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Abstract

The 83-residue conopeptide (p21a) and its corresponding non-hydroxylated analog were isolated
from the injected venom of Conus purpurascens. The complete conopeptide sequences were
derived from Edman degradation sequencing of fragments from tryptic, chymotryptic and
cyanogen bromide digestions. p21a has a unique, ten-cystine/5-disulfide 7-loop framework with
extended 10-residue N-terminus and a 5-residue C-terminus tails, respectively. p21a has a 48%
sequence homology with a recently described 13-cystine conopeptide, con-ikot-ikot, isolated from
the dissected venom of the fish-hunting snail Conus striatus. However, unlike con-ikot-ikot, p21a
does not form a dimer of dimers. MALDI-TOF mass spectrometry suggests that p21a may form a
non-covalent dimer. p21a is an unusually large conotoxin and insofar is the largest isolated from
injected venom. p21a provides evidence that the Conusvenom arsenal includes larger molecules
that are directly injected into the prey. Therefore, cone snails can utilized toxins that are
comparable in size to the ones commonly found in other venomous animals.
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Introduction

Cone snails (genus Conus) are versatile marine predators that utilize venom to paralyze and
capture their prey. Conusvenom is a complex mixture of modified peptides (conopeptides),
which are directed with great specificity towards a wide range of physiological targets. The
venom components are produced in a tubular duct that contains secretory cells and are
discharged into prey through a radular tooth or harpoonl. Most of the cone snail venom
components are small peptides (7-30 amino acids in length) that are constrained by disulfide
bonds and contain other post-translational modifications2.

Conus species are classified into three groups, depending on their preferential prey: worm
hunters (vermivorous), mollusk hunters (molluscivorous), and fish hunters (piscivorous).
Piscivorous species use two main strategies to capture fish: 1) hook-and-pull and 2) netting.
Hook-and-pull requires rapid immobilization of the prey upon venom delivery, with
subsequent pulling of the immobilized prey, which is then engulfed and consumed by the
snail. Conus purpurascens is the only fish-hunting cone snail species found in the tropical
Eastern Pacific region, which ranges from the Gulf of California to Perd. C. purpurascens
uses the hook-and-pull strategy to capture fish (Figure 1). The injected venom of Conus
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purpurascens has been shown to elicit an excitotoxic shock effect followed by
neuromuscular blocking that produces instant immobilization of the prey*.

Most conopeptides have been isolated from venom obtained from dissected venom ducts.
However, the components of dissected venom do not necessarily correspond to those that
are actually injected into prey. The venom collected through the radular tooth during feeding
(injected venom) is not identical to the dissected venom of the same animal as the profile of
peptides in the injected venom is far less complex than the one observed in dissected
venom®b,

The majority of Conusvenom components isolated so far are peptides with less than 30
residues in length. Larger components, including proteins, are seldom described:;
particularly, those found in injected venom. Just as the smaller conopeptides, the larger
polypeptides in Conusvenom (either from the ducts or the delivered concoction to the prey)
can perform important functions such as acting as toxins, carrier proteins, degradative
enzymes (proteases and lipases) or toxin processing’.

Here we report the isolation and characterization of a 9.3 kDa 83-residue component present
in the injected venom of Conus purpurascens that defines a new 10-cystine/5-disulfide 7-
loop conotoxin framework (framework 21). p21a is also expressed as non-hydroxylated
products, at two of its Hyp residues. p21a has a similar cystine arrangement to the recently
reported con-ikot-ikot conopeptide. However, p21a does not form a covalent intermolecular
disulfide dimer like con-ikot-ikot. p21a is the largest component reported so far from the
injected venom of a cone snail, demonstrating that larger components comparable in size to
the toxins of other animals, are part of the neurochemical strategy used by cone snails to
capture prey.

Results
Peptide purification

The RP-HPLC of the injected venom of C. purpurascens is shown in figure 2. The peak of
interest eluted at 59 min. This peak was re-chromatographed under same conditions yielding
a purified p21a (Fig. 2 inset).

Mass Spectrometry of p2la

Mass spectrometry of the purified RP-HPLC fraction carried out using MALDI-TOF in
linear mode yielded an average molecular mass of 9320 Da (Fig.3A). Mass analysis between
the reduced/alkylated peptide and the native peptide showed a mass difference of 554 Da,
which is consistent with the presence of ten cystine residues (Fig. 3B).

Sequence of p2la

Direct N-terminal sequencing of p21a was obtained until GIn-35 (Table 1). Subsequently,
p21a was digested using trypsin, chymotrypsin and CNBr respectively. The fragments from
these digestions were separated by RP-HPLC and sequenced by Edman degradation (Table
1). The sequence of p21a contained five Pro residues; however, at positions 24 and 43 y-
hydroxyprolines (Hyp) residues were predominant over their Pro counterparts. Upon
deduction of the total sequence of p21a from overlapping fragments, the MS-determined
molecular weight for the peptide was in agreement with its calculated molecular weight,
which included the two Hyp residues (My,calc. = 9322 Da vs Myexp. = 9320 Da).

The monoisotopic molecular masses of the digestion products, obtained in the reflector
mode, were identical to their corresponding calculated counterparts. The fragment
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corresponding to the carboxyterminal region of p21a is amidated on the C-terminal as we
found a difference of 1 Da between the monoisotopic molecular mass and its calculated
molecular mass.

p21a is a 83-residue conopeptide with an arrangement of 10-Cys/5-disulfide and 7-loop
framework. Additionally, p21a has a 10-residue N-terminus tail and a 5-residue C-terminus
tail. A BLAST search® of the databases (Swissprot/EMBL) revealed 32% sequence
homology (query p21a 9-81: Identities = 24/75 (32%), Positives = 36/75 (48%), Gaps = 2/75
(2%) ) with a recently reported 13-cystine conopeptide from Conus striatus (con-ikot-ikot)
that forms dimers of dimers (Table 2)°.

Analysis of p2la by SDS-PAGE

In order to assess whether p21a has a multimeric arrangement, the injected venom was
analyzed by gel electrophoresis under native (Fig 4A) and reducing conditions (Fig. 4B). In
addition to the p21a band, a major band was observed at 60 kDa along with other larger
proteins. However, we did not observe a band at 38 kDa in either gel, which would
correspond to the p21a peptide forming dimer of dimers, or around 19 kDa that would
correspond a dimer of p21la (Fig. 4). The electrophoresis profile obtained under reducing
conditions was similar to the profile obtained under native conditions, with the exception of
the bands migrating at molecular masses above 70 kDa (Fig. 4B) and the band of 12 kDa,
which disappeared under reducing conditions and generated a new band with a molecular
mass lower than the p21a band.

We used MALDI-TOF mass spectrometry (linear mode) to analyze the large components of
the injected venom of Conus purpurascens under native (Fig. 4A) and reducing/alkylating
conditions (DTT + IAM), respectively (Fig. 4B). A molecular mass peak corresponding to
18.6 kDa was observed on the MALDI-TOF MS of the injected venom under native
conditions (Fig.4A) suggesting possible dimerization of p21a. This peak was also observed
on the MALDI-TOF MS of purified p21a (Fig. 3A). Likewise, a molecular mass peak of
19953 Da was observed under reducing/alkylating conditions (Fig. 4B), which corresponds
to the dimer of the reduced/alkylated form of p21a (Mw = 9.9 kDa). This result indicates
that the tendency of p21a to form dimers does not disappear when the disulfide bonds are
reduced.

The results obtained by SDS-PAGE and mass spectrometry suggest that p21a does not form
a covalently disulfide-linked dimer as con-ikot-ikot does. The con-ikot-ikot monomer has
thirteen cystines; presumably, twelve of these residues are involved in intramolecular
disulfide bonding and the remaining cystine is responsible for covalent dimerization. By
way of contrast, p21a has an even number of cystines (ten) that are forming five
intramolecular disulfide bonds.

Discussion

Here we described the isolation and characterization of the conopeptide p21a from the
injected venom of Conus purpurascens. This 83-residue conopeptide is the longest sequence
reported so far from the injected venom of a cone snail. This finding in injected venom is
significant as it indicates that p21a is part of the actual arsenal used by C. purpurascensto
immobilize its prey. p21a has ten cystines that are forming five intramolecular disulfide
bonds. There are two pairs of vicinal cystines that define a total of seven loops in the
sequence. This particular arrangement of cystines is unique among disulfide-constrained
peptides/proteins and defines a new conotoxin framework (framework 21). p21a features a
10-residue N-terminal and a 5-residue C-terminal tails respectively. These tails are unsual
among conotoxin scaffolds; however, they are common among the long neurotoxins of
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scorpions?®, spiders!! and snakes!2. These tails can have significant influence in the
functionality of the toxins, as they affect targeting?, stability by incorporation of D-amino
acids!®, and overall shape of the toxin as they can (non-covalently) participate in the overall
folding of the toxin12 .

The cystine pattern found in p21a is clearly related to a recently reported 13-cystine
conotoxin that forms a 36 kDa dimer of dimers (con-ikot-ikot)®. Con-ikot-ikot disrupts the
desensitization of AMPA receptors (AMPARS). The dimer of dimers arrangement suggests
that con-ikot-ikot acts as a molecular four-legged clamp that keeps AMPARS in the open
state. AMPARSs are a subfamily of ionotropic glutamate receptors mediating most of the
excitatory transmission in the central nervous system (CNS). Thus, disruptors of AMPARS
desensitization will have an excitatory effect, which in conjunction with other excitatory
toxins in the venom will produce a synergistic effect (excitatory cabal) that will lead to
efficacious prey immobilization. Whether p21a is an AMPAR modulator similar to con-ikot-
ikot is currently under investigation; however, extensive screening of p21a remains a
challenge due to limited supply of the native toxin and its current synthetic inaccessibility.

p21a and con-ikot-ikot are related large toxins found in fish-hunting cone snails that use the
hook-and-pull strategy. They are likely to be complementary to other excitatory toxins such
as the 6-PVIA and &-SVIE found in Conus purpurascens and Conus striatus, respectively.
These 6-conotoxins inhibit the rapid inactivation of voltage-gated sodium channels causing
a state of hyperexcitation, which leads muscle contraction and rigid paralysis. Thus, large
conotoxins that modulate AMPARS, such as con-ikot-ikot and possibly p21a, can be
considered the ligand-gated components of the excitatory arsenal in the venom.

It is likely that p21a belongs to the same gene superfamily as con-ikot-ikot. However, there
might be features in the sequence of the precursors of these conopeptides that encode for the
formation of dimer-of dimers such as con-ikot-ikot as opposed to monomers such as p21a.
In spite of its large size, the precursor of con-ikot-ikot has similar features to those of other
conotoxins: it has a unique signal sequence (that defines it within a new gene superfamily), a
pro region, and a mature region that encodes the toxin. Formation of covalent dimers within
known frameworks occurs in framework V conotoxins (T-superfamily). A 5-cystine
conotoxin (TxXII1A) was found to form a covalent homodimer of a framework V
conotoxin®3. Similarly, con-ikot-ikot can be the dimeric equivalent of p21a. While p21a
does not form covalent dimers such as con-ikot-ikot, aD-VxXXs or TxXIIIA, we found by
mass spectrometry that p21a may form a non-covalent dimer. The connotation of this
finding will be addressed at a later time.

The overall sequence of p21a was determined by direct sequencing of the mature toxin,
which represented a challenging proposition given the size of this conopeptide. While
conopeptide discovery can be performed by deducing putative mature sequences from
cDNA libraries, the precise sites of cleavage of the precursor can be difficult to determine.
Likewise, it is difficult to predict sites that have undergone posttranslational modifications.
In fact, it would be difficult to predict from the cDNA of p21a the existence of the N-
terminal tail or the precise sites of hydroxylation found in the isolated toxin (see below).
Therefore, direct primary structure determination of conopeptides, even for large
components, remains as a definite tool in conopeptide discovery.

p21a is selectively hydroxylated at Hyp-24 and Hyp-43; the other three Pro residues are not
hydroxylated. However, a non-hydroxylated version of p21a at positions 24 and 43 coexist
in the venom. This differential and selective hydroxylation has been observed for the a-
PIVA conotoxin also found in the venom of C. purpurascenst*. The presence of
hydroxyprolines is frequent in conopeptides!®. The reason for Pro hydroxylation in
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conopeptides is still unclear®. One possibility could be to increase the capacity to form
hydrogen bonds and also facilitate the binding strength and selectivity toward a target!’. It is
possible that the hydroxyprolines along with other residues are involved in the non-covalent
dimerization of p21a

As with other components of the venom, p21a is differentially expressed by Conus
purpurascens. For some species of cone snails, there are significant intraspecies differences
in the composition of venom®, which suggests the existence of a regulatory mechanism to
produce specific venom peptides for injection into prey. These intraspecies differences can
be a result of a combination of genetic and environmental factors. The differential
expression of venom components, such as in the case p21a, represents a neurochemical
paradigm that warrants further investigation.

Most conotoxins characterized to date fall in a size range of 10 to 30 amino acids; with 2 or
3 disulfide bonds (Table 3). It has been shown that dissected Conusvenom is abundant in
proteins32. In addition to p21a and con-ikot-ikot, other large size conopeptides have been
reported: Conophysin-R3! (84 residues), Conkunitzin-S123 (60 residues) and the dimeric
conotoxins, aD-VxXXA-F33:34 However, unlike the aforementioned conopeptides, p21a
was isolated from injected venom. Clearly, cone snails inject in their prey larger components
than the typical 6 - 30 residue conotoxins. Larger components will also have important
physiological effects on their prey. It is evident from Figure 4 that even larger proteins (60
kDa and above) than p21a are injected in the prey.

Toxins from the venom of spiders, snakes and scorpions are usually larger molecules than
most reported conopeptides. Discovery and characterization of larger conotoxins represents
a new facet of Conusvenom studies that correlates well with the biochemical strategies used
by other venomous animals. These understudied larger components in Conus venom may
have effects such as tissue degradation, necrosis, edema among others, as well as possibly
acting as a target for receptors or ion channels.

Material and Methods

Materials

Octadecyl (C18) reversed-phase high performance liquid chromatography (RP-HPLC)
analytical column was obtained from Vydac (238TP54, 4.6 mm x 250 mm; 5 pum particle
diameter; 300 A pore size, lllinois, United States). HPLC-grade acetonitrile (ACN),
Trifluoroacetic acid (TFA), Dithiothreitol (DTT) and water were purchased from Fisher
Scientific (Pennsylvania, United States). lodoacetamide (IAM) was from Sigma-Aldrich
(Missouri, United States). Zip Tip (C18, size P10) was purchase from Millipore
(Massachusetts, United States). Calibration mix for MALDI, Calmix 1 and Calmix 2, were
acquired from Applied Biosystems (California, United States). Reagents for N-terminal
sequencing were acquired from Applied Biosystems (California, United States). 4-
Hydroxy-3,5-dimethoxy-cinnamic acid and a.-cyano-4-hydroxycinnamic acid matrix were
obtained from Sigma-Aldrich (Missouri, United States). Trypsin was acquired from
Promega (Wisconsin, United States), Chymotrypsin was purchased from Sigma-Aldrich
(Missouri, United States), Cyanogen bromide (CNBr) was acquired from Acros Organics
(Geel, Belgium).

Specimen collection

Five specimens of Conus purpurascens (20-50 mm) were collected from intertidal areas at
the shores of the Republic of Ecuador and kept alive in aquaria for over four years for
venom extraction. Only one specimen expresses sufficient amounts of the p21a conopeptide.
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Conus purpurascens specimens from other Panamic locations that we currently keep in our
laboratory (total of 25) do not express significant amounts of p21a.

Injected venom extraction procedure

Extraction of injected venom from the cone snails was carried out following the procedure
of Hopkins et al.14 (Fig. 1). Conus purpurascens were “milked” once a week. A micro-
centrifuge tube was used in conjunction with the tail of a gold fish (Carassius auratus) and a
piece of latex as a trap. The gold fish was placed in front of the snail to induce a full
extension of the proboscis and then we interpose the microcentrifuge tube trap; once the
cone snail strikes the tube we separated the harpoon from the latex and fed the snail with the
same fish. The injected venom (about 5-30 pL) was centrifuged and saved at —80 °C.

Purification of p2l1a

Three injected venom samples were dissolved in 0.1% TFA and applied onto the RP-HPLC
analytical column with a flow of 1 ml/min. The buffers were 0.1 % TFA (Buffer A) and
0.1% TFA in 60% ACN (Buffer B). The peptide was eluted with an incremental linear
gradient of 1% B/min. All fractions were manually collected, lyophilized, and kept at —40
°C prior to further use. Each fraction was subjected to re-chromatography under the same
conditions for further purification.

Mass spectrometry

Positive ion MALDI-TOF mass spectrometry was carried out on an Applied Biosystems
Voyager-DE STR spectrometer. Samples were dissolved in 0.1% TFA/ 60% acetonitrile,
and applied on 4-hydroxy-3,5-dimethoxy-cinnamic acid (sinapinic acid) matrix. Molecular
masses of the digestion products were measured with a.-cyano-4-hydroxycinnamic acid
matrix (cinnamic acid). Mass spectra were obtained in the linear and reflector mode (M/AM
resolution ~10000) using Calmix 1 and Calmix 2 (Applied Biosystems) as external
calibration standards. Two separated aliquots (5 .l each) of fresh injected venom were
subjected for molecular mass analysis with sinapinic acid. One aliquot of the injected venom
was used to carry out the reduction and alkylation of the cystine groups as described in the
next section without the Zip Tip step. The other aliquot was analyzed under native
conditions. Calculated molecular masses were obtained using Protein Prospector3®.

Reduction and alkylation of the purified peptide

Reduction and alkylation of cystine groups were carried out as previously described20 with
slight modifications. An aliquot of the peptide (~1 pmol) was dried, re-dissolved in 0.1 M
Tris-HCI (pH 6.2), 5 mM EDTA, 0.1 % sodium azide and reduced with 6 mM DTT.
Following incubation at 60 °C for 30 min, peptides were alkylated in a final volume of 15 pl
with 20 mM 1AM and 2 pl of NH4OH (pH 10.5), at room temperature, for 1 h, in the dark.
The reduced and alkylated peptides were purified using a Zip Tip.

Peptide sequencing

Reduced and alkylated peptides were adsorbed onto Biobrene-treated glass fiber filters and
sequenced using Edman degradation on an Applied Biosystems Procise model 491A
sequencer.

Digestion of p2la

Protease digestions—1 nmol of the lyophilized reduced/alkylated peptide was dissolved
in 0.5 MM NH4HCO3, pH 8.0 and then digested using either trypsin or chymotrypsin in a
protease:peptide ratio of 1:20 to a final volume of 25 pl at 37 °C for 4 h. An aliquot of 0.5
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L of the digestion mixture was analyzed by MALDI-TOF and the rest was dissolved in 300
pl of 0.1 % TFA and applied to a C18 analytical HPLC column. The resulting peptide
fragments were dried for further sequence by Edman degradation.

CNBr cleavage—1 nmol of the reduced/alkylated peptide was dissolved in 20 I of 70 %
formic acid. Lysis of the peptide with CNBr was performed using a CNBr:peptide mass ratio
of 2:1. The peptidic sample was incubated for 20 h, at room temperature, in the dark, and the
reaction was terminated by diluting the mixture with 300 I of 0.1 % TFA. The quenched
reaction was submitted to RP-HPLC analysis. The fractions were then sequenced by Edman
degradation.

Analysis of p21a by SDS-PAGE

Injected venom was subjected to SDS-PAGE analysis using pre-cast 4-20 % polyacrylamide
gradient gels (Invitrogen) under native and reducing conditions. Under reducing conditions,
the venom was incubated with an equal volume of sample buffer in the presence of 10 mM
DTT at 60 °C for 10 min previous to the separation. The gels were fixed and stained with
Novex-Colloidal Blue Stain (Invitrogen) according to the manufacturer’s protocol. Band
extraction from the gel was carried out according to the protocol previously reported by
Mirza36 with some minor changes. Individual bands between 8.5 and 12 kDa were excised
using a scalpel and placed in 1.5 ml tubes. Each gel piece was washed with 100 .l of 50%
methanol/5% acetic acid under agitation for 2 h. Then, the liquid was removed and the piece
of gel was washed three times with water and incubated with 100 .l of 60% acetonitrile/
0.1% TFA under agitation for a minimum of 4 h. This extraction procedure was repeated
three times; the resulting solutions were pooled and dried in a speed vacuum apparatus.
Samples were re-suspended in 5 pl of 60% ACN/0.1% TFA for MALDI-TOF mass
spectrometry analysis.
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Fig. 1.

Extraction of injected venom from C. purpurascens. (A) A fish is placed in front of the snail
for stimulation. The stimulated snail extends its proboscis seeking to strike prey (B) The
snail strikes the vial with the trap, where the injected venom is collected.
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Fig. 2.

Purification of p21a. The fraction that corresponds to p21a is marked with an arrow. Three
squirts of injected venom were applied to an analytical Vydac C18 column and eluted with a
linear gradient of 1 % B/min over 100 min at a flow rate of 1 ml/min. The buffers were 0.1
% TFA (Buffer A) and 0.1% TFA in 60% acetonitrile (Buffer B). The fraction that
corresponded to p21a was re-purified under the same conditions (inset).
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Fig. 3.

MALDI-TOF mass spectra (linear mode) of: (A) fraction corresponded to p2la. (B) p2la
after reduction/alkylation with DTT/lodoacetamide, indicating the presence of ten cysteines.
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SDS-PAGE and MALDI-TOF MS of the injected venom of C. purpurascens (A) native (B)
reducing/alkylating conditions.
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Table 1

Page 13

Sequences of the fragments of p21a obtained by the cleavage with Trypsin, Chymotrypsin and CNBr. O =

Hydroxyproline (blue). P = partial sequence. Cystine residues were highlighted in red and hydroxyproline
residues were highlighted in blue.

N-ter FELLPSQDRSCCIQKTLECLENYPGQASQRAHYCQ"
--TLECLENYPGQASQR——
--TLECLENYOGQASQR-—
;'_I;’ 'I’:)"" FELLPSQDR——
- -AHYCQQDATTNCPDTYYFGCCPGYATCMSINAGNNVR--
- -AHYCQQDATTNCODTYYFGCCPGYATCMSINAGNNVR--
--ECLENYPGQASQR"
Chymotryp, - -ECLENYOGQASQRAHY -~
(F.W.Y. L) ~~CQQDATTNCEDTYY -~
FELLPSQDRSCCIQKTL--
CNB M) k —-SINAGNNVRSAFDKC INRLCFDPGH-CONFi
FELLPSQDRSCCIQKTLECLENYOGQASQRAHYC'
p2la FELLPSQDRSCCIQKTLECLENYOGQASQRAHYCQODATTNCODTY YFGCCPGYATCMS INAGNNVR SAFDKC INRLCFDRGH - CONF,
sequences FELLPSQDRSCCIQKTLECLENYPGQASQRAHYCQODATTNCPDTY YFGCCPGYATCMS I DKCINRLCED] b
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Table 2

Sequence homology between conotoxins con-ikot-ikot and p21a. O indicates hydroxyproline residues, grey
highlighted residues indicates identical amino acids and underlined amino acids are molecularly similar
residues,

Conotoxin  Sequence

p2la FELLI

SEE1 oK TLECHENECB0A SORARY GOBDATTNEO D~ Ty Y FEEEP B¥ATEH--S INAGHNVR SHFDKEINRLEFDBGH

Con-ikot-ikot ~ SGPADCCRMEEGETDRVNECLQRESERE DK FVSFEY GEATVTEGSFNE IVECE Y BYCMEM IR VKPS L GAHEABKTVSBGNECA

*
indicates carboxyterminus amidation.
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Disulfide-rich conopeptides. Cystine patterns are shown for each superfamily or conopeptide.

Table 3

gi%ltéﬁic?; g?g;gg?;'l?f or Cyspattern Reference
A-Superfamily Cc-C-C 18
J-Superfamily C-C-CXC 19

2 F-superfamily C-C-C-C 20
T-Superfamily gggioc 5%
Conkunitzin-S1 | C-C-C-C 23
A-Superfamily Cc-Cc-Cc-C-C 24
M-Superfamily Cc-C-C-CcC 25

3 O-Superfamily C-C-Cc-C-C 26
P-Superfamily C-C-C-CXcC-C 27

4 I-Superfamily C-C-CCc-Cc-C-C 28
S-Superfamily C-C-C-CXCXC-C-CXCXC 29
D-Superfamily C-CC-C-CC-CXC-CXC 33

° Dil6a C-C-C-CCC-C-CXcC-C 30
p2la Cc-Cc-c-Cc-cc-c-c-C This work

6 Con-ikot-ikot Cc-Cc-c-c-C-cc-c-c-c-Cc 9

7 Conophysin-R C-C-C-Cc-c-c-c-c-c-ce-c-C | 31
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