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Proteomic analysis of the venom of Heterometrus
longimanus (Asian black scorpion)
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Venoms have evolved over millions of years into potent cocktails of bioactive peptides and pro-
teins. These compounds can be of great value to the pharmaceutical industry for numerous
clinical applications. In this study, a novel proteomic — bioinformatic approach was utilised,
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where chromatography followed by gel electrophoresis was utilised to separate the venom pep-
tides/proteins of Heterometrus longimanus (Asian black scorpion). Purified peptides were analysed
by tandem mass spectrometry, de novo sequenced and then homology matched against known
peptides in the Swiss-Prot protein database. Numerous potentially biologically active peptide
matches were discovered, and a simple scoring system applied to putatively assign functions to
the peptides. As a validation of this approach, the functional composition of the experimentally
derived proteome is similar to that of other scorpions, and contains a potent mix of toxins, anti-

microbials and ionic channel inhibitors.
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1 Introduction

In 2002, more than 2500 bioactive compounds derived from
venom were listed in the literature [1]. As a single example,
researchers working with cone snails (the Conidae) estimate
that the venoms of these genera contain more than 50 000
different small peptides, the so-called conotoxins. As of 2003,
less than 0.1% of the conotoxins had been characterized
pharmacologically [2]. Bioactive peptides can be of great
value for the pharmaceutical industry, serving as lead mole-
cules for new drugs or as diagnostic or proof-of-concept tools.
The usefulness of toxin peptides lies in their capacity to
evade regular control mechanisms through their indepen-
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dence of co-factors and their non-recognition by inhibitors.
They are highly specific in their targeting, which is useful in
terms of minimizing side effects of any new drug that might
be developed.

Venom biodiscovery has traditionally utilised bioassay-
guided fractionation, where fractions displaying the desired
activity in a specific assay are further investigated. However,
venoms are widely recognized to contain many potentially
interesting peptides with a broad range of activities. The use
of a bioassay-guided approach means that many potential
applications of venoms are not investigated, as they do not
possess the particular niche of activity being researched. In
this study a novel approach was applied. The venom peptides
were de novo sequenced and characterised based on homol-
ogy in amino acid composition with known peptides from
public databases.

The sensitivity and high-throughput nature of modern
mass spectrometers enables the implementation of a prote-
omic approach to rational drug discovery. The technical
situation has changed dramatically over the last decade and
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using MS coupled with other sensitive methods, it is now
possible to identify and characterize peptides of low abun-
dance that would have been overlooked previously.

The objective of this study was to develop a preliminary
method to investigate the proteome of a previously unchar-
acterised venom by utilising the power of MS to effectively
map all proteins and peptides present. Peptides derived from
the venom were automatically de novo sequenced, and
matched for homology to sequences in publicly available
databases. When mapping an uncharacterised proteome,
many of the sequences may be unique. Therefore, while
exact identification of some peptides may be possible, it is
likely that most will only show partial homology to known
sequences. To further characterise the peptides identified, we
utilised a simple scoring system to putatively assign func-
tions to the peptides, based on homology to known proteins.
This bioinformatic approach describes an effective method
to provide an initial characterisation of a previously un-
studied proteome.

2 Materials and methods
2.1 Supply of venom

Lyophilized Heterometrus longimanus (Asian black scorpion)
venom was obtained from a colony of captured scorpions
maintained and continuously milked of venom as described
by Gopalakrishnakone et al. [3].

2.2 Alkylation

Approximately 0.5 mg lyophilized venom was alkylated by
the standard method: 500 uL of 10 mM DTT in 25 mM
ammonium bicarbonate was added and the solution incu-
bated for 1 h at 56°C. Subsequently, 500 puL of 55 mM iodo-
acetamide in 25 mM ammonium bicarbonate was added,
and the fractions were incubated in the dark at room tem-
perature for 45 min.

2.3 HPLC analysis

All RP-HPLC was performed on a Hewlett Packard Series
1100 HPLC consisting of automated liquid sampler, quater-
nary pump, degasser, column compartment and a diode
array detector (observing at 220 nm), controlled by the
ChemStation© software (Agilent Technologies). The column
used was a Vydac 5 micron protein-peptide C18 column,
with internal dimensions 2 mm x 150 mm. Two solvents
were used to elute the loaded material: solvent A: 0.06% TFA
in milli-Q water and solvent B: 0.06% TFA in 100% ACN.
The alkylated venom was loaded on to the column and
eluted by a 2-40% linear gradient of ACN (0.06% TFA) in
55 min with a flow rate of 0.5 mL/min. Test runs using small
amounts of venom (10 pg) indicated that all peptides eluted
in this interval. The gradient was then raised from 40 to
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100% ACN in 10 min, to wash off any material still binding
to the column. Fractions were collected based on peaks
identified by test runs and subsequently vacuum-dried.

2.4 1-DE

The alkylated fractions were concentrated by rotary evapora-
tion to approximately 20 uL with 5 pL of concentrated (5 x)
non-reducing SDS-PAGE sample buffer added (20% SDS,
50% glycerol, 2.25 M Tris-HCI pH 6.8, trace of bromophenol
blue). The fractions were incubated at room temperature for
30 min and loaded on to 12-lane 10-20% Tris-Tricine Peptide
CriterionTM Precast Gels (Bio-Rad, CA, USA) connected to a
PowerPac BasicTM power source (Bio-Rad). Precision Plus
markers (5 pL; Bio-Rad), with a molecular mass range of 10
to 250 kDa, were loaded on both sides of each gel. Voltage
was applied until the tracking dye had migrated out of the gel
(120 min). The gels were stained with “Blue Silver” Coo-
massie stain [4] overnight and the background destained
overnight in 10% acetic acid. Additional silver staining of the
gels was performed with all visible bands (both Coomassie
and silver) excised and stored individually at 4°C pending
further analysis.

Excised Coomassie gel bands were de-stained by three
45-min washes with 25 mM ammonium bicarbonate in
50:50 ACN:water. Silver-stained bands were destained by two
10-min incubations in a 1:1 solution of 30 mM potassium
ferricyanide and 100 mM sodium thiosulfate, followed by
two 1-h washes with water and one 10-min wash with 25 mM
ammonium bicarbonate in 50:50 ACN:water. De-stained and
washed gel pieces were vacuum-dried and stored at —20°C
pending tryptic digestion.

2.5 Digestion

The following protocol was applied to all excised and dried
gel bands: 10 pL trypsin digest solution (12.5 pg/mL tryp-
sin, 25 mM ammonium bicarbonate) was added to each gel
piece and incubated overnight at 37°C. The digested pep-
tides were extracted by two 20-min incubations with 10—
20 uL ACN containing 1% TFA, depending on the size of
the gel piece. Exceptionally, three extractions were applied
for large-size gel pieces. The pooled extracts were dried by
rotary evaporation and stored at —20°C pending further
analysis by MS.

2.6 MS

MALDI TOF/TOF MS/MS was performed on a 4800 MALDI
TOF/TOFTM analyzer (Applied Biosystems/MDS SCIEX).
The dry peptide samples were reconstituted in 2 pL
standard diluent (30:70 ACN:water). The resulting solution
was diluted 1:10 with matrix solution (CHCA, 10 mg/mL)
and spotted on a 384-well Opti-TOF stainless steel plate. The
spotted samples were analysed using a first run of standard
TOF MS. The system was set to perform a second run of MS/
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MS focused on the 15 most intensive peaks of the first MS
(excluding peaks known to be trypsin). The laser was set to
fire 400 times per spot in MS mode and 2000 times per spot
in MS/MS mode. Laser intensity was 2800 ] (MS) and 3900 J
(MS/MS). A mass range of 400—4000 amu with a focus mass
of 2100 amu was used.

De novo sequencing of MALDI TOF/TOF derived
sequences was performed automatically by the DeNovo
Explorer™ version 3.6 software (Applied Biosystems) with the
following settings: enzyme: trypsin; fixed modification: car-
bamidomethyl (C); mass tolerance: 0.2. This software auto-
matically generates candidate sequences and assigns them a
score between 0 and 100. The score indicates the degree of
matching between the theoretical fragmentation pattern and
the fragmentation spectrum that corresponds to the peaks in
the peak list. The highest scoring sequence of each peptide
was chosen for further analysis, and primary database
searching.

All de novo-derived sequences from MS/MS spectra were
submitted for BLAST search at www.ncbinlm.nih.gov/
BLAST/, using the following settings for the non-redundant
Swiss-Prot database:

Taxonomy = Arachnida (taxid:6854)

Expect threshold = 20000

Word size = 2

Matrix = PAM30

Gap costs = Existence:9 Extension:1

Compositional adjustments = No adjustment

Filter = not selected.

2.7 Assignment of putative functions to gel bands

Following BLAST searching, the de novo-derived peptides
determined from each gel band were putatively assigned a
function using the following scoring system. The most
common functions identified from the BLAST results were
divided into nine categories: K* channel inhibitor, Na*
channel inhibitor, Ca?* channel inhibitor, CI~ channel in-
hibitor, antimicrobial, protease inhibitor, neurotoxin, insect
toxin and dermonecrotic toxin. For each peptide, the func-
tions of the homologous BLAST hits [with the three highest
expectation values (E-values)] were evaluated from the
Swiss-Prot entry. A score of 1 point was added to a func-
tional category each time this function was found in the hits
with the top three highest E-values. If the sequence match
was to the same protein with an equivalent E-value but from
different species, the match was only scored 1 point (for
example, band 2 in Table 1 matched the sequence DCLPHL
of a Ca’* channel inhibitor in three different species with
an E-value = 0.052, this was only given 1 point total for the
three matches). Where two or more peptides were gener-
ated from a band, points were scored for each peptide as
above, and the total points for the band calculated. An ad-
ditional point was then awarded for each time a protein
belonging to the same family was identified in a pair of
peptides. The gel band was putatively assigned the function
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with the highest overall score. Where two or more functions
had equivalent scores, the function was labelled as unde-
termined.

3 Results and discussion

Nineteen fractions were collected during the initial gradient
of 2-40% ACN (Fig. 1A). Another two fractions were col-
lected during the final gradient of 40-100% ACN (not dis-
played). Two large peaks were visible after 4 and 6 min of
the run (not displayed) and were due to salts and the large
excess of DTT and iodoacetamide added to the venom dur-
ing the alkylation step. The scorpion peptides appeared to
elute evenly along the gradient, from approximately 5 to
40% ACN.

The two gels were stained with “Blue Silver” (Fig. 1B)
and 40 visible bands were excised. A further seven bands
(41-47) were visualised with additional silver staining but
none of these additional silver stained bands produced MS/
MS data of sufficient quality for de novo sequencing. The
fractions 6, 8, 10, 11 and 12 each contained one or two highly
abundant low-molecular mass proteins whilst fractions 13 to
21 displayed a wider variety of sizes. From the results of the
gels it can be concluded that the majority of the material is of
15 kDa or less. This is consistent with existing literature on
the composition of scorpion venom.

All H. longimanus derived samples were analysed by
MALDI TOF/TOF MS as described in Section 2. MALDI
TOF/TOF-derived data were sequenced automatically by the
DeNovo Explorer™ software, which generates sequences
based on the ‘best fit’ to the MS/MS data after considering
the complexity of the spectra and numerous possible a, b, ¢,
X, y, z ion combinations. The sequence with the top score was
submitted for further bioinformatic analysis.

The de novo-generated peptide sequences (grey shaded
bars, Table 1) were submitted for BLAST searching at the
NCBI BLAST website using settings based on those sug-
gested in the help section of the website for short peptide
sequences (detailed in Section 2). Traditionally, alignments
obtained from BLAST searches are assigned an E-value. In
general, the lower the E-value, the better the homology,
however, the true meaning of this number is more complex.
Larger databases will tend towards providing much larger E-
values, as the chance that random sequences will match is
higher. In addition, searches with short sequences can be
virtually identical and still have relatively high E-values. This
is because the calculation of the E-value also takes into
account the length of the query sequence, and shorter
sequences have a high probability of occurring in the data-
base purely by chance. Therefore, for this application, two
factors reduce the usefulness of the E-value scoring system.
First, the database may be of sufficient size to generate false
positive matches, and secondly, as MS-derived sequences are
generally short in nature, the E-values will be correspond-
ingly high. In this approach, we have utilised a high E-value
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Figure 1. Two-dimensional separation of alkylated H. longimanus (Asian black scorpion) venom. The first dimension (A) is an RP-HPLC
with a gradient of 2-40% ACN, 0.06% TFA, in 55 min. The gradient was then raised from 40-100% in 10 min (not shown). Fractions were
manually collected as numbered and subsequently run on 12-lane 10-20% Tris-Tricine Peptide Criterion™ Precast gels (B). Lanes 20 and 21
contain the fractions collected from 40-70% and 70-100% ACN, respectively (not displayed in the HPLC chromatogram). Alkylated crude
venom was loaded in lane 23. Markers were Precision Plus markers (Bio-Rad). The stain displayed is “Blue Silver” Coomassie. Bands were

excised as numbered and analysed by MALDI TOF/TOF MS.

threshold, which allows reporting of lower scoring matches,
but also decreases the confidence in the protein identifica-
tion.

The Swiss-Prot database was searched with a taxonomy
filter of Arachnids. The taxonomy was deliberately narrowed
to Arachnids to reduce random matches of no intrinsic value,
which were evident in the larger unfiltered Swiss-Prot data-
base. All the hits with the three highest E-values for the
Swiss-Prot matches are shown in Table 1 for a subset of 19
different peptides. This subset was chosen to demonstrate
the breadth of results, ranging from high homology, to those
that show a greater degree of variability (for the complete
Table of 78 peptides, refer to the Supporting Information).

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

The results from Table 1 (and the Supporting Informa-
tion Table) are promising in that many of the hits comprise
proteins which would be expected to be found in scorpion
venoms, such as ionic channel inhibitors and antimicrobial
proteins [5, 6]. The presence of some non-toxin, random
matches, such as the spider dragline silk subunit, Spindroin-
1 (peptide 11) is likely due to the lower stringency search
parameters required for searching short peptide sequences.
These parameters were chosen in an attempt to give the
optimal balance between finding the maximum number of
true venom protein matches, while excluding random mat-
ches. The total number of annotations for known venoms,
toxins or secreted proteins in the Swiss-Prot database was

www.proteomics-journal.com



1094 S. Bringans et al.

calculated as 1255 of 7796 entries (16%). When the identity
of the top hit (by E-value) for our de novo-generated peptides
was determined, 66 of 78 (84%) matched to known venom
proteins. Therefore, this enrichment of hits to venom pro-
teins indicates that the homology matching of the short
peptide sequences is likely producing true venom protein
matches, above that expected by chance.

Proteomics 2008, 8, 1081-1096

In order to further characterise the experimentally
derived proteome we sought to obtain some indication of the
function of the de novo-generated peptides. Thus, we
designed a scoring system to allow us to putatively assign
functions to each gel band, based on homology to known
venom proteins contained within the Swiss-Prot database
(refer to Section 2). Figure 2 represents graphically the
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Figure 2. Assignment of puta-
tive functions to gel bands using
pBLAST and our scoring system.
The peptides generated by de
novo sequencing of gel bands
were BLASTed against the
Swiss-Prot database, and hits
with the three highest E-values
annotated. The hits were divid-
ed into nine functional cate-
gories, and assigned a point for
every function within the top
hits. A bonus point was scored if
the same family of protein was
identified in more than one pep-
tide derived from the same gel
band.

www.proteomics-journal.com
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assignment of a functional category to the five gel bands
displayed in Table 1. This shows that for some bands, such
as band 1, the highest scoring and therefore most likely
putative function can be clearly determined. However, in
cases such as band 4, several functional categories score
very closely (some bands score identically), and therefore
the putative function is more difficult to assign confidently.
In these instances, it may be useful to consider the E-value
and quality of the individual matches in an attempt to
putatively assign a function. Although each gel band was
subjected to two steps of purification, the possibility
remains that a band may be composed of two or more pro-
teins with similar physicochemical properties. This may
help to explain a result such as that observed for band 12,
where two functionally different categories show equally
high scores.

Using this scoring system, we were able to assign puta-
tive functions to 70% of the gel bands. The composition of
the experimentally derived proteome is shown in Fig. 3. The
most predominant functional group of proteins identified
was ionic channel inhibitors, which represent more than half
the proteins. Of these, Na* channels were the most pre-
valent. This is consistent with previous reports, where Na*
channels comprise a major component of scorpion venom
[7, 8]. Other functional categories comprised smaller propor-
tions of the proteome, including antimicrobial proteins and
toxins with specific activity. This is also consistent with pre-
vious proteomic analyses of the composition of venom [6, 9—
11]. These findings indicate that the assignment of putative
function based on the homology to sequenced proteomes
can be effective.

Future directions for this approach include investigating
the use of alternative de novo algorithms to DeNovo Explorer™.
The development of a BLAST scoring algorithm to allow
identification of high homology matches without relying
solely on E-value would be useful for better quantitating the
homology matches for short peptides. Furthermore, the

[ Na® channel inhibitor
W Ca® channal inhibiter
o Antimicrabial

[ Neurotoxin

[insect toxin

[ Dermionecrotic toxin

CAUndetermined

Figure 3. Assignment of functions to Heterometrus longimanus
venom proteome. For each of the 34 gel bands purified from H.
longimanus venom, a score was calculated for the seven func-
tional categories as shown in Fig. 2. Where possible, the putative
function was determined. The percentage each functional cate-
gory contributes to the venom proteome is indicated.
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development of a protein identification algorithm that could
score multiple peptide matches to a protein, in the same way
that MASCOT or SEQUEST perform protein identification
using sequence information, would be of great benefit in de-
termining homology and strengthening the validity of the
match.

4 Concluding remarks

Venoms are some of the more interesting collections of pep-
tides and proteins that nature produces. Evolutionary pro-
cesses have honed their effectiveness and potency and pro-
vided homological similarities between peptide sequences.
Although much work has been carried out to analyse their
contents, there still remains many organisms whose pro-
teomes are yet to be examined. Here, we developed a novel
method that more effectively maps the proteome of venoms
while providing an innovative way to derive the contents of the
venom and catalogue the putative activity profile of each com-
ponent. The de novo-sequenced peptides of the venom were
homology matched againsta public database and the resulting
matches examined for their putative function. The proteome
for H. longimanus venom derived in this way correlates well
with the venom proteomes published for other species of
scorpions, thereby supporting the validity of this approach.

These analyses were performed in facilities provided by the
Lotterywest State Biomedical Facility-Proteomics node, Western
Australian Institute for Medical Research, and the WA State
Agricultural Biotechnology Centre, Murdoch University.

The authors have declared no conflict of interest.
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