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De novo mass spectrometric sequencing of two Conus peptides, Vi1359 and Vi1361, from the
vermivorous cone snail Conus virgo, found off the southern Indian coast, is presented. The
peptides, whose masses differ only by 2 Da, possess two disulfide bonds and an amidated
C-terminus. Simple chemical modifications and enzymatic cleavage coupled with matrix
assisted laser desorption ionization (MALDI) mass spectrometric analysis aided in establishing
the sequences of Vi1359, ZCCITIPECCRI-NH2, and Vi1361, ZCCPTMPECCRI-NH2, which
differ only at residues 4 and 6 (Z � pyroglutamic acid). The presence of the pyroglutamyl
residue at the N-terminus was unambiguously identified by chemical hydrolysis of the cyclic
amide, followed by esterification. The presence of Ile residues in both the peptides was
confirmed from high-energy collision induced dissociation (CID) studies, using the observa-
tion of wn- and dn-ions as a diagnostic. Differential cysteine labeling, in conjunction with
MALDI-MS/MS, permitted establishment of disulfide connectivity in both peptides as
Cys2-Cys9 and Cys3-Cys10. The cysteine pattern clearly reveals that the peptides belong to the
class of T-superfamily conotoxins, in particular the T-1 superfamily. (J Am Soc Mass
Spectrom 2007, 18, 1396–1404) © 2007 American Society for Mass Spectrometry
De novo sequencing by mass spectrometry is rap-
idly emerging as the method of choice for the
characterization of the peptides from natural

sources [1– 4]. Contemporary MS techniques coupled with
HPLC separation permit the rapid analysis of complex
natural peptide libraries [5–7]. As part of a program to
isolate peptides from the venom of cone snails found off
the coast of India [1, 3, 8, 9], we have examined peptide
mixtures obtained from the venom ducts of Conus virgo, a
vermivorous snail. In a recent report, Quinton et al. have
reported the use of Fourier transform mass spectrometry
in the characterization of two major peptide components
from Conus virgo, with molecular masses 1328.5 (ViVA)
and 1358.5(ViVB) [2]. These authors have emphasized the
importance of the high mass accuracy provided by FTMS
for de novo sequencing. But, more importantly, they did
not report the disulfide bridging arrangement or the
distinction between the isobaric residues leucine (Leu),
isoleucine (Ile), and hydroxyproline (Hyp).

We had independently been investigating the peptide
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components of the venom from Conus virgo and had
completed the sequence assignment of the peptide with
mass 1358.5 Da (ViVB, following the nomenclature of
Quinton et al., labeled as Vi1359 in this study) using
MALDI mass spectrometry. In the present paper, we
establish the disulfide connectivity and use collision in-
duced dissociation (CID) to establish the presence of three
Ile residues in Vi1359. Further, we describe a simple,
selective hydrolysis procedure that establishes the pres-
ence of pyroglutamic acid in Vi1359. Additionally, we
have also characterized a closely related peptide with
mass 1360.6 Da (Vi1361), which shows variation at two
positions compared with the sequence of Vi1359. Both
peptides belong to the T-superfamily of conotoxins. Our
approach in this study demonstrates that direct sequenc-
ing is possible even when the accuracy of mass determi-
nation is significantly lower.

Materials and Methods
Materials

Dithiothreitol (DTT), iodoacetamide (IAM), N-ethylma-

leimide (NEM), tris (2-carboxyethyl) phosphine,
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�-cyano-4-hydroxycinnamic acid, trypsin (TPCK
treated), endoproteinase gluC, and Sephadex G-10 were
purchased from Sigma Chemical (St. Louis, MO). All
other chemicals used were of analytical grade.

Methods

Peptide purification. The venom duct of Conus virgo,
collected off the Southeast coast of India, was dissected
and extracted in methanol. The crude methanol extract
was centrifuged at 6000 rpm for 15 mins at 25 °C. The
clear supernatant was taken in micro centrifuge tubes
and concentrated in a Speed Vac for 1 h. The concen-
trated crude venom extract was subjected to reverse
phase HPLC purification using a Phenomenex C18 (10
mm � 250 mm, 4 � particle size, 90 Å pore size) column.
A linear gradient of acetonitrile and water containing
0.1% trifluoroacetic acid was used. The flow rate was 1
mL/min and absorbance was monitored at 226 nm.

Reduction and alkylation. Ten �l of purified peptide
was dissolved in 20 �l 50 mM NH4HCO3 buffer pH 8.
Reduction of the peptide was carried out by adding a
DTT stock solution to a final concentration of 70 mM, in
the presence of 50 mM NH4HCO3buffer (pH 8) fol-
lowed by incubation at 37 °C for 3 h. For alkylation, an
IAM stock solution was added to the above reaction
mixture to maintain a final concentration of 50 mM. The
reaction was allowed to proceed for 1 h at 25 °C in the
dark. The resulting reaction mixture was analyzed by
MALDI-MS.

Acetylation. To 5 �l of reduced and alkylated Vi1359, 2
�l of 0.5 M NH4HCO3 pH 8.0, and 2 �l acetic anhydride
were added and the volume was made up to 20 �l with
distilled water. After incubating the reaction mixture
for 1 h at 25 °C, the product was analyzed in
MALDI-MS.

Esterification. Methanolic HCl was prepared by drop-
wise addition of 20 �l acetyl chloride to 100 �l of ice
cold, anhydrous methanol. Four �l of reduced and
alkylated Vi1359 was added to 16 �l of methanolic HCl.
The esterification was allowed to proceed at 25 °C. The
reaction mixture was analyzed by MALDI-MS at differ-
ent incubation times of 1, 6, and 72 h.

Disulfide connectivity. Partial reduction and alkylation
of disulfide bonds of Vi1359 was performed by follow-
ing the kinetics of reduction using tris (2-carboxyethyl)
phosphine (TCEP) solution as a reducing agent with a
final concentration of 25 mM in 50 mM sodium acetate
pH 3.0. All reduction reactions were carried out by
chilling the solution in an ice bath. After 6 min of
reduction, a solution of NEM was added to a final
concentration of 90 mM to alkylate free cysteines.
Alkylation was allowed to proceed for 40 min in the
dark. The whole reaction mixture was passed through a

Sephadex G-10 spin column to remove salts and excess
reagents. The pH was adjusted to 8.0 by adding a stock
solution of NH4HCO3. DTT was added to a final
concentration of 50 mM. Reduction of the remaining
disulfide bond was allowed to proceed for 2.5 h at
37 °C. Alkylation of the free thiol of cysteine residues
was achieved by adding a stock solution of IAM to a
final concentration of 70 mM and allowing the reaction
to proceed at 25 °C in the dark. The differentially
reduced and alkylated peptide was analyzed by
MALDI-MS.

Mass spectrometry. Electrospray ionization (ESI) mass
spectra were obtained on a Hewlett Packard, HP 1100
MSD series spectrometer equipped with a single quad-
rupole analyzer (Palo Alto, CA). The data were ac-
quired over a range of 200 to 3000 m/z in positive ion
mode and analyzed using HP LC/MSD Chemstation
software (Palo Alto, CA). Mass scale calibration was
done using ES tuning mix supplied by the manufacturer
covering a mass range of 118.09 to 2121.9 m/z.

MALDI-TOF-MS analyses were performed using an
Ultra flex TOF/TOF mass spectrometer (Bruker Dalton-
ics, Bremen, Germany) in reflectron (positive ion) mode,
using a 90 ns time delay, and a 25 kV accelerating
voltage in the positive ion mode. Identical conditions
were maintained while analyzing samples in the nega-
tive ion mode. The system utilizes a 50 Hz pulsed
nitrogen laser, emitting at 337 nm. The ion source and
the flight tube were kept at a pressure of about 7 � 10�7

mbar by turbo molecular pumps. The sample was
prepared by mixing an equal volume of peptide solu-
tion and a saturated solution of matrix (�-cyano-4-
hydroxycinnamic acid) in 1:1 (vol/vol) acetonitrile-
water mixture. A standard peptide mixture was used
for external calibration.

MS-MS spectra were acquired by selecting the pre-
cursor mass with a 10 Da window, and fragments were
generated in post-source decay mode (PSD). A single
acquisition was the sum of at least 50 series with 600
shots added shots to generate the MS-MS spectra. Mass
spectra were analyzed using Flex-Analysis software
(Bruker Daltonics).

The high-energy collision induced dissociation (CID)
MALDI-MS/MS data were acquired using an AXIMA-
TOF2 MALDI-TOF mass spectrometer (Shimadzu Bio-
tech/Kratos, Manchester, UK). Data were acquired in
reflectron (positive ion) mode, with the pulsed extrac-
tion optimized for mass 1500. For MS/MS experiments,
helium was used as collision gas. As the ion beam is not
decelerated at any point following acceleration from the
ion source, any collisions between the analyte ions and
helium molecules occur with a collision energy of 20
keV (laboratory frame of reference).

Results

The mass detected HPLC profile (ESI-LC/MS) of a
crude venom extract from Conus virgo reveals the pres-

ence of several peptide components corresponding to
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diverse Conus peptides (Figure 1). Two major peaks
yielding masses of 1359.6 Da [M � H]� and 1361.6 Da
[M � H]�, shown as inset in Figure 1, were collected for
further analysis. Reduction of Vi1359 with DTT fol-
lowed by alkylation with IAM resulted in a product
with a mass of 1591.6 Da. The mass change (�M � 232
Da) is consistent with the presence of two disulfide
bonds formed by four Cys residues in the sequence.
Since the objective of the study was to establish the
complete constitution of Conus peptides using mass
spectrometry, we undertook preliminary studies em-
ploying functional group modification to facilitate the
subsequent mass spectrometric sequencing.

Chemical Modification

Chemical modification studies were undertaken to
identify the presence of specific functional groups.
Acetylation did not yield a modified product, indicat-
ing the absence of primary amino groups, pointing to
the absence of lysine (Lys) residues and the presence of
an N-terminal blocking group. Figure 2 shows the
MALDI mass spectrum, obtained following esterifica-
tion, using a solution of acetyl chloride in dry methanol.
Esterification at a single site proceeds rapidly with the
almost complete disappearance of the parent ion at
1359.6 Da and the appearance of modified peptide ion
at 1373.7 Da. The observed �M of 14 Da is consistent
with the addition of a single methyl group, supporting
the presence of one �COOH group. After prolonged
incubation under esterification conditions, two promi-

Figure 1. Total ion chromatogram obtained fro
from C. virgo. ESI mass spectra of two major p
Vi1359, (b) Vi1361.
nent species are observed at 1405.8 and 1407.8 Da. The
distribution of intensities within the isotopic cluster
argues for the presence of the distinct chemical entities
differing in mass by 2 Da. In addition, a low intensity
cluster is observed centered at �1390Da. Inspection of
this group of peaks (Figure 2b) suggests that multiple
species contribute to this mass spectral feature. Tenta-
tively, three distinct species, 1388.6, 1389.6, and 1391.6
Da, may be assigned based on the distribution of
intensities. Prolonged incubation (72 h) in acetyl chlo-
ride and methanol results in the spectrum shown in
Figure 2c. It is evident that the major species observed
are at 1405.8 and 1420.8 Da. The peak at highest m/z
value of 1420.8 exhibits the anticipated distribution of
intensities for the isotopic peaks, suggesting that it
arises from a single homogeneous molecular species.
Under conditions of the esterification reaction, hydro-
lysis of an amide bond releasing a free carboxylic acid
group is possible [10]. The final mass of 1420.8 Da
corresponds to hydrolysis (�1 Da) and subsequent
esterification at two additional sites (�28 Da). The
observed mass difference between the single esterified
species 1373.7 Da and the final product is 47 Da. This is
consistent with the presence of a single amide group
(hydrolysis � esterification) and a pyroglutamyl resi-
due (hydrolysis � esterification). The intensity distribu-
tion in the isotopic clusters of intermediate species are
may be explained by the presence of free carboxylic acid
groups as a consequence of amide hydrolysis (�1 Da),
which are subsequently esterified. Primary amide hy-
drolysis proceeds more rapidly than peptide backbone
secondary amide bonds. Notably, hydrolysis of the

C-ESI/MS of methanol extract of crude venom
in HPLC profile has been shown as insets: (a)
m L
eaks
cyclic secondary amide of the pyroglutamyl residue is
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even more rapid. The chemical modification studies
thus establish the absence of primary amino groups, the
presence of a pyroglutamic acid residue at the N-
terminus and a primary amide group in the sequence,
which may arise from the presence of C-terminal ami-
dation, a common post-translation modification ob-
served in Conus peptides [11].

Enzymatic Cleavage

Tryptic cleavage of reduced and alkylated Vi1359 ([M �
H]� � 1591.6 Da) yields a peptide of mass 1479.7 Da,
establishing the presence of a single Arg residue in the
sequence. The mass difference of 112 Da suggests that
the C-terminus residue is Leu/Ile with the C-terminus
being amidated. The isobaric residue hydroxyproline
(Hyp), 113 Da, is eliminated since the Arg/Lys-Pro is
normally resistant to cleavage by trypsin [12].

Digestion with the enzyme gluC yielded a peptide
fragment with mass 607.4 Da, establishing the presence
of a single glutamic acid (Glu) residue in the sequence.
This enzyme cleaves peptides at the C-terminus of Glu
residues at pH 8.0 [12].

MS/MS Sequencing

Sequencing of Vi1359 was undertaken using MALDI-
MS-MS spectra obtained on both the intact peptide and
a tryptic fragment, which lacked the C-terminus L/I
residue. In both cases, rich fragment ion spectra were
obtained with intense peaks being distributed over the
m/z region 200 to 900. Figure 3 illustrates the observed
fragmentation pattern obtained for the intact peptide
Vi1359 after reduction and alkylation ([M � H]� �

Figure 2. MALDI mass spectra obtained as a
incubation in a solution of acetyl chloride and
�1390 Da. For all ions adjacent peaks are separ
1591.5 Da). Four pairs of “b” and “y” ions (272.3/1319.8,
432.2/1160.2, 546.4/1047.4, 647.4/946.6) could be
readily recognized. Further extension of the “y” series
could also be achieved by inspection of mass differ-
ences. The “b2” ion with m/z 272.3 was assigned tenta-
tively to the dipeptide sequence ZC* (Z � pyroglutamic
acid, C* � carboxyamidomethyl cysteine). Esterification
data suggested the absence of a C-terminus carboxylic
acid residue, implying the presence of a C-terminus
amide, which is a common post-translation modifica-
tion in Conus peptides. The presence of the “y1” ion at
m/z 175.9 in the MS/MS spectrum of the tryptic frag-
ment of reduced and alkylated Vi1359 (data not shown),
losses of ammonia from “y6” and “y4” ions (Figure 3)
are consistent with the presence of an arginine residue
at the C-terminus. The intense “b5-H2O” peak at m/z
629.4 confirms the presence of Thr at position 5. The
immonium ions corresponding to Pro, Leu/Ile, and C*
are also readily identified. The sequence Z C* C* L/I T
L/I P EC* C* R L/I �NH2 may thus be derived directly
from the observed MS/MS spectrum. Acetylation ex-
periments using pyridine/acetic anhydride did not
yield additional acetylation sites, suggesting the ab-
sence of Hyp at positions 4 and 6 in Vi1359.

Further, the sequence of Vi1361 was deduced from
the MALDI-MS/MS spectrum of its reduced and alky-
lated product ([M � H]� � 1593.6 Da) (Figure 4). The
sequence of Vi1361 differs from that of Vi1359 at only
two positions. The residues at positions 4 and 6 in
Vi1359 are replaced by Pro and Met, respectively, in
Vi1361.

Determination of Disulfide Connectivity

Vi1359 possesses four Cys residues and two disulfide

tion of time during esterification of Vi1359 by
ethanol. (b inset) Cluster of peaks centered at

by 1 Da.
func
dry m
bridges resulting in three possible disulfide pairing
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schemes, C2/C3, C9/C10; C2/C9, C3/C10; C2/C10, C3/C9.
Selective reduction conditions were standardized to
yield the species, which contain only one disulfide bond
(see in the Methods section). At this point, alkylation
was effected with N-ethylmaleimide (NEM) resulting in
a mass increase of 126 Da per sulfhydryl group. Subse-
quent reduction with DTT, followed by alkylation with
IAM, yielded a peptide containing four modified Cys
residues, two of which were carboxyamidomethylated
(�58 Da), while the other two were modified with

Figure 3. MALDI-MS/MS spectrum of reduced
of “y” and “b” ions and molecular ions obtaine

Figure 4. MALDI-MS/MS spectrum of reduced

of “y” and “b” ions and molecular ions obtained by
NEM. Scheme 1 summarizes the strategy adopted and
highlights the key fragment, which permits the unam-
biguous determination of the connectivity pattern. It
may be noted that the third disulfide paring arrange-
ment, which requires disulfide formation between ad-
jacent Cys residues is relatively rare. Figure 5 shows the
MALDI-MS/MS spectrum of the modified Vi1359 ([M
� H]� � 1727.4 Da). Once again the observation of an
almost complete series of y-ions, together with a few
b-ions, permitted identification of the nature of chemi-

alkylated Vi1359 ([M � H]� � 1591.5 Da). Series
neutral losses are labeled.

alkylated Vi1361 ([M � H]� � 1593.5 Da). Series
and
and

neutral losses are labeled.
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cal modification of the different Cys residues in the
sequence. Cys (2) and Cys (9) were modified with NEM
and Cys (3) and Cys (10) were carboxyamidomethyl-
ated. The disulfide bonding pattern is thus established
as Cys (2) to Cys (9) and Cys (3) to Cys (10). Likewise
the disulfide connectivity of Vi1361 was also deter-
mined to be same as that of Vi1359, Cys (2) to Cys (9)
and Cys (3) to Cys (10) (data not shown).

Leu/Ile Differentiation Using High-Energy
Collision Induced Dissociation Study
The primary sequence determination of Vi1359 by
MALDI-MS/MS procedures described above still
contains ambiguities at positions 4, 6, 12, which
correspond to residue masses of 113 Da and are
assigned to Leu/Ile. The Leu/Ile differentiation was

Figure 5. MALDI-MS/MS spectrum of differe
1727.4 Da). Series of “y” and “b” ions and molec
shows the sequence assignment of the peptid

Scheme 1
structure of Vi1359 is shown.
achieved by high-energy collision induced dissocia-
tion (CID) (vide methodology). Figure 6 shows the
high-energy CID spectra for carboxyamidomethyl-
ated Vi1359 (precursor ion m/z 1591.6). Figure 7
illustrates an expanded view of specific ions obtained
by side-chain fragmentation under high-energy CID
condition. The observation of vn-type ions (v7- and
v9- in this case) confirms the presence of Leu/Ile at
positions 4 and 6 in Vi1359. However, vn-ions that
arise by the C�–C� cleavage do not aid in distinguish-
ing between Leu and Ile. The dn- and wn-type ions,
arises from side-chain cleavage at the C�–C� bond,
facilitate in distinguishing Leu from Ile unambigu-
ously [13]. The observation of wn- and dn-ions, at m/z
901.34 (w7

a), 1115.50 (w9
a), and 1518.66 (d12

a ) in the
high-energy CID spectrum of carboxyamidomethyl-
ated Vi1359 (Figure 6) are all supportive of the
presence of Ile at positions 4, 6, and 12. Conversely,
Leu at all these three positions should have resulted
in peaks at m/z 887.45 (w7

a), 1101.59 (w-9
a ), and 1504.68

(d12
a ) resulting from the side-chain fragmentation of

Leu, which are, in fact, absent in the high-energy CID
spectrum, thereby ruling out the possibility of any
Leu residues in Vi1359. Furthermore, the presence of
“Ile” at positions 4, 6, and 12 in Vi1359 is also
confirmed by 700 MHz 1H NMR spectroscopy, which
reveals the presence of three sets of triplet resonance
corresponding to the C�H3 groups of Ile (data not
shown). Similarly, high-energy CID spectra of car-
boxyamidomethylated Vi1361 ([M � H]� � 1593.6
Da) aided in the identification of Ile at the C-terminus
as evidenced by the presence of d12

a and d-12
b fragment

ions (data not shown).

y reduced and alkylated Vi1359 ([M � H]� �
ons obtained by neutral losses are labeled. Inset
lecular ion of mass 1727.4 Da. The complete
ntiall
ular i
e mo
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Discussion
Comparison of the sequences of Vi1359 and Vi1361
with the reported sequences of Conus peptides reveal
that the two peptides belong to the T-superfamily,
more specifically, T-1-superfamily. T-1 conotoxins are
characterized by a CCxxxxxCC motif with 1-3, 2-4
disulfide connectivity [2, 5, 14 –24], while the cysteine
framework in T-2 conotoxins is CCxxxxCxxC, with
1-4, 2-3 disulfide connectivity [25–27]. Table 1 shows

Figure 6. MALDI high-energy CID MS/MS sp
m/z 1591.7). Series of “y”, “b”, “v”, and “w” ion

Figure 7. MALDI high-energy CID MS/MS sp
m/z 1591.7); (a) edited between m/z 800 and 990, s
between m/z 1005 and 1280, showing peaks corr

and 1580, showing peaks corresponding to d12

a ; and
the sequence alignment (based on the CC pair) of
Conus peptides belonging to the T-1-superfamily,
isolated from different species. The methodologies
followed for the determination of sequences are also
indicated. Two distinct groups can be identified in
Table 1, based on the number of residues present
between the CC pair. The first 6 sequences (�-TxIX/
tx5a/Tx5.2, vc5a/Vc5.1, mr5a and TeA31, TeAr193,
Mo1274) possess the CC-x (4)-CC motif, while the

m of reduced/alkylated Vi1359 (precursor ion
labeled.

m of reduced/alkylated Vi1359 (precursor ion
ng peaks corresponding to v7 and w7

a; (b) edited
ding to v and wa; (c) edited between m/z 1470
ectru
ectru
howi
espon
 9 9

d-12
b .
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remaining 27 sequences have the CC-x (5)-CC
motif. Recently, Quinton et al. have reported two
peptide sequences ViVA (Mr � 1358.5) and ViVB (Mr

� 1328.5) from Conus virgo. Of these, ViVA is identi-
cal to Vi1359. However, the report of Quinton et al.,
which used FTICR did not describe the disulfide
assignment and the differentiation of Leu/Ile resi-
dues. While the study of Quinton et al. exploited the
high mass accuracy of FTICR-MS to establish the
presence of an N-terminus pyroglutamyl residue, the
present report describes a simple chemical modifica-
tion protocol that can be used in conjunction with
normal MALDI mass spectrometers. It is also evident
from Table 1 that the majority of sequences deter-
mined, thus far, are derived from cDNA sequences,
which do not provide an unambiguous primary
structure for the mature toxins that arise as a conse-
quence of post-translational processes. Edman
procedures need to be necessarily complemented by

Table 1. Peptides belonging to T-1-superfamily, isolated from d

Sequences
Name of the

peptide

1 ECCEDGXCCTAAO �-TxIX, tx5a/Tx5.2 
2 CCPGKOCCRIa vc5a/Vc5.1 
3 NACCIVRQCC mr5a 
4 NCCRRQICCGRTK TeAr193 
5 GNXCCSARVCC Mo1274 
6 GCCPKQMRCCTLa p5a/P5.1 
7 FCCPFIRYCCW au5a 
8 FCCPVIRYCCW au5b 
9 CCQTFYWCCVQGK Tx5.1 

10 LCCVTEDWCCEWW Gm5.1 
11 VCCRPVQDCCSGK Gm5.2 
12 DWNSCCGKNPGCCPWGK Im5.1 
13 ICCYPNEXCCD vc5c/Vc5.2 
14 VNCCGIDESCCS Vc5.3 
15 CCQTFYWCCGQa vc5b/Vc5.4 
16 FCCRTQEVCCEAIKNa GlaMrIII 
17 CCITFESCCEFDL GlaMrIV 
18 CCPGWELCCEWDEW Mr5.1a 
19 CCPGWELCCEWDDGW Mr5.1b 
20 FCCRTQEVCCEAIKNG Mr5.2 
21 CCITFESCCEFDLK Mr5.3 
22 CCQVMPQCCEWN Mr5.4a 
23 CCQIVPQCCEWN Mr5.4b 
24 IINWCCLIFYQCC sr5a 
25 SCCPQEFLCCLYLVK Lp5.1 
26 GSVCCKVDTSCCSN Lp5.2 
27 ZCCLTLPECCRLa ViVA 
28 ZCCITIPECCRIa Vi1359
29 ZCCPTMPECCRIa Vi1361
30 ZCCPTLPECCRVa ViVB 
31 ICCYPNVWCCD TeA31 
32 VNCCPIDESCCS TeAr154 
33 VCCRPMQDCCSGK TeAr151 

E: gamma-carboxyglutamic acid; X: 6-bromotryptophan; T: glycosylate
Z: pyroglutamic acid; L: leucine or isoleucine. Edman: Edman method
resonance; cs: Chemical synthesis; cDNA: cDNA sequencing.
aAmidated C-terminus.
bDisulfide connectivity: Cys1-Cys3, Cys2-Cys4.
mass spectrometry in the case of post-translationally mod-
ified peptides. The potential of de novo mass spectromet-
ric sequencing is established in this study. Of the 33
sequences of T-1 conotoxins listed, the disulfide connec-
tivity has been established only in the case of seven
peptides, inclusive of the two peptides investigated in this
study [14, 16, 22–24]. The peptides from Conus virgo
determined in this study and by Quinton et al. are the first
cases reporting the occurrence of pyroglutamic acid in the
T-superfamily of conotoxins. In the context of conotoxins,
thus far, pyroglutamyl residue has only been established
in a seven residue conopeptide from Conus imperialis [28].
In that report, Craig et al. used enzymatic digestion with
pyroglutamate aminopeptidase, to confirm the occurrence
of this unique post-translationally modified residue. To
the best of our knowledge, the present report is the first
instance of the identification of pyroglutamic acid by
chemical hydrolysis followed by mass spectrometry in
conotoxins.

Leu/Ile differentiation has been achieved in the

nt Conus species

pecies Methodologies References

. textile Edman, MS, NMR, cDNAb [22–24]
victoriae cDNA, MS [20]
armoreus Edman, MS [19]
. textile cDNA [17]
. monile MSb [16]
rpurascens MS, cDNA, csb [24]
. aulicus Edman, MS, csb [24]
. aulicus Edman, MS [24]
. textile cDNA [24]
loriamaris cDNA [24]
loriamaris cDNA [24]
imperialis cDNA [24]
victoriae cDNA, MS [15, 20]
victoriae cDNA [20]
victoriae cDNA [15, 20]
armoreus Edman, MS [21]
armoreus Edman, MS [21]
armoreus cDNA [19]
armoreus cDNA [19]
armoreus cDNA [19]
armoreus cDNA [19]
armoreus cDNA [19]
armoreus cDNA [19]
 spurius Edman, MSb [14]
eopardus cDNA [18]
eopardus cDNA [18]
. virgo MS [2]
. virgo MSb This study
. virgo MSb This study
. virgo MS [2]
. textile cDNA [17]
. textile cDNA [17]
. textile cDNA [17]

; O: 4-hydroxyproline.
eptide sequencing; MS: Mass Spectrometry; NMR: nuclear magnetic
iffere

S

C
C. 

C. m
C
C

C. pu
C
C
C

C. g
C. g
C. 
C. 
C. 
C. 

C. m
C. m
C. m
C. m
C. m
C. m
C. m
C. m

C.
C. l
C. l

C
C
C
C
C
C
C

d Thr
of p
present study by high-energy CID spectra, which per-
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mit the observation of wn (w7 and w9-) and dn (d12-)
type ions arising from side-chain fragmentation, in
addition to backbone fragmentation. Recently, the task
of Leu/Ile differentiation has also been accomplished
unambiguously by (hot) electron capture dissociation
(ECD/high-energy CID), as this dissociation mode
gives rise to abundant wn type ions [29 –31].

Conclusions

MALDI MS/MS methods coupled with chemical mod-
ification reactions permit complete sequence determi-
nation and establishment of disulfide bridge arrange-
ments in Conus peptides possessing post-translationally
modified pyroglutamyl residues.
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