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Abstract

Centruroides tecomanus is a Mexican scorpion endemic of the State of Colima, that causes human fatalities. This
communication describes a proteome analysis obtained from milked venom and a transcriptome analysis from a cDNA
library constructed from two pairs of venom glands of this scorpion. High perfomance liquid chromatography separation of
soluble venom produced 80 fractions, from which at least 104 individual components were identified by mass spectrometry
analysis, showing to contain molecular masses from 259 to 44,392 Da. Most of these components are within the expected
molecular masses for Na*- and K*-channel specific toxic peptides, supporting the clinical findings of intoxication, when
humans are stung by this scorpion. From the cDNA library 162 clones were randomly chosen, from which 130 sequences of
good quality were identified and were clustered in 28 contigs containing, each, two or more expressed sequence tags (EST)
and 49 singlets with only one EST. Deduced amino acid sequence analysis from 53% of the total ESTs showed that 81% (24
sequences) are similar to known toxic peptides that affect Na*-channel activity, and 19% (7 unique sequences) are similar to
K*-channel especific toxins. Out of the 31 sequences, at least 8 peptides were confirmed by direct Edman degradation, using
components isolated directly from the venom. The remaining 19%, 4%, 4%, 15% and 5% of the ESTs correspond respectively
to proteins involved in cellular processes, antimicrobial peptides, venom components, proteins without defined function
and sequences without similarity in databases. Among the cloned genes are those similar to metalloproteinases.
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Introduction abbreviated C. fecomanus. It plays an important health problem in
the country, especially in the State of Colima [10].

Scorpion venoms are a complex mixture of peptides and
’ ; ! proteins with a broad range of biological activities, among which
many parts of the world, but specifically in seven different are peptides that impair proper functioning of ion-channels

geographic:al regions: three in Afr.ica (Nor_th> Sahelian region Z}nd present in excitable and non-excitable membranes, mainly Na*-
South), Asia Minor, South of India, Mexico and South America, and K*-ion channels (reviewed in [11]), [12-17], but also Ca2*-
where circa 2.3 billions of human persons are at risk [1].

Scorpionism is the epidemiologic word commonly used to
define human accidents caused by scorpion stings, which occurs in

channels [18-22]. A chloride channel (or transporter) specific
peptide was also described [23]. The toxins that recognize sodium
channels usually modify the gating mechanism of the channel.
) i - i e They are modulators of the function, either prolonging the kinetics
high diversity of climate and geographical variations, hosts of closing time (alpha-scorpion toxin, abbreviated o-NaScTx) or
scorpions species belonging to four different families [3]. Within openning the channels at less depolarized potentials (beta-scorpion

the family Bu-thldae, Fhe genus Centrur91des is the most important toxin, abbreviated B-NaScTx) [24-27]. However, K'-channel
one, because it contains venomous species to humans and includes

the most toxic species of the world [4,5].

Earlier taxonomic classification [4] of this scorpion placed this
species within the family Buthidae, genus Centruroides, species
lmpidus, sub-especies tecomanus. Under this denomination (Centru-
roudes limpidus tecomanus), a few articles related to venom compo-

There are approximately 1,500 different species of scorpion
described in the world, from which over 200 are found in Mexico
[2]. Colima is a Mexican state on the West coast, which due to the

specific scorpion peptides are usually blockers of the channels and
were divided in -, B-, v- and K-channel toxins [12]. Many other
components have been found and described to occur in scorpion
venoms (reviewed in [17]).

Concerning the venom of C. tecomanus the only biochemical data

available indicates the presence of a few toxic fractions 11.9.3 [6],

nents [6-8] were published by our group, as it will be shortly 11.22.5 and 11.21.4 [8] for which the N-terminal sequence were
described below. Recently, Ponce-Saavedra et al [9] renamed it,

! i determined. In addition a complete primary structure of toxin
as a bona fide species (Centruroides tecomanus), here thereafter

Cltl, a peptide with 66 amino acid residues that affect neuronal
Na*-channels was described [7]. The earlier strategy used for
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separation of these components was gel filtration on Sephadex G-
50 columns, followed by ion-exchange chromatography. The
chemical characterization was done by automatic Edman degra-
dation [6-8]. Latter, the isolation and identification of scorpion
venom components from other species, were performed by means
of high performance liquid chromatography (HPLC), followed by
Edman degradation or mass spectrometry analysis [28-30]. More
recently, the identification of venom components are performed
by constructing cDNA libraries of venom glands obtained from
scorpions of different families [31-44].

The results obtained by this more recent methodology, using
cDNA libraries, indicate the presence of a rich biodiversity and
variability of components in the species studied. Apart from the
peptides that modify ion-channel permeability, initially isolated
and characterized by classical biochemical methods, many other
components were placed in evidence, such as: factors that active
lipolysis, phospholipase A2, serine-proteases, metalloproteinases,
protein homologs of tick salivary glands, precursors of cytolytic
peptides, proteins rich in cysteine contents and a great number of
proteins and peptides deduced from the ESTs for which the
function is still unknown [45,46] (reviewed in [47]). The results of
cDNA analysis also shows that the venom glands of scorpions have
many components related to cellular processes, protein synthesis,
protein trafficking and others [31-38].

In this communication we report results of a transcriptome
analysis obtained from a cDNA library prepared from the venom
glands of two C. tecomanus scorpions, as well as a proteomic analysis
from the soluble venom of this species. Eight peptides assumed to
exist, based on the genes obtained from the cDNA library, were
actually purified from the venom and their amino acid sequence
were confirmed by direct amino acid sequencing, using Edman
degradation and mass spectrometry. Seven are peptides assumed
to affect Na*-channels, whereas one is specific from K*-channels.

In our opinion this is relevant information, since Mexico is one
of the seven areas in the world, where scorpionism is important,
and the State of Colima has one of the most dangerous scorpions
to humans.

Materials and Methods

Biological Materials and Venom Extraction

The collection of scorpions of the species C. tecomanus took place
in the community of Coquimatlan, state of Colima, Mexico
(latitude 19°13'57.19'N; longitude 103°49'46.05'0; eclevation
365 m over the sea level, under official permit of the Federal
Government by Secretaria de Medio Ambiente y Recursos Naturales
(reference: SGPA/DGVS/10638/11 of Dic/03/2011). The spec-
imens were identified and classified using taxonomic keys prepared
by [4,9,48,49]. Prior manipulations the animals were kept in
captivity (standard conditions of temperature, light and dark
periods, water ad lbitum) for 15 days. The extraction of venom was
conducted using 27 scorpions, submitted to electrical stimulation
(15 Volts shock applied to the animals). The venom was solubilized
in 0.4 ml distilled water and was centrifuged at 14000 rpm for
15 min. The supernatant was removed, lyophilized and kept at
—20°C until use.

Chromatographic Separation of Soluble Venom

The content of venom protein was determined by optical
density assuming that one unit of absorbance at 280 nm,ina | cm
cuvette pathway, is equivalent to 1 mg/ml concentration. A total
of 2.3 mg protein of soluble venom was separated by high
performance liquid chromatography (HPLC) on a reverse phase
analytical column C18 (dimensions of 250 x10 mm) obtained from
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Vydac (Hisperia, CA, USA). The components were purified using
a linear gradient of solvent A (0.12% trifluoroacetic acid ~TTA- in
water) to 60%, solvent B (0.10% TFA in acetonitrile) for 60
minutes with a flow rate of 1 ml/min. The fractions were collected
manually by monitoring the absorbance at 230 nm and then dried
in a Savant Speed Vac SC210A apparatus (Albertville, MN, USA).

Mass Spectrometry Analysis

The various fractions obtained from the HPLC separation were
dissolved in 50% acetonitrile containing 1% acetic acid to a final
concentration of czca 0.1 to 0.5 mg/ml. This concentration was
estimated based on the area under the curve of the various sub-
fractions as indicated by the integral obtained from the
chromatogram of the HPLC separation. All samples were
analyzed using a LCQ Fleet mass spectrometer (Thermo Finnigan,
San Jose, CA, USA). A few components with high molecular
weight were identified using a Hybrid Orbitrap-Veloz mass
spectrometer from the same company with nano-electro spray
lonizations source. Fractions were reconstituted in 50% acetoni-
trile with 1% acetic acid and submitted to the mass spectrometer.
Automatic and manual deconvolutions were performed to
determine the average molecular mass composition of the
components. The automatic deconvolutions were performed by
X-tract tool, part of the Xcalibur software.

cDNA Library Construction

A cDNA library was constructed from total RNA extracted
from the scorpion C. ftecomanus. Each scorpion in the last
postabdominal segment (telson) has a pair of venom glands, and
two specimens (four glands) were used for homogenization of
tissue. The scorpions were milked 5 days before RNA extraction.
For RNA isolation the “T'otal RNA Isolation System’ of Promega
(Madison,WI) was used. With this material a full-length ¢cDNA
library was prepared using the Creator' ™ SMART™ ¢DNA
Library Construction Kit (CLONTECH Lab., Palo Alto,CA). For
the first-strand cDNA synthesis, the oligonucleotides of the kit:
SMART IV™  Oligonucleotide  (5'-AAGCAGTGGTAT-
CAACGCAGAGTGGCCATTACGGCCGGG-3) and
CDSIII/3" PCR Primer (5'-ATTCTAGAGGCCGAGGCGGC-
CGACATG-d(T)30N_|N-3") were used as primers. For ¢cDNA
amplification, the oligonucleotides 5 PCR Primer (5'-AAG-
CAGTGGTATCAACGCAGAGT-3") and CDSII/3" PCR
Primer were used. The conditions used for both PCRs were
according to the providers instructions.

The double-stranded ¢cDNA contained $fil A and B restriction
sites on the cDNA ends, was digested with S/l restriction enzyme
and fractionated on a CHROMA SPIN-400 column according to
molecular size (Creator' ' SMART™ ¢DNA Library Construc-
tion Kit). Fractions containing cDNA of the desired size were
pooled and concentrated by ethanol precipitation. The purified
cDNA was ligated to the Sfil sites of the pDNR-LIB plasmid
(Creator ™ SMART™ ¢DNA Library Construction Kit) and the
ligation reaction was used to transform Escherichia coli DH5 cells by
electro-transformation. The titer of the non-amplified cDNA
library obtained is in the order of 1x10° cfu/mL, with 99%
recombinant clones.

DNA Sequencing and Bioinformatic Analyses

Plasmids of selected colonies were isolated according to a
Standard alkaline lyses protocol, and single-pass sequencing of the
5'-termini was conducted with the primer T7 (5'-GTAATAC-
GACTCACTATAGGG-3') using an automatic machine (Model
3100, Applied Biosystems, Foster city, CA) according to the
manufacturer’s instructions.
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The nucleotide sequences obtained in this work are deposited in
GenBank (EST database: dbEST JZ122265 - JZ122341). To
extract the high quality sequence region, the ESTs were subjected
to the Phred program [50] with the window length set to 100 and
the standard quality to 20. The CrossMatch program was used to
remove vector and Escherichia coli DNA sequences. EST's that share
an identity of >95 out of 100 nucleotides were assembled in
contiguous sequences with the CAP3 program (http://pbil.univ-
lyonl1.fr/cap3.php), All these bioinformatic analysis were simulta-
neously performed at the http://www.biomol.unb.br/site of
“Laboratério de Biologia Molecular — Universidade de Brasilia”,
using default setup. C. tecomanus venom gland ESTs (clusters and
singlets) were searched against nr database using blastx and blastn
algorithms (http://www.ncbi.nlm.nih.gov/blast) with an e-value
cutoff set to <10~ to identify putative functions of the new ESTs.
Additional search was performed with ORF Finder (Open
Reading Frame Finder; http://www.ncbi.nlm.nih.gov/projects/
gort/), PROSITE (http://prosite.expasy.org/) and Pfam (http://
pfam.sanger.ac.uk). The signal peptide was predicted with the
SignalP 3.0 program (http://www.cbs.dtu.dk/services/SignalP/).,
and prediction of propetide was performed by using Prop 1.0
Server (http://www.cbs.dtu.dk/services/ProP/). The theoretical
molecular weights of the cDNA sequences were calculated using
the program ProtParam (http://web.expasy.org/protparam).
Multiple sequence alignments were done with the clustalw?2
program (http://www.ebi.ac.uk/Tools/msa/clustalw2/) and the
percentage of sequence identity were determined using the DNA
Strider™ 1.3 program.

Amino Acid Sequencing of Venom Components

Amino acid sequence determination of the N-terminal segment
of the eight purified peptides was obtained by automatic Edman
degradation into a Protein sequencer PPSQ-31A SHIMADZU
(Kyoto, Japan), using the chemicals and procedures recommended
by the provider.

Results

Separation of Venom Components and Mass
Fingerprinting

Separation of soluble venom by HPLC (Figure 1) shows more
than 60 clear chromatographic peaks, which were collected in 80
distinct fractions. From these, at least 104 different components
were identified by mass spectrometry determination, with molec-
ular weights varying from 259 to 44, 392 Da. The results obtained
are shown in Table 1. In a few cases, due to the overlapping of
components in the various adjacent chromatographic peaks, the
same peptide with the same molecular mass (or within one unit
mass difference, which is the resolution of our LCQ) apparatus)
were found, and are listed in Table 1 by their retention time on the
column. A few components (total 16) were not identified, either
due to their chemical compositions or complexity (several
components in the fractions, impeding individual bona fide
identification). In figure 2 the molecular mass distribution of the
venom components found in the 80 fractions are reported,
clustered within different intervals of molecular weights, mostly
1000 Da apart from each other. Four groups of components with
distinct molecular masses were found : 200-1000 Da (8.7%),
1000-5500 Da  (47%), 5500-8500 Da (33.7%) and 8500—
44392 Da (10.6%). The majority of peptides have a molecular
weight between 3000 to 4000 and from 6000 to 7000, which
usually correspond to peptides known to affect K*-channels and
Na*-channels, respectively.
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Transcriptome Analysis

As mentioned in the section of Material and Methods, the
c¢DNA library produced about one million cfu/mL with 99%
recombinant efficiency. From this library, 162 randomly chosen
clones were sequenced, permitting to clearly identify 130 distinct
clones. Some short sequences (32 in total) with low quality were
discarded. The 130 good quality ESTs were clustered in 28 contigs
formed by two or more ESTs each, and 49 singlets containing only
one EST each. The mean nucleotide number (bp) of these EST's
was in the order of 330 pb (ranging from 116 to 635 pb), as shown
in Figure S1 (A). The Length range of singlets (bp), which was very
similar to the total ESTs, and the frequency of ESTs in the contigs
are shown in Figure S1 (B and C, respectively).

Nucleotide Similarity Search and Cell Function

The ESTs sequences obtained were subjected to similarity
search using the non redundant (nr) BLASTN and BLASTX
databanks, taken an e-value of <107° as limit for homology
confidence. Out of 130 ESTs, 53% corresponded to sequences
that do contain similarities with scorpion toxin sequences
(Figure 3), from which 81% (24 sequences) are similar to known
toxins specific for Na*-channels and 19% (7 unique sequences) are
similar to K*-channel specific toxins. From the remaining ESTs,
19% corresponds to proteins involved in cellular processes, 15% to
hypothetical proteins without defined function, 5% with novel
sequences without any similarity to other known proteins of the
databases, 4% similar to metalloproteinases and other venom
peptides; finally another 4% similar to antimicrobial peptides
(Figure 3).

Concerning the putative functions of the peptides and proteins
found among the ESTs, Table 2 gives a complete list, containing
70 amino acid sequences and their expected functions. The
corresponding sequences are deposited in Genbank (EST data-
base) under numbers JZ122265 to JZ122341.Thirty two of these
sequences are identified as peptides, whose activity should be
related to ion-channel recognition and function. It is worth
mentioning that contig3 very likely corresponds to the same
peptide earlier, described as toxin 1 (Ctll) from C.ltecomanus [7].

Figure 4 shows the deduced amino acid sequence of ESTs with
important sequence similarities to other scorpion Na'-channel
specific toxins reported in the literature. Twenty four complete
sequences were identified showing approximately 68 residues
(varying from 64 to 81) and theoretical molecular masses from
6813 to 9073 Da; ten residues are in corresponding positions in all
sequences, including the 8 cysteines. The C-terminal sequence of
fourteen sequences ends by the amino acid glycine followed by a
basic residue (lysine) strongly supporting the suspicion that during
maturation they are eliminated, providing the amine group for
amidation of the previous residue [51]. Regarding K*-channel
toxins, in the figure 5 shows in A the deduced amino acid sequence
of four ESTs with sequence similarities to K* channel a-toxins and
their theoretical molecular masses and B shows the alignment of
the deduced amino acid sequence of EST Ct30 compared with the
K" channel B-toxin TdiKIK.

Amino Acid Sequencing of Venom Components by
Edman Degradation

Based on the results of nucleotide similarity search and knowing
the molecular masses of the components directly isolated from the
venom, it was found that eight theoretical masses of clones
sequenced coincided with 8 masses obtained by mass spectrometry
determination (see table 1 and Fig. 4). The several fractions that
coincided, obtained from the HPLC, were loaded into an
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Figure 1. HPLC separation of soluble venom. Venom (2.3 mg) from C. tecomanus was separated in a C18 reverse-phase column using a linear
gradient from solution A (water in 0.12% TFA) to 60% solution B (acetonitrile in 0.10% TFA) over 60 min.
doi:10.1371/journal.pone.0066486.9001

Table 1. Determination of molecular weights (MW) of the venom components from C. tecomanus, obtained by mass
Spectrometry.

RT (min) MW (Da) RT (min) MW (Da)

3.67 ND 29.91 8302

4.53 486, 347 30.30 4105, 4210, 4361

5.04 ND 30.48 4105, 8212

7.39 ND 30.92 7014, 7292 (Ct16)

7.63 5361 31.21 7292 (Ct16)

8.84 449 32.31 7015, 4606, 9213

12.06 353 32.93 7427 (Ct17), 4605, 7378
13.16 259 33.38 7171, 7485

13.63 452 33.51 7171, 7347, 5164

14.28 ND 34.05 6333 (Ct13)

15.63 ND 34.26 6333 (Ct13)

16.21 ND 35.19 6335, 7591 (Ct1a)

16.59 ND 35.92 6335, 7591 (Ct1a)

16.83 1702 36.32 7091, 7613

17.06 568 36.72 7613

17.56 1918, 547.5 37.03 6989, 6839, 7612, 7288 (Ct6)
17.71 1918, 547.5 37.69 7099, 7609, 6989, 3744
18.71 2518, 2535 37.99 6992, 6858, 7271

19.00 2611 38.29 6858

19.93 1021, 2611 38.65 6858, 6817 (Ct7)

20.51 3806 39.61 3696,4715,6604,6814 (Ct25),13726
20.94 3807 40.21 4599, 4644, 4715, 6135, 6604, 6813(Ct25), 7012
21.14 3807, 4255 (Ct28) 41.29 6591

21.92 3807, 3679, 3552 41.76 6605, 6591

22.50 3804 42.10 6119, 6604

23.21 3420, 764 44.37 44392

23.59 3420, 1650 44.97 10865, 10878

24.71 1870, 4124 48.46 ND

25.00 4124, 4212, 4908 49.09 ND

25.18 4211, 4124 50.42 ND

25.84 4041, 4212 50.79 ND

26.54 4795, 1953 51.33 ND

26.94 3989, 4007 52.30 15850, 15904

27.17 2088, 2867 53.41 28545, 28744

27.58 3341, 1671 54.08 25515

28.24 4084, 2091.5, 4717 54.35 24115

28.47 4786, 4085 54.62 ND

28.65 2372.5, 2851 55.47 ND

29.04 4745, 3504 56.67 ND

29.28 7234 57.99 ND

RT: Retention Time; ND: no determined; Ct28, Ct16, Ct17, Ct13, Ct1a, Ct6, Ct7, Ct25: clones from the cDNA library whose theoretical molecular mass coincides with the
experimental mass.

doi:10.1371/journal.pone.0066486.t001
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Figure 2. Molecular mass distribution of separated venom. The histogram shows the distribution of the 104 different molecular weights
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components. The molecular weigths were obtained by LCQ Fleet and LTQ-Orbitrap-Veloz mass spectrometer (see materials and methods).

doi:10.1371/journal.pone.0066486.g002

automatic amino acid sequencer and their sequences were
determined by Edman degradation. Table S1, shows the amino
acid sequence of eight peptides, whose presence and primary
structure were determined. The amino acid sequence deduced
from the cDNA of these peptides were aligned in Iig.4, and
confirmed by direct sequencing (see Table S1).

Discussion

Mass Spectrometry Analysis and HPLC Separation

The mass spectrometry analysis reported here shows that most
peptidic components of C. ftecomanus venom have a molecular
weight above 4000 Da (Fig.2). Twenty peptides (19% of total)
have molecular masses between 3500 and 4500 Da. As already
mentioned, within this range of masses, are the peptides assumed
to be K'-channel specific; whereas thirty components (29% of
total) have molecular masses from 6000 to 7500 Da, correspond-
ing to typical molecular weights of toxins that recognize Na'-

channels [11]. An additional observation supporting these findings
is the results of HPLC separation of scorpion venom of the family
Buthidae. Batista et al., [28] showed that components eluting at
retention time (RT) from 20 to 31 min from the same C,3 reverse
phase column, run in similar conditions, have molecular weights
around 3000-5000 Da and correspond to K*-channel specific
peptides. Components eluting from 30 to 40 min have molecular
masses between 6000 to 8000 Da and are known to contain Na*-
channel specific peptides. Similar results are shown in our Fig.1. In
addition, components eluting at RT around 40 min and over,
show molecular masses of 10,000-11,000 Da, for which their
functions have not been completely identified yet [52]. Several of
these venom components are species specific [11], affecting either
invertebrates (insects, crustaceans), or vertebrates (mammalians,
chickens). From the venom of related scorpions of the genus
Centruroides several peptides highly toxic to mammals were isolated
and characterized, for example: Cn2, Cn3 and Cn4 from C. noxius

M Toxins

M Proteins of cellular processes

M Proteins without defined function
H Other venom components

B Antimicrobial peptides

M No similarity found

Figure 3. Transcripts from venom glands of C. tecomanus. Relative proportion (percentage) of each category obtained from the analysis of the
transcripts from C. tecomanus venom gland library.
doi:10.1371/journal.pone.0066486.9003
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ECCQNEDQDQLPGNIDDDDQEDVPLAYLKQYVQKSSQS

Ct66, putative hypothetical protein, partial

17122320

4983

Singlet

GRRDFGKMAKAVSNLMAKAPVMLKGVVESSKPRFAVFMKYARVELAPPSPAEIPQVIQGFNKLIGNVKSGVYW

KTATVKTAWLNTLVGMEITFWFFLGECIGKRKLIGYEV

Ct67, putative hypothetical protein, partial

17122321

5049

Singlet

RMTSTSTQDLVGEPDRHTSHPHGYGTTDNSPPDENDRSGLSYRRRIIHLKEESTSYVDLTRGVLLLMFGHCIWTIILFFTLTTPLAMIIIGA

Ct68, putative hypothetical protein, partial
IRIKECPL

17122322

5080

Singlet

Signal peptides are underlined; mature peptides are shown in bold; propeptides proposed are shown in italics.

doi:10.1371/journal.pone.0066486.t002
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[53,54], a toxin from C. mfamatus infamatus [55] and seven toxins
(Css1-7) from C. suffusus suffusus [56].

From the scorpion C. tecomanus five peptides toxic to mamma-
lians were isolated and partially characterized [6-8]. Only toxin
Cltl was completely sequenced and shown to contain 66 amino
acid residues, with 86% sequence identity to toxin II from C.
suffusus suffusus toxin II [56]. Cltl affects inactivation of Na'-
channels, when assayed on dorsal root ganglion cells of chicken
[7]. It is clear that the amino acid sequences found by cDNA
cloning genes of venom glands of this scorpion (Table 2) and the
mass spectrometry data (Table 1), together with the results of
direct amino acid sequence determination (Table S1) of venom
components isolated by HPLC (Fig.1), allowed to confirm the data
obtained by other authors with scorpion venom of the genus
Centrurowdes. 'The C. tecomanus venom is certainly a complex mixture
of components (80 sub-fractions) containing toxins that certainly
could be affecting K- and Na*-channels, as demonstrated in other
scorpion venoms [28,52,57,58].

The correlation of the transcriptome with the proteome data
analysis is relatively restrict due to two reasons, Most proteins of
higher molecular weight present in the cDNA library of the venom
glands are not secreted as part of the venom. The second reason
concerns the information available, since some of the sequences
obtained are still incomplete and the exact positions of signal
peptide, mature peptide, propeptide and/or possible postraduc-
tional modifications are not known, hence it does not permit
predicting the exact molecular mass of the expected protein or
peptide. This makes difficult to correlate the sequences found with
the proteome analysis. The precursor sequences from scorpion
venom best identified are those from toxins that affect the function
of ion-channels. The theoretical molecular mass expected for
toxins, given the fact that sufficient information about their
processing is known, allowed finding possible matching masses
from the proteome analysis. The peptides with coincident masses
where then selected from the HPLC separation of the venom and
use for direct amino acid sequence determination, by automatic
Edman degradation. This confirmed perfect coincidence of the
molecular mass experimentally determined with that predicted
from the cDNA cloning. Thus, it was possible to identify several
putative toxins that in fact are present in the venom.

Transcriptome Analyses

Previous work conducted with ¢cDNA libraries obtained from
venom glands of scorpions showed the possibility of identifying by
the EST methodology, the presence of many genes coding for
similar peptides as those directly identified from the scorpion
venoms. The results obtained are encouraging, however more
than 98% of the scorpion species existent in the world remain
unknown (reviewed in [59]).

The first such analysis was conducted with a cDNA library from
the venom glands of the Mexican scorpion Hadrurus gertschi, which
belong to the family Caraboctonidae. Most known scorpion
species containing toxic peptides to mammals belong to the
Buthidae family. This pioneer work, conducted with a non
Buthidae species, identified 147 ESTs of good quality, providing
significant information about the kind of molecules present in the
venom glands of this species [31]. Up until now 14 reports of
cDNA libraries have been screened for their ESTs, from which
about half of them are from Buthidae scorpions [32,34,36,38—
40,43] and the rest are from mnon Buthidae species
[31,33,35,37,41-44]. The results reported in this literature are
highly variable both in terms of the number of sequences obtained
and the putative functions attributed to the innumerous genes
identified. In some cases, a great number of components were

June 2013 | Volume 8 | Issue 6 | e66486
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MW (Da)
a.a Theoretical

Ct8 KK---DGYPVDS-ESCRYN-CWKNAY----CDKICKEKKG--ESGYCYGWNLSCWCIGLPDNTNTKMNP---FCQGLDGK-———-——— 66 7364.3
Ctlé6 KK---DGYPVDA-NNCKFE-CWKNEY----CDELCKAKRA--ESGYCYKLKLSCWCEGLPDDEPTKTSD---RCYGTGR---—=——— 65 7292.2
Ct9 KK---DGYPIQE-NGCKYF-CWKNDY----CEKVCKDLKG--EGGYCY-ANLSCWCIGLPDKVAIKHTQ---KCKRNGK---————— 64 7177.3
Ctll KKNIPGGYPINE-NKCTYV-CYHADKDKIRCSNFCKTLGA--SSGYCY--WLTCYCEYLPDSVPQTNSIEVFSCGASIIGVNDNEYL 81 9073.2
Ct26 KKNIPGGYPINE-NKCTYV-CYHADKDKIRCSNFCKTLGA--SSGYCY--WLTCYCEYLPDSVPQTNSIEVFSCGASIIGVNDNEYL 81 9073.2
Ctl4 KKEIPGGYPINQ-FECTYE-CAHADTDHIRCKNLCKKLGG--SWGYCY--WNTCYCEYLPDSVPQKNSIEVFSCGATIIGVPDTE-- 79 8896
Ctl8 -R---DGYPLAS-NGCKFG-CSGLGENNPTCNKICDEKAGS-DYGYCY--WWTCYCQHVAEGTVLWGDSGTGPCMS——————————— 7220.9
Ct22 -R---DGYPLAS-NGCKFG-CS-LGENNPTCNKICDEKAGS-DYGYCY--WWTCYCOHVAEGTVLWGDSGTGPCKS--—-—— 7160.9
Cct21 -R---DGYPIAS-NGCKFG-CSGLGENNPTCNHVCEKKAGS-DYGYCY--AWTCYCLHVAEGTVLWEDPGTGPCMT---—--- 7195
Ct7 -K---DGYPMNS-EGCKIS-CVIGNT---FCDTECKMLKA--SSGYCWTLGLACYCEGLPENVEVW-DSATNKCGGK: 6816.7
Ct25 -K---DGYPKNS-EGCKIS-CVIGNT---FCDTECKMLKA--SSGYCWTLGLACYCEGLPENVEVW-DSATNKCGGK 6813.7
Ctl3 -K---DGFPVDS-EGCILLPCATRA----YCSVNCKFMKG--SGGSCDTL--ACHCKGLPEDAKVQ-DKPTNKCGRK: 6333.3
Ct5 -R---DGYPVDE-EGCKLS-CFINDK---WCNSACHYRGA--KYGYCYTGGLACYCEAVPDNVKVW-TYETNTCGKK: 7026.8
Ct20 -K---DGYAVNKSTGCKIY-CS-VLGKYSFCDEECKAKHQGGSYGFCH--SYACYCQOGLPESTPTY-PIPSKSCSRK 7454 .4
Ct23 -K---DGYAVNKSTGCKIY-CS-VLGKYSFCDEECKAKHQGGSYGFCH--SYACYCQGLPESTPTY-PIPSKSCSRK 7454 .4
Ct24 -K---DGYAVNKSTGCKIY-CS-VLGKYSFCDKECKAKHQGGSYGFCH--SYACYCQGLPESTPTY-PIPSKSCSRK 7453.4
Ct2 -K---EGYLVNKSTGCTLV-CV-WLGKNNKCDMECKAKDQGGSYGYCK--SNLCWCEGLPESTPTY-PSYSKSCSST 7437.4
Ctl7 KK---DGYLVDK-TGCKKT-CY-KLGENDFCNRECKWKHIGGSYGYCY--GFGCYCEGMSDSTPTW-PLPNKRCGKK: 7426.4
Ctd -K---EGYLVNHHDGCKYA-CA-KLGDDDCCLRECRAKYWKGAGGYCY--AFACWCTHLYEQAVVW-PLPNKTCYGK. 7581.7
Ctl9 -K---EGYLVSHYDGCKYA-CA-KLGDNDYCLRECKAKYWKGAGGYCY--AFACWCTHLCEQAVVW-PLPNKTCYGK. 7551.7
Ctla -K---EGYLVNHSTGCKYE-CF-KLGDNDYCLRECRQQYGKGAGGYCY--AFGCWCTHLYEQAVVW-PLPKKTCNGK: 7589.6
Ctl5 -K---EGYIVDYHTGCKYT-CA-KLGDNDYCLRECRLRYYQSAGGYCY--AFACWCTHLYEQAVVW-PLPNKRCKGK 7780.9
Ct3 -K---EGYIVDYHTGCKYT-CA-KLGDNDYCLRECRLRYYQSAGGYCY--ACACWCTHLYEQAVVW-PLPNKRCKGK 7736.8
Ct6 -K---DGYLVSKHTGCKLG-CSPKIGDR-YCHIECTSMNHKGDEGYCY--WLACYCKGMPENAEVY-PLPNKSC-GK. 7288.3

* * * * * * ok

* % *

Figure 4. Multiple sequence alignment of putative Na'-channel toxin of C. tecomanus. Alignment of the 24 complete sequences of putative
Na*-channel toxin of ¢cDNA library from C. tecomanus. Amino acids identical in all sequences are indicated with an asterisk and the cysteines are
shown shaded. The Ct11 and Ct26 sequences are identical at amino acid level but different at nucleotide level. The sequences of mature peptides
Ct23 and Ct20 are identical, but the signal peptide of their respective precursors, are different. The amino acids that theoretically give rise to
modification in the C-terminal (amidation) are shown in italics. The theoretical molecular weights were calculated taking into account these changes
using the protparam program (http://web.expasy.org/protparam program).

doi:10.1371/journal.pone.0066486.9004

identified, like those obtained from Scorpiops jendeki (a total of 871
ESTs), where half of the proteins and peptides are part of venom
itself and the other half is assumed to be components involved in
cellular processes or belonging to hypothetical proteins of
unknown function [43]. Another example is the global transcrip-
tome analysis of the scorpion Centruroides noxius by means of the
platform of massive pyrosequencing, using genes obtained from
the ¢cDNAs of venom glands, as well as cDNAs from the entire
body of this species. In the order of three million readings were
obtained and assembled, from which 72 isogroups containing
peptides similar to toxins previously reported for other scorpions
were identified [39]. However, other examples are available using
a more restrict number of different genes identified, for instance
118 ESTs were reported from the non Buthidae scorpion
Opisthocanthus cayaporum [33].

In the present report dealing with ESTs of C. tecomanus the
percentage of putative toxins found (53%) is higher than other

proteins and peptides, such as those involved in cellular processes,
which are only 19%. This could explain the high toxicity of the
venom from C. tecomanus; one of the most dangerous scorpions [3].
It is worth mentioning that some discrepancies can occur due to
uncontrolled external factors, such as stress and environmental
conditions, as pointed out by [36,60].

Since from C. tecomanus the information available is restricted to
five toxic peptides, as mentioned earlier [6,7], the transcriptome
analysis reported here contains a substantial contribution to
advance the knowledge on venom and venom gland components
of this highly toxic scorpion. Novel information concerning the
presence of toxic peptides similar to Na*-channel and K*-channel
specific peptides, similar to antimicrobial peptides and the
presence of proteolytic enzymes complete the identification of
molecules into this venom, as it will be further discussed below.
Among the advantages of the present transcriptome analysis is that
by characterizing the nucleotide sequences of the EST's isolated we

MW (Da)
A a.a %I Theoretical
ct27 ——TIINVKCTSPKQCLLPCKQIYGPHVGAKCMNGKCHCSKIG———————— 40 100 4239.1
ct28 ——TTINVKCTSPKQCLKPCKDLYGPHAGAKCMNGKCKCYNNG———————— 40 21 4255

Ct33 NWNAEAAVCVYRT-CDKDCKRRG-YRSG-KCINNACKCYPYAK——————— 40 13 4217.3
ct29 @ —————- YGCEG-~--CKGKCSTR————~— G-KCINGRCKCYGRSDFFQEYEE 35 8 4000.5

B

ct30 KIKKKLADAKVTVKGAWDKLTSKSEFACPVIEKFCEDHCAAKESVGKCEDFKCLCLKPE-59 100 6570.7
TdiKIK KIKNKLVEVKEKIKAGWDKLTSKSEYACPVIDKFCEDHCAAKNAIGKCDDFKCQCLNS—-58 66 NA

Figure 5. Sequence alignments of putative K'-channel toxins of C. tecomanus. A: sequence alignment of putative alpha-toxins found in the
cDNA library of C. tecomanus, where the cysteines are shown shaded. The amino acids involved in a possible modification of the C-terminal are
shown underlined (and in italics); the percentage of identity is indicated (% I). B: Sequence alignment of the putative p-toxin Ct30 of C. tecomanus
with the sequence of TdiKIK toxin from Tityus discrepans (gb|ABE98264.1 |), which is the one showing the greatest identity. Identical amino acids are
indicated in shade and are shown in bold. The number of amino acids (a.a) and the theoretical mass of each sequence of C. tecomanus are indicated.
NA = Not applicable.

doi:10.1371/journal.pone.0066486.9005
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have been able to identify toxic peptides, their precursors and
maturation processes, as well as allowed identifying proteins
related to structural and metabolic processes taking place in the
venom glands, information which would be almost impossible to
obtain only by classical biochemical characterization of venom
components.

Contig3 (Ctla of Table 2) very likely corresponds to toxin Cltl
previously described, with small corrections: position 62 of contig3
1s lysine and position 66 is asparagine (see figure S2-letter C). The
absence of serine and presence of asparagine at position 66 is also
conserved in toxins of the published sequence of ClI2 from the
scorpion C. limpidus limpidus, and toxin Ciil of C. infamatus infamatus
(Fig. S2-letter C). Several similar Na'-channel specific peptides
were found, as shortly described below.

Toxins Specific for Na+-channels

Peptides with amino acid sequence similar to toxins that
recognize Na'-channels were found to be quite abundant. Twenty
four sequences correspond to similar known toxins (Fig.4), from
which seven were confirmed by Edman degradation (Table S1). It
is worth mentioning that two sequences are listed twice in Fig.4
(Ctl1 and Ct26; Ct20 and Ct23), because their differences were
found in the nucleotide sequence or signal peptide sequence, but
the mature segment contains the same sequence. It is well
described in the literature that these peptides are modulators of
Na*-channel activity [15,16,61]. These peptides are commonly
found in scorpions of the family Buthidae [32,34,62], and are
responsible for intoxication with serious medical problems,
because they affect Na'-channels of excitable tissue causing
membrane depolarization, liberation of neurotransmitters, which
then affect the proper functioning of several organs that might lead
to respiratory distress or heart failure, the two most common cause
of dead [63,64]. These peptides contain between 58 to 76 amino
acid residues, tightly stabilized by four disulflide bridges [11].
Amino acid sequence comparison of peptides listed in Fig.4,
Table 2, Table S1 and Fig.S2 showed high degree of similarity
among themselves and with other known peptides purified from
scorpion venom, as it can be seeing in the following few examples.
Peptides Ct7 (singlet 4935) and Ct25 (contig?4) have only one
amino acid different in their primary structure and show 60 and
62% identity with RjAa8 from the scorpion Rhopalurus junceus. Ct20
(contig 11) showed 74% identity to toxin Cex3 of Centruroides
exilicauda (Fig. S2-letter B). Ct15 (contig 6) and Ct4 (singlet 5015)
have 84% identity to toxin ClI3 from C. limpidus limpidus (Fig. S2-
letter A). Peptides Ctl8 (contig 9), Ct22 (contig 16) and Ct21
(contig 13) showed 90, 88 and 91% identity to Cnl2 from the
scorpion C. noxius, which is structurally similar to the B-ScTX, but
has an o-ScTx effect [65].

Toxins Specific for K+-channels

Nineteen percent of the sequences found showed similarities to
toxins specific for K'-channels. Seven unique sequences were
identified (2 singlets and 5 contigs, see Table 2). Peptide Ct28
(Table S1) is the only one, whose primary structure was directly
determined by automatic sequencing. Among these peptides are
those of a- as B-K*-channel types, showing higher similarities to
the known toxins isolated from scorpions of the genera Centruroides
and Tityus. Most of these peptides are blockers of K*-channels;
containing 23 amino acid residues (the o-type) to 64 residues (B-
type), very well packed by three to four disulfide bridges [13].
Ct27, Ct28, Ct29 and Ct33 (Table 2) showed similar sequences,
containing from 35 to 40 amino acids, stabilized by 3 disulfide
bridges (Fig. 5A) and are very likely 0-K*-channel specific toxins,
whereas Ct30 (Table 2) contains 59 amino acid residues, stabilized
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by three disulfide bridges, whose sequence is 66% identical to
toxin TdiKIK of the scorpion Tityus discrepans (Fig.5B), a B-K*-
channel peptide.

Antimicrobial Peptides (AMPs)

The AMPs peptides were found in some scorpion transcriptome
studies [31,35,37,38]. These peptides play an important role in the
innate immune system, because they can depolarize neuronal cells
and induce immobilization of preys but also can potentiate the
effect of other neurotoxins [66]. Additionally, they constitute the
first line defense against infection by pathogenes. The AMPs are
short chain cationic and anionic peptides [67], normally divided
into various groups according to their primary and secondary
structures. The most extensively studied are lineal amphypatic
peptides without disulfide bridges that can form o-helices [41], also
known by the abbreviation NDBP, meaning non-disulfide-bridge
peptide. Another group is composed by peptides rich in cysteines
that form one or more disulfide bridges [68]. Finally, there are
specific peptides, rich in certain amino acids such as glycine,
proline and histidine [69].

In this communication we report the presence of three putative
PAMs: Ctl2 (singlet 4620, Ct61 (singlet 5071 and Ct59 (contig 19),
as shown in Table 2. The sequence 4620 corresponds to a peptide
similar to the antimicrobial peptide MeVAMP-1 isolated from the
scorpion Mesobuthus eupeus, showing 74% similarity. This peptide
could be classified as NDBP or as a specific peptide, because it
contains high percentage of glycine and proline. The sequence
5071 codes for a precursor (still lacking the N-terminal segment,
where the signal peptide is missing), whose segment coding for the
mature peptide is complete and it belongs to the NDBP-5 class,
and its sequence is 65% similar to the antimicrobial ponericin-W-
like 32.1 peptide of the scorpion Lychas mucronatus. Finally, the
contig 19 sequence is similar to anionic peptides of the family
NDBP-6.2, showing 70% identity to the acidic peptide Ka2 from
the Mesobuthus martensii. The putative AMPs described here
constitute original information, not known thus far to exist in this
scorpion venom. It is clear that in due time these peptides need to
be either isolated from the venom or chemically synthesize and
their real function determined.

Metalloproteases

Additional and important components found in scorpion
venoms are enzymes with proteolytic activity [70,71]. Two main
types of proteases are described: serineproteases (SPSVs) and
metalloproteases [37,38,72].

Here we identified three amino acid sequences corresponding to
three different putative metalloproteases (see Table 2). Ct57
(contig 12) shows 56% similarity to antarease, a metalloproteinase
found in the venom of the scorpion Tutyus serrulatus, described to be
responsible for pancreatitis of individuals stung by this species of
scorpion. Antarease cleaves the vesicle-associated membrane
protein 2: VAMP2 and VAMPS. These proteins are associated
with zymogen granule membranes in pancreatic acinar cells [46].

Two additional sequences coding for putative metalloproteinase
are Ct44 (singlet 4980) and Ct51 (singlet 5048), which present
respectively 52% and 47% similarity to MeVMEP-1 (Genbank
number ABR20110.1), a Zinc dependent metalloprotease isolated
from de scorpion Mesobuthus eupeus.

ESTs Sequences of Proteins Involved in Cellular Processes

and Other ESTs of Proteins without Defined Function
Nineteen percent of the EST's sequences obtained correspond to

proteins involved in various cellular processes (structural, meta-
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bolic, transport, biologic processes, mitochondrial genes and
others, see Table 2). However 15% of sequences found correspond
to proteins without defined function (hypothetical proteins), and
5% of ESTs do not match with any sequence into the databases.
They could be specific to scorpions, not reported for other
organisms. Thus, again this is original information not known
previously. Since the information is deposited in databank, it will
certainly help future identification of similar components in other
scorpion venom samples, although the function associated to these
proteins still remain to be determined.

Conclusions

This communication reports the identification of representative
examples of each one of the proteins and peptides known to be
present in scorpion venom and scorpion venom glands. An
important number of the cloned genes code for peptides thought
to be toxic to Na'- and K'-ion-channels, confirming the
experimental facts that stings by this species of scorpion could be
dangerous to humans. The knowledge of the structure of these
peptides certainly will help developing strategies for using this
information for designing better or novel anti-venoms. Biochem-
ical, proteomic and transcriptomic characterization of venom
components from C. tecomanus, as reported here, are important and
necessary for identification of biological functions of these
components, but also provide information that eventually can be
used for development of new pharmaceutical usefull drugs, such as
immunomodulators, specific ion-channel blocker and antibiotics.

Supporting Information

Figure S1 Distribution of sequence lengths of ESTs,
singlets and contigs of C. tecomanus. A) A total of 130
ESTs were analyzed in the transcriptome of C. tecomanus. The X-
coordinate is the length of sequences in 50 bp intervals, whereas
the total number of ESTs for each cluster is shown in the Y-
coordinate. B) This panel shows the length range distribution of
singlets (bp) indentified in the cDNA library from C. tecomanus. A
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