

the venom of C. flavidus, but they were not identified at the
MS/MS level in the current study. Therefore, it is not known
whether this truncated peptide is the only mature product of
the precursor of Fla15.7. However, this is the first result to
demonstrate that the cysteine framework in the precursor
may be altered during the maturation process of conotoxins.

The Newly Identified Q-superfamily Conotoxins—A new Q-
superfamily of conotoxins was identified from the cDNA li-

112
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SEQ:SCFCFPHGKNCFCRQL, Carb(C2) Carb (C4) Carb(C11) Carb (C13) Amidation(C-term), Charge:4, MH+: 2116.9010, Score: 8.21e-025
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Fic. 3. MS/MS spectrum analysis of fla15a. The spectrum interpretation gives a confident sequence with only four cysteines, although its
cDNA-encoded precursor has eight cysteines in the mature peptide region.

brary of C. flavidus (see above). Five of the six peptide pre-
cursors of this superfamily had cysteine framework XVI (C-C-
CC), whereas the sixth precursor had cysteine framework
VINVII (supplemental Table S1). MS/MS analysis of the venom
identified four peptides derived from precursor Fla16.1/
Fla16.2, but with alternative cleavages (Fig. 4). The lengths of
these four peptides (fla16a, fla16b, fla16c, and fla16d) differed
from one other by one residue at the C terminus. The cleav-
ages occurred at the carboxyl side of Tyr, Ala, or Glu, showing
no obvious sequence preference. This implies that alternative
cleavage at the C terminus of conotoxins may be not se-
quence dependent but position-dependent, and that it is
probably mediated by carboxypeptidase-like enzymes.

Among these Q-superfamily sequences, the predicted ma-
ture peptide of Fla16.5 is highly similar to qc16a, a conotoxin
identified from C. quercinus (35). Therefore, qc16a probably
belongs to the same Q-superfamily, indicating that C. flavidus
is not the only Conus species that produces Q-superfamily
conotoxins. Indeed, using the RACE method, we obtained a
few Q-superfamily cDNA sequences not only from C. flavidus,
but also from C. quercinus and C. caracteristicus (Fig. 5A).
Among these, Qc16.1, Qc16.2, and Qc16.3 are highly similar
to one another, and are probably the cDNAs corresponding to
qci6a, if the 12 residues at the C terminus are cleaved.

As shown by the results from the C. flavidus cDNA library
(supplemental Table S1), the Q-superfamily contains se-
quences with not only cysteine framework XVI, but also
framework VI/VII (Fig. 5A). Interestingly, alignment of the
cDNA sequences with different lengths and different cysteine
frameworks in the corresponding mature peptide regions (Fig.
5B) makes it obvious that the alteration in peptide length at
the C terminus is due to a single nucleotide mutation that
results in earlier termination of the encoding region. This is

probably another strategy employed by Conus species to
expand the diversity of conotoxins at the gene level.

DISCUSSION

Conotoxins are a huge reservoir of gene-encoded short
peptides with remarkable structural diversity. The biological
activities and applications of selected conotoxins have been
studied, but the mechanism of conotoxin diversity is still far
from being understood. To gain more insight into the struc-
tural diversity of conotoxins, we performed a comprehensive
venomic analysis of a previously uninvestigated Conus spe-
cies, C. flavidus. This analysis revealed various conotoxin
diversifications at different levels.

Important Considerations Concerning Experimental Proce-
dures—In this study, transcriptomic and proteomic analyses
were combined in order to obtain information at both mRNA
and protein levels. The conserved signal peptide sequence of
each superfamily of conotoxins provides a convenient basis
for cDNA identification, which contributes significantly to
the data pool of conotoxins. However, knowledge of the
cDNA-deduced precursor sequences is often not sufficient to
anticipate the sequences of their toxin products, because
most conotoxins undergo complicated maturation processes
involving currently unpredictable proteolytic cleavages and
PTMs. This demands the characterization of conotoxins at the
protein level, and ideally on a large scale.

Modern MS technology is a powerful method for protein
characterization, providing not only information regarding the
mass of a molecule, but also sequence information via the
fragmentation of peptide ions in MS/MS setups. As conotox-
ins have highly variable sequences and various PTMs, a mass
value can be attributed to many different sequences. Similarly,
a precursor sequence can be subject to different cleavages and
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A SEQ: LIHGSDCQPCGQYVCCPPWKY, Carb(C7) Carb (C10) Carb(C15) Carb (C16), Charge:3, MH+: 2625.1047, Score: 1.02e-032
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C SEQ: LIHGSDCQPCGQYVCCPPWKYAE, Carb(C7) Carb (C10) Carb(C15) Carb (C16), Charge:3, MH+: 2825.1839, Score: 2.47e-017
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D SEQ: LIHGSDCQPCGQYVCCPPWKYAE, Carb(C7) Carb (C10) Carb(C15) Carb (C16), Charge:3, MH+: 2988.2481, Score: 1.94e-025

b8+ 9114016

L HjG/\Sjl:jc/\QJF: FJ,?J‘,‘?JY V‘E(CE’(P Wﬁ( Y Aﬁzﬁ(

1003

903 g

80 &
g £

703 2 :
B

)
=]

50

Relative Abundance

HGSDCQ+ 685.2350

100 800
m/z

Fic. 4. MS/MS spectra of Q-conotoxins fla16a (A), flaéb (B), flaéc (C), and flaéd (D). These four Q-conotoxins are derived from the same
precursor, but with alternative cleavages at the C terminus.
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A

>Flal6.5 MHTLEMLLLLLLLSPLALGEGDGQAVAGDRNPSEARSTHEHFLORLLGRIDGRDCQPCGHDVCCPP-—-—-—-———-—————————————
>Flal6.6 MHTLEMLLLLLLLSPLALGEGDGQAVAGDRNPSEARSTHEHFLOQKLLGRIDGRDCQPCGHDVCCPP--—-—-—-——-—-—————-—
>Flal6.?7 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTHEHFLQKLLGRIDGRDCQPCGHDVCCPP-———————————————
>Flal6.8 —HTLEMLLLLLLLSPLALGEGDGQAVAGDRNPSEARSTHEHFPQKLLGRIDGRDCQPCGHDVCCPP-——-———-——=———————
>Flal6.3 MHTLEMLLLLLLLLPLAPGEGDGQAVARDRNPSEARSTHEHFLOQRLIRLIDGRDCKLCGHDVCCDWA-——-—-—=——————————————
>Flal6.4 |==——= MLLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTHEHFLQRLIRLIDGRDCKLCGHDVCCDWA---—————————————————
>Flalé6.1l MHTLEMLLLLLLLLPLALGEGDGQAVAGDRNPSEARSTHEHFLQRLIRLIHGSDCOPCGQYVCCPPWKYAEYRRFT--——--————-——
>Flal6.2 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTHEHFLORLIRLIHGSDCQPCGQYVCCPPWKYAEYRRFT--———-—-—————
>Qclé6.1 MHTLEMLLLLLLLLPLALGEGDGQAVAGERNPSEARSTREHLLQRLV----GRDCQPCGHNVCCRSGNDGEYRRFT -
>Qcl6.2 MHTLEMLLLLLLLLPLALGEGDGQAVAGERNPSETRSTREHLLQRLV----GRDCQPCGHNVCCRSGNDGEYRRFT--—--—-—-—-——
>0cl6.3 MHTLEMLLLLLLLLPLALGEGDGQAVAGERNPSETRSTREHLLQRLV----GRDCQPCGHNVCCRSGNGGEYRRFT—-——-—————-—
>Qc6.3 MHTLEMMLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTYKRFLORPARRIDRRECTPCGPNLCCQPGKTCGTSTHHDHYGEPACV -~
>Qc6.4 MHTLEMLLLLLLLLPLALGEGDGQAVAGERNPSEARSTYKRFLOQRPARRIDRRECTPCGPNLCCQPGKTCGTSTHHDHYGEPACV--
>0Qc6.5 MHTLEMMLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTYKRFLOQRPARRIDRRDCTPCGPNLCCEPGKTCGTSTHHDHYGEPACV-—
>Qc6.6 ~HTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPSEARSTYKRFLORPARRIDRRDCTPCGPNLCCEPGKTCGTSTHHDHYGEPACV-—
>Cab.2 MHTLEMLLLVLLLVPLAPGEGDGQAVGGDRNPSEARRAYKRLLORPARRMDRGGCTPCGPNLCCSEEFRCGTSTHHQTYGEPACLSY
>Fla6.14 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPGEARSTHKRFLOQRPARRIHRHRCTPCGPDLCCEPGTTCDRVLHHTHFGEPSCS-Y
>Fla6.15 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPGEARSTHKRFLORPARRIHRHRCTPCGPDLCCEPGTTCDTVLHHTHFGEPSCS-Y
>Fla6.16 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPGEARSTHKRFLORPARRIHRHRCTPCGPDLCCEPGTTCDTVLHHTRFGEPSCS-Y
>Fla6.17 MHTLEMLLLLLLLLPLAPGEGDGQAVAGDRNPGEARSTHKRFLOQRPARRIHRHRCTPCGPDLCCEPGTTCDTVLRHTHFGEPSCS-Y
>Fla6.18 MHTLEMLMFEVLMLLMALGEGDGQDVAGDRNLGEARSTHKRFLOQRPARRIHRHRCTPCGPDLCCEPGTTCDTVLHHTHFGEPSCS-Y
B D C Q P CGH DV CC P P *

Flal6.5 GACTGCCAACCCTGTGGCCATGATGTCTGCTGCCCGCCTTG-ARARAAATGTGGAACATCGTCGTTTCACATAACTTTTGACGACCCTGCATGTG-—-—————

Kkk KKK kkkkKAK kkkk Kkkkkkkk  kkkk kK kk Kkkkk KKk kk k  KkkA*x Kk kkk kkk KkKk Kk KxKk
Fla6.18 AGGTGCACACCGTGTGGCCCTGATCTCTGCTGCGAGCCTGGAACAACATGTGACACAGTGTTGCATCACACGCATTTTGGCGAGCCTTCGTGTTCATATTAA

R CT PCG?PDULCCE®PGTTT CODTV L HHTHF G E P S C s Y *

Fic. 5. cDNA-encoded precursor sequences of Q-superfamily conotoxins identified in this work. A, alignment of the precursor
sequences of the Q-conotoxins shows that their mature toxins may have different lengths and different cysteine frameworks. The conserved
signal peptide is shaded in gray. The mature peptide regions of Fla16.1 and Qc16.1 are underlined. B, comparison of the cDNA and protein
sequences of Fla16.5 and Fla6.18 shows that the alteration in the length and cysteine framework of the Q-conotoxins is caused by a single
nucleotide change in the cDNA sequence, which leads to the premature termination of the encoding region.

PTMs so as to artificially match many masses. For example, if
the precursor sequence of Fla15.7 were given all possible non-
specific cleavages to generate products longer than 5 amino
acids and all PTMs observed in conotoxins except glycosylation
were allowed, 21.8% of all nonredundant masses (1879 of 8604)
identified in C. flavidus venom could be matched to Fla15.7
within 10 ppm mass deviation (supplemental Table S2). How-
ever, this matching is most likely unreliable. Thus, in the current
study, only masses with corresponding MS/MS spectra were
taken as identified conotoxin components.

In the study of conotoxins, one particular difficulty is the
prediction of the mature toxin boundary from the precursor
sequence, as multiple cleavages are often involved in the
toxin maturation process, and the cleavage sites are, as noted
above, currently not predictable. This leads to a situation in
which matching a partial peptide fragment to the precursor
sequence is not sufficient to determine the primary sequence
of the conotoxin, which is distinct from the general situation of
bottom-up proteomic studies (36). In an effort to overcome
this difficulty, two considerations were taken into account in
this study. First, in order to obtain the full-length sequences of
conotoxins present in the C. flavidus venom duct, the pep-
tides in the venom extract were not digested with proteases
prior to MS/MS analysis. Given the generally short length of
conotoxins, the full-length peptides were well ionized and
fragmented. Second, nonspecific enzyme was applied for the

theoretical digestion of conotoxin precursor sequences in the
database for the searching of MS/MS spectra. This unbiased
processing resulted in the identification of several unexpected
cleavage sites employed for conotoxin maturation.

In high-throughput proteomic analysis of conotoxins, some
additional difficulties arise from the neutral loss of certain
labile PTMs during fragmentation and the lack of a compre-
hensive database. Consequently, special attention was paid
in interpreting the MS/MS spectra, and two sequences were
manually corrected after automatic assignment (Fig. 2): co-
nantokin-fla and fla6e. With regard to the MS/MS spectrum of
conantokin-fla, the precursor ion with an MH+ value of
1998.8379 matched three possible conantokin mature pep-
tides derived from the C. flavidus cDNA library, with a devia-
tion of <2 ppm: GYEDHREIAETIREL, containing one sulfation
modification and two Gla residues; GYEEDWEIWENIRK, con-
taining three Gla residues; and GYEEDREIAETIREL, contain-
ing four Gla residues. Because the loss of the sulfation on Tyr
may happen in MS mode (37), whereas no corresponding
desulfation mass was found in our MS spectra, the first se-
quence seems unlikely. During HCD fragmentation, the sulfa-
tion of Tyr and the carboxylation of Glu are labile and thus are
not maintained in the fragment ions (21, 34). The MS/MS
spectrum was manually examined against these three se-
quences with no PTM (Fig. 2A). Matching with the third versus
the first or second sequence gave a much better interpreta-
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Fla-18 ATGAAACTGACGTGCGTGATGATCGTTGCTGCGCTGTTCTTAACCGCCTGGACATTTGTCACGGCTGATAACTCCAAATATGAACTGGAGAACAG
khkhkkkhkkhkkhkkhkkhkkhkkhkhkhkhkkx *hkkkkkkkhkkhkhkhkhkhx khkhkhkhkhkhkhkk Khhkkhkkhkkhkhkhkhkhkhkhkhkhk hhkkhkkhkkhkkhkhkhkhkhk * dhkkkkhkkhkhk ,hkhkhkhkhkhkhkhkhkkkkkk*k
Qc6.1 ATGAAACTGACGTGCATGATGATCGTTGCTCTGCTGTTCTTGACCGCCTGGACATTCGTCACGGCTGTTGACTCCAAAAATGAACTGGAGAACAG
M K L vV D S K N E E N R
G G L G H A G G WV KAGAUL G KD P G WG KR F L M AR D E
Fla-18 AGGAGGATTGGGGCATGCAGGAGGATGGGTGAAGGCAGGAGCATTGGGGAAGGATCCAGGATGGGGAAAACGTTTTCTGATGGCACGTGACGAAA
khkkkkkhkkhkk Khhkkhkhkhkk KAhkhkkkkkkkkkk*k * kkkk kkhkkkk Ahkhkhkkkkkk kkhkkkkkk
Qc6.1 AGGAGGATGGGGGCAGGCAGGAGGATGGG~——~————rmm————————— e — = ————— GGAAACTTTTTCCGATGGCACGCGACGAAA
G G W G Q A G G W G K L F P M A R D E
M K N P K A S K L v P *
Fla-18 TGAAGAACCCCAAAGCCTCCAAATTGG-————————————— TGCCTTGAGAGGGGTGAACCTTGTATCATGCCGATCATTGGGATGTTCGCATGC
*kkk  kkk *: Thk fkk RhkhhkRx * Kk k * x Kk kkkk  kkkk * kk kk kkkkkkkk Xk * Kk x
Qc6.1 TGAAAAACAGCGAAGTCTCTAAATTGGACAATAAGAGAAAGTGCGCTGCAGCCGGTGAAGCTTGCGTAATACCTATCATTGGAAACGTATTTTGC
M K N S E V S K L DN KR KU CAAAGEACUV I P I I G N V F C
Fla-18 TGCGATTCCGTATGTATTTATGTCTGCATCTAG————
*xkKk K *hx kkk  kkkkxkkk Kk
gee.l TGCAAAGGCTACTGTCTTTTCGTCTGCAT—TAGTTAA

C K G Y C L F Vv C I s *

Fic. 6. Comparison of the cDNA-encoded precursor sequence of Fla-18, a cysteine-free O1-superfamily conotoxin identified in this
work, with the 20 most similar sequences of known O1-conotoxins. A, precursor sequence alignment shows that the organization of the
Fla-18 precursor is distinct from that of the precursors of the canonical O1-conotoxins. The mature peptide region of Fla-18 is inserted into
the propeptide region, and the C-terminal cysteine-rich region is missing in Fla-18. B, comparison of the cDNA and protein sequences of Fla18
and Qc6.1 shows that the absence of the cysteine-rich region in Fla-18 is caused by a 14-bp deletion in its cDNA sequence, which leads to

the premature termination of the coding region.

tion of the MS/MS spectra, especially of doubly charged
fragment ions; therefore, this sequence was taken as the most
confident result, although the automatic annotation was as-
signed to the first sequence.

Regarding the MS/MS spectrum of O-conotoxin fla6e, the
sequence was automatically assigned as SCGHSGAGCYTR-
PCCPGLHCSGGHAGGLCV with hydroxylation on Pro13 (Fig.
2B, panel i). However, manual examination revealed that the
two most intense ions were either not assigned or incorrectly
assigned on the second isotopic peak. By manually analyzing
the spectrum with pLabel, we found that an L28V point mu-
tation gave a beautiful fragment ion series from b,,++++ to
b,;++++, and a T11S point mutation further led to the

assignment of b12++, b15++, b17++, b18++, b19++,
and b20+++ ions, as well as y11+ and y12++ ions. To
match the precursor ion mass, Gly23 was mutated to Thr,
which was supported by the b22+++ ion (Fig. 2B, panel ii).
Therefore, the sequence of flae was finally corrected to
SCGHSGAGCYSRPCCPGLHCSGTHAGGVCV without PTM,
the cDNA of which has not yet been reported. These two
examples highlight the fact that manual examination of cono-
toxin MS/MS spectra is required in order to achieve confident
results for further analysis.

Diversification of Conotoxin mRNA Sequences—The anal-
ysis of the C. flavidus cDNA library identified 69 nonredundant
conotoxin precursors that belonged to 11 superfamilies, in-
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cluding the newly identified Q-superfamily. Within each super-
family, the mature peptide region was generally more variable
than the other regions (Figs. 1B, 1C, 5A, and 6A), so that
diversified similar conotoxins could be produced, as observed
in previous studies (38, 39). Apart from local variations due to
missense mutations, fragment insertion/deletion also caused
pronounced changes in conotoxin sequences, often resulting in
a change of cysteine frameworks (Fig. 1C). Another interesting
way is the mutation-induced premature termination of the cod-
ing region, which was observed for the first time in this study in
the newly identified Q-superfamily (Fig. 5B). This diversity strat-
egy seems quite effective relative to the others, taking into con-
sideration the comparatively small change in nucleotide sequence
coupled with the resulting large change in protein sequence.

Most strikingly, multiple diversifications were simultane-
ously observed upon O1-superfamily sequence alignment
(Fig. 6). The sequences with cysteine framework VI/VIl are
similar to each other, owing to local missense mutations.
However, the precursor organization of Fla-18 is clearly dif-
ferent from that of the other O1-superfamily conotoxins, be-
cause of the insertion of the mature peptide region of Fla-18
into the propeptide region of canonical O1-conotoxins and
the deletion of the Cys-rich mature peptide sequence in the
Fla-18 precursor. Comparing the nucleotide sequences of
these O1-superfamily cDNAs showed that the shortening of
the coding region of Fla-18 at the C terminus was actually
caused by a 14-bp fragment deletion and the resulting pre-
mature termination of the coding region.

It is also interesting that, according to our transcriptome
analysis, most conotoxin superfamilies have variable cysteine
frameworks. In addition, the same cysteine framework may
exist in different superfamilies. One notable example is that of
cysteine framework VI/VII, which is present in V-, A-, Q-, and
O1-superfamilies (Figs. 1B, 1C, 5A, and 6A). Although these
conotoxins belonging to different superfamilies share the
same cysteine framework, they have different lengths, cys-
teine codon usage, and sequences (supplemental Fig. S28).
This suggests that these conotoxins evolved from different
ancestors, supporting the argument that cysteine configura-
tion is not phylogenetically relevant for conotoxins (11).

Conotoxin Diversification at the Protein Level—Our MS/MS
analysis of C. flavidus venom not only identified 31 conotox-
ins, but also revealed two major strategies of conotoxin di-
versity at the protein level: alternative PTM and alternative
cleavage. Alternative PTM was observed for proline hydroxy-
lation (in the case of fla14a, fla14b, and flal4c and in the case
of flaBa, flaéb, and fla6c), glutamate carboxylation (in flaO1
versus fla02 and in fla3c versus fla3d), and even C-terminal
amidation (in fla04 versus fla05). These alternative PTMs mul-
tiply the number of peptide products from the same precur-
sor, thereby contributing to conotoxin diversity.

Our results also demonstrated that alternative cleavage,
another efficient method for conotoxin diversity at the protein
level, may occur more ubiquitously than previously thought.

Alternative cleavage was observed in conomarphin, a cys-
teine-free conotoxin belonging to the M-superfamily (40).
Here, we show that alternative cleavage occurs in several
conotoxins belonging to the A-, O1-, T-, and Q-superfamilies
(Table I). More interestingly, the alternative cleavage at the N
terminus shows some sequence preference, with the cleav-
age site generally at the carboxyl side of Gly, or occasionally
at the carboxyl side of Ala. However, the cleavage at the C
terminus seems rather position-dependent. It is therefore
highly likely that alternative cleavages at the two different
termini of conotoxins are mediated by different enzymatic
machineries. The proteolysis at the N terminus may be medi-
ated by a signal peptidase-like enzyme, thus showing se-
quence preference for small side-chain residues (41), whereas
the cleavage at the C terminus is possibly carried out by a
carboxypeptidase (42). Further study would be required in
order to identify these enzymes and their substrate selectivity.

In addition to the cleavages at the termini of conotoxins, the
most surprising cleavage was observed in fla15a (Fig. 3 and
Table I). This cleavage occurred in the middle of the predicted
mature toxin region, rather than at the N or C terminus,
producing a new cysteine framework relative to the frame-
work in the precursor sequence. This result indicates that the
cysteine framework of conotoxins can be changed not only at
the gene level, but also at the protein level. This result further
complicates the maturation process of conotoxins, as well as
the mechanisms behind conotoxin diversity.

CONCLUSIONS

Our venomic study of C. flavidus, combining transcriptomic
and proteomic analyses, identified 69 nonredundant cono-
toxin cDNA sequences, 31 conotoxin peptide sequences, and
a new Q-superfamily. More importantly, we found that cono-
toxin-encoding transcripts can be diversified via hypermuta-
tion, fragment insertion/deletion, and mutation-induced pre-
mature termination, and that a single mRNA species can
generate multiple toxin products through alternative PTMs
and alternative cleavages of the translated precursor. The
combination of these strategies at different levels is probably
responsible for the structural diversity of conotoxins.
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