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Scientific efforts in the eradication of neglected tropical diseases, such as those caused by the
parasitic helminthes, can be improved if a database of key virulence factors directly implicated in
pathogenesis is available. As a first step towards creating SchistoVir, a database of virulence protein
factors in schistosomes, in this study, we curated, annotated and aligned sequences of twenty
virulence factors identified from the literature, using several bioinformatics tools including UniProtKB,
SchistoDB, VirulentPred, InterProScan, ProtScale, MotifScan, TDRtarget, SignalP, MODBASE, PDB and
MUSCLE. Among the protein entries, the most frequently occurring amino acid residues were lysine,
serine, leucine, glutamine, glycine and cysteine in order of magnitude. Although sequence repeat
regions (SRRs) of significant value were identified manually in fifty percent of the proteins (while
dipeptide repeats (DiPs) and single amino acid repeats (SAARs) were not), nevertheless, seventy-two
percent of the protein entries were classified as virulent by the prediction model, VirulentPred. Most of
the entries (eighty percent) did not have target compounds based on the database of available chemical
compounds at TDRtargets. Fourteen of the twenty entries (seventy percent) had more than 30
consecutively negative amino acid residues based on the ProtScale’s Kyte and Doolittle hydrophobicity
plot. Hence, they would be hydrophobic enough to be transmembrane in location or secretory in nature.
Only 7 (tyrosinase, serine proteasel, Tspan-1, VAL4, cathepsin b and L and calreticulin) had cleavage
sites and signal peptides, while none had a significant signal anchor probability. The annotations and
characterization provided by this work and the development of a SchistoVir database will aid in further
research of schistosome pathogenesis and control.
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INTRODUCTION

Schistosomes are pathogenic helminthes, a group of
parasites which constitute important sources of morbidity
and mortality in several parts of the world, with 2 billion
persons affected (Fumagalli, 2010). Of the several spe-
cies of schistosomes known, Schistosoma mansoni,
Schistosoma haematobium and Schistosoma japonicum
are important in the spread of morbidity. Among the
tropical diseases caused by parasites, schistosomiasis
ranks second only to malaria as a cause of catastrophic
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worldwide morbidity and mortality. Besides, it is believed
to infect 200 million persons (Dvorak et al., 2008; Chalmers
et al., 2008). The control of schistosomiasis involves po-
pulation-based chemotherapy with the use of praziquantel
(PZQ) and metrifonate drugs. PZQ increa-ses antigen
exposure, induces adenosine receptor bloc-kade and cal-
cium influx, causes paralysis and distorts the parasite’s
morphology. Snail control (through habitat modification,
environmental planning and molluscicides) and immu-
nological control (vaccination) are also components of the
disease control strategy. The identification and deve-
lopment of vaccine candidates (usually protein antigens)
will be useful in reducing morbidity drastically. Yet,asingle
actual potentvaccineis notwithinreach (WHO, 2010).



Generally, parasites (including helminthes) use several
mechanisms to attack hosts, while deriving nutrients and
scheming for their own continued survival, and the
success of parasites can be highly correlated with their
ability to evolve a sophisticated immune evasion strategy
(Matisz et al., 2011). Therefore, the key parasite proteins
involved in these actions are critical to survival and they
have been classified as virulence proteins (Fankhauser et
al., 2007; Ramana and Gupta, 2009). These virulence
proteins may be involved in attachment or adhesion to
host membrane receptor cells, establishment and pene-
tration within host cells, cleaving of host proteins and
invasion (Ramana and Gupta, 2009). These proteins are
strictly regulated and have also been identified as thera-
peutic agents; some of them are already at clinical trial
stages (Gomez et al.,, 2010). A function-based classi-
fication of these virulence proteins was done by Ramana
and Gupta (2009). The major classes identified were
invasion, establishment, adhesion, proteases and others
with unknown or putative function, although there is
sometimes no sharp delineation amongst the different
categories.

Schistosome virulence proteins have been evaluated
for use as vaccine or drug targets. Chalmers et al.
(2008), MacDonald et al. (2002) and Lopez-Quezada and
McKerrow (2011) affirmed that SmVAL and serpins
(serine protease inhibitors) are involved in immune sys-
tem modulation. The SmVAL (S. mansoni venom allergen
-like) have a conserved SCP/TAPS domain that posse-
sses envenomation and larval penetration activity. The
serpins are able to distort host proteases. Furthermore,
proteomic studies have also shown that the Sm29,
gluthatione-S-transferase, thioredoxin, tetraspanins, triose
phosphate isomerase, Sm32 among others in schistosoma,
are critical for host haemoglobin degradation, reduction of
Th2 immune response and tissue invasion (Braschi et al.,
2006; Hansell et al., 2008; Cardoso et al., 2008;
Verjovski-Almeida and DeMarco, 2008; Sharma et al.,
2009). There are also studies to indicate the importance
of some of these proteins in treatment strategies. WHO
J/USAID partnership led to the establishment of the Schis-
tosomiasis Vaccine Development Programme (SVDP)
which identified epitopes of the triose phosphate isomerase
(TPI), Sm14 and GST as virulence proteins with key vac-
cine candidates (WHO, 2010). Braschi et al. (2006), Reis
et al. (2008) and Aslam et al. (2008) also highlighted the
roles of tetraspanins, TPl and serpins in the preparation
of efficacious vaccines.

In silico approaches have enhanced research in para-
site pathogenesis and efforts in this direction continue till
today (Devor, 2005; Hogeweg, 2011). This falls under the
categorization of functional genomics (Garg and Gupta,
2008). Available databases of bacterial virulent proteins
and toxins include VFDB (Virulence Factors Database),
PRINTS (Protein Family fingerprints) and MVirDB (Micro-
bial database of protein toxins and virulence factors)
(Zhou et al., 2007; Tsai et al., 2009).
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These are available at http://prediction centre. lInl. gov,
provided by the Lawrence Livermore National Laboratory,
US. ProtVirDB (http://biocinfo.icgeb.res.in/protvirdb) is a
database for virulence factors in protozoans. The data-
bases mentioned provide unified information portals for
researchers interested in a panoramic or in-depth view of
the virulent proteins in a parasite of interest or in compa-
rison with other parasites.

In fact, many works available have indicated the roles
of several virulence proteins in schistosomes pathogen-
nesis, the full genome database of the S. mansoni
(SchistoDB, www.schistodb.net/schistodb) has been made
publicly available. Also, there are a number of public pro-
tein databases which offer information on the proteome of
S. mansoni, S. haematobium or S. japonicum, for exam-
ple, UniProt (http://uniprot.org). Nevertheless, there is no
specialized and simplified public information portal for the
virulence factors identified so far in the schistosomes,
either in S. mansoni, S. haematobium or S. japonicum.

To the best of our knowledge, no database or classi-
fication to specifically annotate virulence proteins in
parasitic worms exists, although substantial research has
been done in characterizing proteins in different helminth
species (Caprona et al., 2005; Braschi et al., 2006; Curwen
et al., 2006; Cardoso et al., 2008; Aslam et al., 2008; Bos
et al., 2009; Boumis et al., 2011). Such a database will
give a simplified information portal for the researchers
interested in a panoramic or in-depth view of the virulent
proteins in a parasite or in comparison with other para-
sites. It will also facilitate sequence retrieval and analysis
and will be a useful tool for the research community in the
study of schistosome pathogenesis.

METHODOLOGY

In order to construct and develop a preliminary secondary database
of schistosome virulence proteins (SchistoVir), annotation of
selected proteins were done using some tools.

Catalogue of protein entries

Protein entries were curated from nucleotide sequences, genomic
sequences and literature available in NCBI's RefSeq and PubMed
(http://ncbi.nim.nih)":GeneDB?(http://genedb.org/genedb/smansoni);
SchistoDB Release 2.0° ((http://schistodb.net) and UniProt KB*
(http://www.uniprot.org/search). The criteria for choice of entry will
be essentiality, decisiveness or crucial nature of the protein for
survival in the host. The use of multiple databases is to ensure that
all possible entries are obtained. The databases will provide litera-
ture sources, genomic sequences, contigs and protein sequences
of schistosome entries.

1. National Centre for Biotechnology Information. It has a large depository of
biomedical literature and genomic information. The RefSeq provides updated,
universally confirmed genomic sequences and PubMed provides literature.

2. GeneDB provides genomic and proteomic data on species which have been
completely sequenced

3. SchistoDB provides protein and genomic information on the Schistosoma
mansoni genome

4. UniProtKnowledgebase is a mega database on proteomic data from hundreds
of species
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Coding and protein sequences, status and amino acid length
were obtained from SchistoDB or UniProt queries with the use of
keywords or gene names. Ontogenic expression which gives a
measure of the protein’s expression at different stages of the life
cycle of schistosomes was obtained from SchistoDB using a
number of ESTs (expressed sequence tags) in adults per total
number of ESTs for all stages. The results were saved as complete
html pages. Blastp searches were conducted using the UniProt
Blast tool with default parameters.

Phylogenetic and secretory/transmembrane analysis

Homologous protein sequences to each of the virulence factors
from selected species are obtained from NCBI and alignments were
made using the MUSCLE multiple alignment tool (at
http://ebi.ac.uk/tools/muscle) (Edgar, 2004) with default parameters
and results are displayed in ClustalW format. Muscle is hosted by
European Bioinformatics Institute-EMBL and provides for automa-
ted sequence analysis with multiple alignment.

Signal sequences in the proteins were recognized with SignalP
3.0 (http://www.cbs.dtu.dk/services/SignalP) hosted by the Tech-
nical University of Denmark, using both the neural network and
Hidden Markov Model (HMM) methods (Nielsen et al., 1997;
Bendtsen et al., 2004). In order to increase accuracy, presence or
absence of signal peptides was defined by the default Neural
Network D score thresholds. This is in accordance with the method
of Bos et al. (2009). SignalP results present d, s and y scores. The
D score is the average of the maximal Y-score (the most likely
location of the cleavage site of the signal sequence) and the mean
S-score, and is the best way to discriminate true signal sequences
in proteins (Emanuelsson et al.,, 2007). In responding to query
sequences, proteins with a D score greater than 55 and HMM grea-
ter than 90% were scored as having an N-terminal signal sequence
(hence, transmembrane) and presented in our results. The default
eukaryote setting of SignalP, with each sequence truncated after 70
residues, was used to avoid false positive detection of signal
sequence outside the N-terminus. SignalP results were read off the
query results directly from both the HMM and neural networks.

Domain, model and transmembrane predictions

Model search or prediction was done using protein data bank (PDB
or MODBASE; http://rscb.pdb.org and http://salilab.org/modbase
respectively), with the protein sequence as a query with default
settings. The model predictions are presented as 3D structures
obtained from MODBASE" query searches. Helices, beta sheets,
turns or coils and loops are easily visible this way. PDB (protein
data bank) 3D structures are displayed when available.

ProtScale? from ExPasy’ (http://web.expasy.org/cgi-
bin/protscale) was used to generate a hydropathy plot based on the
calculated hydrophobicity of constituent amino acids. Interpretation
is based on the fact that twenty consecutive hydrophobic amino
acids are needed for a peptide/protein to be transmembrane. The
Kyte-Doolittle hydrophobicity plot method was adopted while using
ProtScale. ProtScale results from query sequence were generated
in a numerical verbose format so as to be able to obtain numbers of
consecutive hydrophobic residues. Prediction of motifs and
domains was done using Motif Scan (http://myhits.isb-sib.ch/cgi-

1. MODBASE predicts a protein’s 3D structure, when it is not available in its
data bank (Pieper et al., 2011). It is a tool for comparative protein structure
modeling.

2. ProtScale analyses the profile of a query sequence using amino acid residues
present

3. Protein analysis software from Swiss Bioinformatics

bin/motif_scan) (Sigrist et al., 2010) of the Swiss Institute of
Bioinformatics which makes use of the PROSITE database. Also,
the InterPro Scan version 33.0 (Mulder et al., 2007)
(http://www.ebi.ac.uk/Tools/services/web_iprscan) from European
Bioinformatics Institute, an arm of European Molecular Biology
Laboratory (EMBL) was used to discover conserved protein signa-
tures and domains of individual entries.

Query sequences in plain format used in MotifScan and InterPro-
Scan returned results in html and SVG formats. Signatures, profiles
and domains recognized are derived from these results and sum-
marized. The relative hydrophobicity of a protein and the absence
or presence of signal peptides with cleavage sites are important in
determining if it is transmembrane or not.

Other tools in the annotation and characterization of entries
Protein entries were also characterized using the following tools:

1. VirulentPred (http:bioinfo.icgeb.res.in/virpred): a bacterial
virulence factor prediction server, which relies upon amino acid
composition, dipeptide composition, similarity search of known
virulence factors in bacteria, and cascade support vector machine
algorithms to predict likelihood of virulence.

2. TDRtargets version 4.0 (Crowther et al., 2010): Using homology
to druggable proteins with specified modifiable criteria, the server
generates possible drug targets. In the results, associated drugs or
compounds represent the results of searches conducted on the
TDR targets database for each entry. The GO terms display gene-
rally accepted terms of the function of a protein, the cellular compo-
nent of which the protein is part and the interaction of the protein
with other substances which is its molecular function.

RESULTS AND DISCUSSION

An initial twenty proteins derived from the literature were
annotated in a simplified format using bioinformatics
tools. Due to the large nature of the results or
documentation generated, a summary of protein
documentation and analysis are presented in Tables 1
and 2, respectively. The proposed schema is shown in
Figure 1. Simply put, a database schema is a graphical
depiction of the structure of the database and a similar
pattern has been adopted by Ramana and Gupta (2009).
A sample of the annotation pages for one of the protein
entries is shown in Figure 2. The proteins included are
discussed under the following headings.

Protein entries

Inclusion of the protein entries, data generated for the
amino acid sequence, molecular weight, domains and
signatures for the entries agree with the works of Chacon
et al. (2003), Herve et al. (2003) for 28GST, Ramos et al.
(2003, 2009) and Rabia et al. (2010) for Sm14, Fitzpatrick
et al. (2007) for tyrosinase, Chalmers et al. (2008) for
venom allergen like VAL, Kane et al. (2004) for major egg
antigen p40, Berriman et al. (2009), Boumis et al. (2011)
for thioredoxin, Lopez-Quezada and McKerrow (2011) for
serpin and Wu et al. (2011).

Proteases, proteinase inhibitors and binding proteins



Table 1. The database proteins with their basic features and classification.
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Systematic name  Name Feature Functional classification
. 50% (germball), 33% (cercariae), 43.62 kD, 4 . A
Smp_155560 Serpin paralogs Smp_ 062080,062120,155530,155550) Establishment (Protease inhibitor)
Smp_000022 Tyrosinase Female adults only, 56.3kD Invasion (egg migration/formation
Smp_075800.1 Sm32 2 paralogs (Smp_075790,179170) Protease
. : 85.7% adult, 7.1% schistosomula,1 paralog Establishment
Smp_054470 Thioredoxin (Smp_008070),11.2kD (redox homagktasis)
E lish
Smp_155310 Tetraspanin/Tspan-1 Adults only, 24.05kD, 8 paralogs (:rt;t;ftivr:)e nt
. 2.8% (adult) 1.9% (schistosomula), 168.16kD, 3
Smp_157090 Cathepsin L paralogs (Smp._034410.1-3) Protease
. 36.6kD, 4 paralogs (Smp_067060,
Smp_158420 Cathespsin B 103610,141610,179980) Protease
Smp_072190 Sm29 58% (adult), 21.2kD, no paralogs Establishment
Smp 095360 Fatty  acid binding 85% (adult), 9.8% (schistosomula), 14.9kD, 3 Establishment (Uptake of host
P_ protein or Sm14 (fabp) paralogs (Smp_174440.4,095360.1-2) fatty acid)
Smp_030350 Serine Protease 1 (Spl) 54.28kD, no paralogs Protease
. 0 0 . .
Smp_003990 _Trlose phosphate 81.8% adult,12.7% expression (cercariae), Establishment
isomerase 28.09kD
Smp_054160 28GST 85% (adult), 23.82kD, no paralogs Invasion
Smp_030370 Calreticulin 50.3% (adult), 45.4kD,no paralogs Establishment (protein folding)
Smp_183000 Major egg antigen p40 21.07kD, 17 paralogs Establishment (immune evasion)
Phosphoglycerate o .
Smp_018890 kinase (Pgk) 75% (adult),18.47kD,1 paralog (Smp_187370) Establishment
Fructose 1,6

Smp_042160.2

Smp_002070

0,
biphosphate aldolase 80.8% adult, 39.7kD,1 paralog (Smp_042160.1)

Venom allergen like

(VAL) 28 paralogs, confirmed only as transcripts

Establishment

Establishment

*All systematic names are derived from the SchistoDB (Berriman et al., 2009); *Paralogs are homologous or similar sequences found
in same species; *All percentages are calculated from number of EST per total EST.

Table 2. Classification of database proteins based on different bioinformatics tools.

Parameter Number of entries  Entry protein

Virulence  usin bacterial Tyrosinase (0.6586); fabpl-97aa (0.6656); Sm14 (0.7938); Spl (0.6586);
arameters a%d score 13 thioredoxin 2 (0.6586); Tspan-1 (1.2771); egg antigen p40 (1.1121); serpin
?ViruPred) (1.0287); cathepsin B(0.2498); cathepsin L(1.3629); calreticulin (0.2028);

Sm29 (0.9471); Sm32

Non virulence according to 5 Triose p.isom (-1.742); thioredoxin!; Pgk (-0.816); 28GST (-0.572); fructose

Virupred bp aldolase (-1.367)

Having known _targets / 4 Tyrosinase, t.p.isomearse, fabp3, 28GST

compounds

No known target compounds Fabpl, SP1*, calreticulin, thioredoxinl and 2*, Tspan-1, p40, cathepsin b*,
[Human ortholog target 16 cathepsin L*, serpin* PGK*, Sm29, Sm23, fructose biphosphate aldolase*,

available*] Sm32*

MODBASE/PDB data

available 13 Fabp3*, 28GST*, Sm14*, aldolase”, Sm29*, pgk”, thioredoxinl&2”, spl,
[both available*, MODBASE cathepsin L and b”, tpi*, p40*

only”]

include Sm32, serine protease and cathepsins. 58kD serine
protease has been documented to be capable of mitigating
the effects of IgE immune response through cleavage

(Aslam et al., 2008). Involvement of protease inhibitors or
proteinase inhibitors such as serpin 1 in direct virulence
or pathogenesis has also been recognised by Dalton et al.
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Table 2. Contd.

No PDB data/chain

No MODBASE prediction model
Hydrophobicity:  Entries  with
highest number of consecutive
negative residues

Largest number of
Epitopes

3 Tspan-1, Sm23, Sm32

Calreticulin (130), cathepsin L (79), VAL 4 (65), cathepsin B (49), p40 (42), Sm32(40)

Cathepsin L (55), Sm32 (40), Sm23 (35), 28GST (30), aldolase (26), SP1(20), Sm32
(20), serpinl (17), Pgk 23

I: Predicted virulent based on dipeptide composition but non virulent based on other parameters, ~ no PDB structural data available.

PROTEIN
KEYWORDS

PROTEIN

INDIVIDUAL

ANNOTATED

ENTRY

ADDITIONAL LINKS
FOR EACH ENTRY

RETURNED
RESULTS
FOR QUERY |e—

USER
QUERY

Figure 1. Schema (graphical structure) for the database.

al. (1997), Lin and He (2006) and Lopez-Quezada and
McKerrow (2011).

Triose phosphate isomerase, aldolase, calreticulin and
glutathione s-transferase (GST) are entries which have
been identified as excretory-secretory (ES) products in
Schistosoma by previous studies and these ES proteins
have been implicated in invasion of host tissues by spo-
rocysts, haemocyte encapsulation and eventual immuno-
suppression and immune evasion (Guillou et al., 2007;
Reis et al., 2008).

None of the entries had a confirmed myristoylation site,
an amino acid side chain to which a lipid group, myristic
acid (14C saturated fatty acid) can be added to aid the
localization of a cytosolic protein to a membrane. Although
one entry, the major egg antigen p40 had probable sites.
Nevertheless, this did not connote the absence of trans-
membrane proteins among the entries.

It is also noteworthy that some of the entries: Sm14,
Sm23,28GST, triose phosphateisomerase and Sm32 have
already been identified as vaccine candidates (Cardoso
et al., 2008; WHO, 2010). This is due to their high level of

expression and antigenicity. Also, each protein entry had
at least two GO ID and term/names to represent the
function term (F) and the process terms (P). The GO terms
aptly describe entries based on their status as a cellular
component; in biological process and molecular function.

Amino acid sequence

The amino acid length of the protein entries and coding
sequence varied from 97 to 1471 aa and 231 to 4413 bp.
Protein length is apparently diverse although long-chained
proteins are not in abundance among the entries. The
more frequently occurring residues among the protein se-
guences were lysine, serine, leucine, glycine, cysteine,
glutamine and aspartic acid. The first 5 residues have
also been found to occur frequently among eukaryotic
virulence proteins as reported by Garg and Gupta (2008).
Quezada etal. (2009) also showed that conserved cysteine
residues and leucine rich domains are key to virulence
protein function.
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SAMPLE ANNOTATION PAGE

Sm 14 Fatty acid binding protein (FaBP)

Status: putative, conserved in few eukaryotes

Protein/ coding sequence

MSSFLGKWKLSESHNFDAVMSKLGVSWATRQIGNTVTPTVTFTMDG
DKMTMLTESTFKNLSCTFKFGEEFDEKTSDGRNVKSVVEKNSESKLT
QTQVDPKNTTVIVREVDGDTMKTTVTVGDVTAIRNYKRLS 133aa

Coding sequence

ATGTCTAGTTTCTTGGGAAAGTGGAAACTTAGCGAGTCACACAAC
TTCGATGCTGTCATGTCAAAGCTAGGTGTCTCATGGGCAACTCGAC
AGATTGGGAACACAGTGACCCCAACTGTAACCTTCACAATGGATG
GGGATAAAATGACTATGTTAACAGAGTCAACTTTCAAAAATCTTTC
TTGTACGTTCAAGTTCGGCGAGGAATTCGATGAAAAAACAAGTGA
CGGCAGAAATGTCAAGTCAGTTGTTGAAAAAAATTCCGAGTCGAA
GTTAACGCAAACTCAAGTAGATCCCAAAAACACAACTGTAATCGT
TCGTGAAGTGGATGGTGATACTATGAAAACGACTGTGACTGTTGG
TGACGTTACTGCCATTCGCAATTATAAACGACTATCCTAA 402bp

Suggested Virulence category: Establishment

Associated compound (TDR): none human ortholog cmpd: 3-carbazol-9-

ylpropanoic acid, 2 hexyldecanoic acid

Ontogenic/stage specific exp.(schistodb)

(no of EST/total ESTs)  Adult (139/163), schistosomula (16/163)

Model Prediction (A:MODBASE;B: PDB structure bound to oleic acid)

Homology 3 paralogs

Best blastp hits (% identity): Homo sapiens fabp, brain (48%); Bos
taurus heart fabp(44%); Mus musculus adipocyte binding protein (43%)

Figure 2. Sample annotation page for one of the protein entries.

11
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None of the entries appeared to have single amino acid
repeats (SAARS) or Di-peptide repeats (DiPs). On the other
hand, sequence repeat regions (SRRs) of two amino acids
in length were found in triose phosphate isomerase, tyro-
sinase, egg antigen p40, spl, tspan-1, serpin, cathepsin
L, calreticulin, 28GST and Sm14. These 2aa repeats
were both heteropeptide and homopeptide repeats. The
numbers of repeats found in the rest of the entries were
not considered to be significant enough. The occurrence
of repeats in many of the virulence proteins of microbial
and protozoan pathogens has been reported by
Gravekamp et al. (1998), Karlin et al. (2002), Fankhauser
et al. (2007) and Ramana and Gupta (2009). None of the
public repeat searching tools: ProtrepeatsDB and RepSeq
(Kalita et al., 2006; Depledge et al., 2007) were available
online for use. Hence, entries were examined manually for
repeats, though the note was taken for natural probability
of amino acid repeat occurring for any given sequence.
Availability of repeat searching tools/servers would have
provided a means of detecting the more complicated
mismatch repeats that may be present.

Similarly, there were no notable conserved sequences
observed in the alignment of the protein entries genera-
ted from MUSCLE. This might have been expected due
to a wide range of protein families.

Virulence

The twenty protein entries were used as query on
VirulentPred which identifies partial sequence of a protein
that could aid virulence according to bacterial models
with default settings. The results of these VirulentPred
predictions (Table 1) may serve as a form of validation for
some of the entries. 13 of the 20 entries queried on the
server were declared virulent by all parameters (amino
acid composition, dipeptide composition, similarity search
and cascade support vector machine algorithms).

According to Garg and Gupta (2008), VirulentPred is
highly sensitive even for eukaryotic sequences, but may
produce false positives in eukaryotic sequences due to
compositional differences.

Although schistosomes are eukaryotic and more highly
evolved than bacteria pathogens, certain features may be
conserved in virulence proteins. In fact, such conserva-
tion is seen in the occurrence of repeats and residues
(previous page) in these pathogens. Lysine and serine,
two of the most frequent residues in the protein entries
(and in eukaryotic virulence proteins) also frequently occur
in bacterial virulence proteins. Hence, the VirulentPred
results cannot be totally discarded.

Other functional predictions

In the Kyte-Doolittle hydropathy plot, a large number of
consecutive negative amino acid residues (20 to 30) are
highly indicative of the hydrophobicity of a protein, its
ability to be inserted into the internal hydrophobic envi-

ronment of the membrane and its likelihood of being
transmembrane. Most of the protein entries possess a
significant number of hydrophobic amino acids, with cal-
reticulin having 130 consecutive residues (the highest)
and thioredoxin 2 having 14 residues (lowest). Fatty acid
binding protein, thioredoxin 1 and 2, and Sm29 were the
only entries with less than 20 consecutive residues.
These are all evident from ProtScale results generated
numerically (verbose format). The algorithm used by
ProtScale takes no cognizance of the first 4 amino acids
of the protein sequence used as query for such and are
usually involved in signal peptide and cleavages. Hence,
high number of entries (16 of 20) had strong hydrophobic
portions with at least 20 to 30 consecutive negative resi-
dues. It has been postulated from previous studies that
hydrophobic residues of virulence proteins would aid their
integration of membrane, adhesion to host cells or stimu-
late binding of the proteins to targets in the hosts (Katsir
et al., 2008; Quezada et al., 2009; Blanco et al., 2010).

Sites for cleavage of proteins involved in the conven-
tional secretory pathway in cells were identified in 7 of the
entries (35%). Such entries have signal sequences and a
high D score, and it predicts that the entries are integral
to the membrane and non-cytoplasmic. The usage of
eukaryotic parameters and truncation of each query seqg-
uences to 70 terminal residues (in the signalP queries)
increased reliability of the result generated (Bos et al,
2009). Virulence-related outer membrane, integral mem-
brane or transmembrane proteins have been identified in
prokaryotic and eukaryotic pathogens (Schulz and Vogt,
1999; Kim et al., 2009).

Associated compounds and drugs

Diverse compounds were found to be associated with
different protein entries even among paralogs. As our
gueries of TDRtargets showed, only 4 of the protein
entries including triose phosphate isomerase, 28GST and
tyrosinase, had already named or known compounds that
could be used to target them. There are still no known
compounds to directly target 16 of the protein entries,
although 9 of the 16 have known targets for their human
orthologs. Hence some key protein factors involved in
virulence of schistosomes cannot yet be targeted with
any of the synthetic/natural compounds known to humans,
at least within the TDRtarget database, a huge database
formed by a collaboration of several universities and the
WHO TDR drug target network (Crowther et al., 2010).

Ontogenic/stage specific expression

It is pertinent to note that most of the protein entries
including tyrosinase, fabp, Sm14, thioredoxin, Tspan-1,
cathepsin L, phosphoglycerate kinase, Sm29, calreticulin,
28GST, aldolase and Sm32 have high expression levels
in adult schistosomes as results from SchistoDB showed
it. Serpin is one exception of the entries (high expression
in germball and cercariae). Adult pathogens are highly



evolved and would be capable of producing proteins
directly involving pathogenesis.

Model search and prediction

Surprisingly, a significant number of the protein entries
had no structural data available in the protein data bank
(PDB) and MODBASE was relied on for prediction of the
structures of most of the entries. 28GST and Sm14 had
3D model data from both databases, 13 entries had
model predictions generated from MODBASE. 3 entries:
sm23, Sm32 and tspan-1 had no models from both
databases. In terms of online availability and accessibility
of 3D structural data, research on many proteins directly
involved in schistosome pathogenesis may be slow.

Suggested virulence category

The protein entries had specific functions such as eva-
sion of host immune responses, penetration of host
barriers, degradation of host protective proteins and esta-
blishment in the host, all of which contribute to virulence,
the relative ability of parasites to induce pathogenesis.
Each of these functions was used to categorize the entries
into a suggested virulence category. Hence 4 categories
were identified: Proteases, Establishment (uptake of host
nutrients, redox homeostasis, etc), proteases and inva-
sion (proteinase inhibitors, host penetration) (Table 1)

Antigenicity

It is worthy of note that all protein entries had at least 5
putative antigenic epitopes with the highest being that of
cathepsin L, SmSP1 with 55 putative epitopes. Epitopes
or better still, the antigenic determinants are discrete
sites on a protein or antigen which B and T lymphocytes
recognize. Epitopes are the immunologically active regions
in a complex antigen that actually bind to B-cell or T-cell
receptors. Such information on epitopes is useful when
considering adaptive immunity response to parasites and
possible therapeutic targets. Recognition of these epito-
pes depended on evidence provided by TDR targets
v4.0.

Algorithm [Structured English Text]

If a protein name is entered into the query search,

1. [Start] Copy alphabets of a query

2. Compare alphabets of the query with the stored
template protein keywords 1 to 20

3. Search for a match

a. There is a match if all the alphabets are the same

b. There is also a match if 3 to 5 alphabets are the same
5. Display the matched protein keyword. If there is no
match, display ‘no result’

6. Search the annotated protein entry for matched
keyword

7. Display the annotation page[End].
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8. If additional link search is performed, go to http://
schistodb.net/schistodb[End].

Summary, conclusion and recommendation

Studies on molecular aspects of parasitic helminthes can
be improved especially in the tropics if a database of key
virulence factors which are directly implicated in pathoge-
nesis is developed. This work has laid a foundation for us
to develop such a database. It would be useful to the
research community at a time when the search for vac-
cines for several helminth diseases is on the increase. It
also provides grounds for further studies related to the
significance of proteins involved in virulence of the para-
sitic helminthes. The database will be made public (de-
pending on funds availability), updated regularly and
additional tools for virulence prediction incorporated. It is
proposed to expand the database to include other patho-
genic helminthes so that users are provided with more
possibilities in terms of species coverage.
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