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a b s t r a c t

Schistosoma mansoni is a major causative agent of schistosomiasis, an important parasitic disease that
constitutes a severe health problem in developing countries. Even though an effective treatment exists, it
does not prevent re-infection and the development of an effective vaccine still remains the most desirable
means of control for this disease. In this work we describe the cloning and characterization of a S. mansoni
nucleotide pyrophosphatase/phosphosdiesterase type 5 (SmNPP-5), previously identified in the tegument
by proteomic studies. In silico analysis predicts an N-terminal signal peptide, three N-glycosylation sites
and a C-terminal transmembrane domain similar to that described for mammalian isoforms. Real-time
quantitative RT-PCR and Western blot analyses determined that SmNPP-5 is significantly upregulated in
the transition from free-living cercaria to schistosomulum and adult worm parasitic stages; additionally,
the native protein was demonstrated to be N-glycosylated. Immunolocalization experiments and tegu-
urface exposed
egument
-glycosylated

ment surface membrane preparations confirm the protein as a tegument surface protein. Furthermore,
the ectolocalization of this enzyme was corroborated through the hydrolysis of the phosphodiesterase
specific substrate (�-Nph-5′-TMP) by living adult and 21-day-old worms. Interestingly, pre-incubation of
adult and 21-day-old worms with anti-rSmNPP-5 antibody was able to reduce by 50–60% the enzyme
activity. These results suggest that SmNPP-5 is closely associated with the new tegument surface gener-
ation after cercarial penetration, and being located at the host–parasite interface, is a potential target for

immune intervention.

. Introduction

Schistosomes are parasitic blood flukes that cause schistosomi-
sis, a tropical disease that has a major public health impact in
ndemic countries. It affects about 200 million individuals world-
ide causing more than 200,000 deaths per year, with more than

00 million people at risk of infection [1,2]. The current strategy for

chistosomiasis control aims at the reduction of morbidity through
reatment with praziquantel [3]; however, chemotherapy does not
revent re-infection. Aiming at the elimination of the disease, it

s clear that morbidity, transmission, and infection control are dif-

Abbreviations: NPP, nucleotides pyrophosphatase/phosphodiesterase; qPCR,
eal-time quantitative polymerase chain reaction; EST, expressed sequence tag; Ct,
ycle threshold; �-Nph-5′-TMP, �-nitrophenyl 5′-thymidine monophosphate.
� Note: The nucleotide sequence reported in this paper has been deposited to
enBank and assigned an accession number of EU570984.
∗ Corresponding author. Tel.: +55 11 3645 0699x2242; fax: +55 11 3726 9150.

E-mail addresses: lpfarias2001@yahoo.com.br, lpfarias@butantan.gov.br
L.P. Farias).

166-6851/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molbiopara.2009.02.006
© 2009 Elsevier B.V. All rights reserved.

ferent battlefronts and that mass praziquantel chemotherapy will
not be enough to reach the goal [2,4]. Thus it has been argued that
vaccination would contribute enormously to the reduction of the
burden of this disease.

The greatest obstacle in a vaccination context is the need for ade-
quate amounts of the appropriate protective antigens. This is partic-
ularly important in the case of schistosomiasis, because the parasite
uses many strategies to evade the immune responses of the host,
resulting in a chronic debilitating infection [5]. Surface exposed
and/or secreted proteins expressed in the intra-mammalian host
stages are a source of potential antigens, but the parasite devel-
ops important structures immediately following invasion of the
vertebrate host, which are responsible for its immune evasion
mechanisms. One of the most important is the new tegument
surface organisation in the transformed schistosomulum. The tegu-

ment is a thin syncytial layer that covers the whole parasite, limited
by a basal membrane and a multilaminate surface membrane com-
plex, which constitutes the major host–parasite interface [6].

The simultaneous publication of the S. mansoni and S. japonicum
transcriptomes [7,8], together with the ongoing whole-genome

http://www.sciencedirect.com/science/journal/01666851
mailto:lpfarias2001@yahoo.com.br
mailto:lpfarias@butantan.gov.br
dx.doi.org/10.1016/j.molbiopara.2009.02.006
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and agarose gel electrophoresis. Quantitation of relative differ-
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equencing project (www.SchistoDB.org), opened the avenue for
arasite proteomic analysis resulting in a series of reports aiming
t the characterization of different aspects of the schistosome life
ycle and biology [9–16]. As a result, a remarkable understanding
f the protein composition of the schistosome tegument and of its
urface membranes has been achieved [17–20]. In these studies,
putative nucleotide pyrophosphatase/phosphosdiesterase (NPP)
as identified, first as an exclusive tegument protein [20], then

y differential extraction as a plasma membrane enzyme [17], and
nally, since it was labelled with biotin, as a surface-exposed pro-
ein [19]. Its presence has been previously implied by the detection
f phosphosdiesterase activity on the tegument [21].

NPPs are ubiquitous membrane-associated or secreted ecto-
nzymes that have a role in regulating extracellular nucleotide
etabolism; they hydrolyze pyrophosphate or phosphodi-

ster bonds in a variety of extracellular compounds including
ucleotides, (lyso) phospholipids and choline phosphate esters,
eleasing nucleoside 5′-monophosphate [22]. Extracellular
ucleotides, and in particular ATP and adenosine, elicit a broad
ange of responses in biological processes [23], therefore, catalysis
y NPPs could affect multiple physiological processes as diverse as
latelet aggregation, apoptosis, cell proliferation, differentiation
nd motility. The mammalian family of NPPs is composed of seven
tructurally related ecto-enzymes that are numbered according to
he order in which they were identified [22]. NPP-5 was predicted
o be a type I-transmembrane protein, with its catalytic site in its
xtracellular region and a very short cytoplasmic tail [24]. The best
haracterized ortholog is the rat protein, that was suggested to be
neural oligomannosidic glycoprotein, which may participate in

eural cell communications [25]. In the current work we charac-
erized a putative NPP ortholog, identified in the aforementioned
roteomic studies of the S. mansoni tegument, and one of the
o-called new generation vaccine candidates.

. Materials and methods

.1. Parasite maintenance

Schistosoma mansoni 21-day-old and 45-day-old adult worms
BH strain) were obtained by perfusion of infected hamsters. Eggs,

iracidia, cercariae, and schistosomula were obtained as previ-
usly described [8]. Animal experimental protocols were approved
y Animals Use Ethics Committee of Instituto Butantan (São Paulo,
razil).

.2. Cloning and molecular characterization

Specific oligonucleotides were designed using the S. mansoni
ST assembly contig (Sm03458), GeneDB, (http://www.genedb.org/
enedb/smansoni/). Total RNA was isolated from adult worms
sing TRIzol reagent (Invitrogen), followed by mRNA purification
ith oligo(dT)-cellulose columns according to the manufacturer’s

nstructions (Amersham Biosciences). The SuperScriptTM First-
trand Synthesis System for RT-PCR (Invitrogen) was used for
mNPP cDNA generation following the manufacturer’s protocol.
he 5′ and 3′ oligonucleotides, GAA TTC GGT GTT GTT GGG AAG
AA CAG TTT and CTC GAG TCA GGG AAG AAC TCG ACA AAC ACT,
ere used to amplify the complete open reading frame of SmNPP.

he obtained PCR fragment was cloned into pGEM-T easy vector
Promega) and sequenced to confirm its identity.
Post-translational modification prediction: the signal peptide
rediction was performed using the SignalP 3.0 server (http://www.
bs.dtu.dk/services/SignalP/), N-glycosylation sites were analyzed
sing the NetNGlyc 1.0 (www.cbs.dtu.dk/services/NetNGlyc/) and
ransmembrane helices were analyzed by TMHMM, version 2.0
cal Parasitology 166 (2009) 32–41 33

(http://www.cbs.dtu.dk/services/TMHMM-2.0/). Molecular weight
(MW) and isoelectric point (pI) were calculated with the Compute
pI/Mw tool (http://www.expasy.ch/tools/pi tool.html).

2.3. Phylogenetic and sequence analysis

Blast and PSI-Blast searches against the NCBI non-redundant
protein sequence database, using SmNPP as a query, were
used to identify orthologues of SmNPP. For phylogenetic analy-
sis, alignments of protein sequences were performed using the
ClustalX 1.83 software. The tree was constructed using Clustal
with the Neighbour Joining method, excluding positions with
gaps. The numbers represent the confidence of the branches
assigned by bootstrap (in 1000 samplings). The TreeView program
(taxonomy.zoology.gla.ac.uk/rod/treeview.html) was used to visu-
alize the tree.

2.4. Real-time RT-PCR analysis

Total RNA was extracted from 7-day schistosomula, adult para-
sites, eggs and miracidia using TRIzol (Invitrogen), and from cercaria
using the RNeasy Protect Kit (Qiagen), as per the manufacturer’s
recommendations. The RNA was quantitated by spectrophotom-
etry using a NanoDrop instrument (Wilmington, USA), and the
quality was analyzed with an Agilent 2100 Bioanalyzer. Equal
amounts of total RNA (3 �g) from the various developmental
stages were digested with RNase-free DNase (Promega) for 1 h at
37 ◦C, and used for reverse-transcription (RT). The RT was per-
formed with random hexamer primers and Superscript III reverse
transcriptase (Invitrogen), according to standard protocols and
the resulting cDNA was used for quantitative PCR (qPCR). The
cDNA was amplified with the SYBR Green (Applied Biosystems)
in a GeneAmp®PCR System 9600 (Corbett Research). Primers
for qPCR were designed using Real-Time PCR Primer Design
(http://www.genscript.com/ssl-bin/app/primer) and the settings
were adjusted to the highest possible stringency to generate
70–100 bp amplicons, as recommended. The primers selected for
SmNPP (forward: 5′ ATT ATG ATT ACA TAC ATC CAA ATG AG 3′

and reverse: 5′ CGC ACA GTA TAG CCT TGA TTT 3′) amplified a
product of 94 bp. The expression levels for three housekeeping
genes Actin (accession: U19945), �-Tubulin (accession: M80214)
and GAPDH (accession: M92359) were assessed in the cercaria,
schistosomulum and adult worms. The actin gene seems to be a
slightly better internal control among life cycle stages because its
Ct values were less variable (data not shown), while �-Tubulin
showed less variation in the amount of male and female adult
worm transcripts [26]. Thus, as an endogenous housekeeping ref-
erence for qPCR among life cycle stages we used primers targeting
S. mansoni Actin (forward: 5′ CGT TGG ACG ACC TCG ACA T 3′and
reverse: 5′ TGT CTT TCT GAC CCA TAC CAA CC 3′; product size of
53 bp), whereas for qPCR between male and female adult worms
we used primers targeting �-Tubulin (forward: 5′ CCA TTT ATG
ATA TTT GTC GAC GGA 3′and reverse: 5′ TTT GTG TAG GTT GGA
CGC TCT ATA TCT A 3′; product size of 55 bp). Reaction conditions
were as described in the SYBR green kit and the cycling protocol
was as follows: 95 ◦C for 10 min and 40 cycles of 95 ◦C for 10 s,
60 ◦C for 1 min. The generation of PCR products was measured in
real time by the GeneAmp®5700 Sequence Detection System; spe-
cific PCR products were confirmed by dissociation curve analysis
ences in expression were finally calculated using the comparative
��Ct method [27]. Statistical comparisons were performed with
t-Student or one-way ANOVA followed by a Tukey pairwise com-
parison, as required. A � value <0.05 was considered statistically
significant.

http://www.schistodb.org/
http://www.genedb.org/genedb/smansoni/
http://www.genedb.org/genedb/smansoni/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/SignalP/
http://www.cbs.dtu.dk/services/NetNGlyc/
http://www.cbs.dtu.dk/services/TMHMM-2.0/
http://www.expasy.ch/tools/pi_tool.html
http://taxonomy.zoology.gla.ac.uk/rod/treeview.html
http://www.genscript.com/ssl-bin/app/primer
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.5. Expression of recombinant protein and polyclonal antibody
roduction

We amplified by PCR the cDNA fragments corresponding to
mNPP from G20 to K414 (with the forward, TAC TGA ATT CGG TGT
GT TGG GAA GGA ACA GTT TTC, and reverse, TAC TCT CGA GTC AGG
AA GAA CTC GAC AAA CAC TAC CAT, primers). The SmNPP cDNA

ragment was purified, digested with EcoRI and XhoI to generate
nserts with overhang ends that were ligated into the same sites of
he expression vector pET28a (Novagen), to produce a protein that
ontained an N-terminal hexahistidine tag.

For protein expression, transformed BL21(DE3) cells (Invit-
ogen) were grown in 600 ml LB plus ampicillin (1 mg/ml)
ntil OD600 = 0.6. Isopropyl-�-d-thiogalactopyranoside (IPTG) was
dded to the culture to a final concentration of 1 mM, and cells
ere incubated for 3–4 h at 37 ◦C. Cells were harvested by cen-

rifugation and resuspended in 50 ml of lysis buffer (50 mM Tris
H 8.0, 100 mM NaCl). The cell suspension was passed three times
1500 psi) through a French press and the crude homogenate was
entrifuged at 20,000 × g for 30 min.

In order to determine the solubility of the recombinant SmNPP
rotein (rSmNPP), inclusion bodies were resuspended and pelleted
centrifuged at 20,000 × g) sequentially in lysis buffer with increas-
ng urea concentrations of 2, 4, 6 and 8 M, and lastly with 6 and
M guanidine hydrochloride. For protein purification, the inclusion
odies of rSmNPP were rinsed twice with washing buffer I (lysis
uffer, 2% Triton X-100, 2 M urea), then rinsed once with washing
uffer II (lysis buffer, 2% Triton X-100, 6 M guanidine hydrochlo-
ide), and finally resuspended in solubilization buffer (lysis buffer
lus 5 mM beta-mercaptoethanol, 20 mM imidazole, 8 M guani-
ine hydrochloride). The recombinant protein was then purified
y metal affinity chromatography using the Akta Prime system (GE
ealthcare), under denaturing conditions. Briefly, the sample was

oaded onto a Ni2+-NTA column (5 ml bed volume) pre-equilibrated
ith the same buffer. The column was washed with 10 bed volumes

f the equilibration buffer and then eluted with 20–500 mM imi-
azole linear gradient. Fractions encompassing the main peak were
ooled and the purity of the preparation assessed by SDS-PAGE. The
rotein was refolded by slow dialysis in Phosphate Buffer Saline pH
.4 (PBS) containing decreasing concentrations of urea (6, 4, 3, 2,
M and no urea).

Polyclonal mouse serum was produced against preparations
f rSmNPP. BALB/c mice were immunized four times, at 21-day
ntervals with 25 �g of protein adsorbed to 2500 �g of aluminum
ydroxide. Fifteen days after the last inoculation, rodents were
xsanguinated. The sera were used at a dilution of 1:1000 in West-
rn blots and 1:50 in immunofluorescence assays.

.6. Protein expression profile and deglycosylation assay

The tegument extract was obtained by a freeze/thaw/vortex pro-
edure, as previously described [28]. Briefly, frozen worms (1000)
ere thawed on ice in the presence of 1 ml ice-cold RPMI medium
lus protease inhibitors (Protease inhibitor cocktail; Sigma), with
0 vortex pulses at maximum speed duration 1 s to detach the tegu-
ent. After the stripped worms had settled, the supernatant was

ollected and sonicated (four cycles of 2 min, with pulses of 0.75 s,
0% amplitude).

Total protein extracts from eggs, miracidia, cercariae, schisto-
omula, paired and unpaired male and female adult worms were
repared in 40 mM Tris, pH 7.4, 2% SDS plus protease inhibitor

y sonication as described above. The samples were centrifuged
t 20,000 × g for 30 min at 4 ◦C and the supernatant was recov-
red and used for the assays. Their protein concentrations were
etermined with a DC Protein Assay Kit (Bio-Rad, CA, USA). Puri-
ed rSmNPP (100 ng), total parasite protein extracts (20 �g), total
cal Parasitology 166 (2009) 32–41

tegument extract (20 �g), and tegument surface membranes (2 �g)
isolated from total tegument extract after low speed centrifu-
gation (100 g, 30 min) were subjected to SDS-PAGE. The gel was
electroblotted onto a PVDF membrane, which was blocked with
0.02 M Tris (pH 7.5) and 0.3% Tween 20 containing 5% dry milk
for 16 h at 4 ◦C. Subsequently, the membrane was incubated in
a 1:1000 dilution of anti-rSmNPP primary antibody in block-
ing buffer plus 150 mM NaCl for 3 h at room temperature. After
three washes using 10 mM Tris (pH 7.5), the membrane was
incubated in a 1:4000 dilution with secondary goat anti-mouse
IgG conjugated to horseradish peroxidase (Sigma) for 1 h with
another three washes using the same buffer. Antibody reactiv-
ity was developed with ECL reagent (GE Healthcare) according to
the manufacturer’s instructions and imaged using Hyperfilm (GE
Healthcare).

N-deglycosylation of native SmNPP was carried out as previously
described [29]. Briefly, 200 �g of tegument extracts (in 40 mM Tris
pH 7.4) were denatured by boiling for 10 min in the presence of
0.5% SDS and 1% 2-mercaptoethanol. Then, 1% NP-40 (Sigma), 1 �l
of 1 M sodium phosphate (pH 7.5) and 20 �L (3.5 U) recombinant N-
glycosidase F (Roche Diagnostics) were added and incubated for 4 h
at 37 ◦C. A sample of purified rSmNPP, digested and non-digested
tegument fractions were submitted to SDS-PAGE. The gel was elec-
troblotted onto a PVDF membrane and Western blot developed as
described above.

2.7. Indirect immunofluorescence and confocal microscopy

Freshly perfused adult worms from hamsters were fixed with 4%
paraformaldehyde in PBS, at 4 ◦C overnight. The antigen retrieval
was based on [30]. Briefly, worms were incubated in retrieval solu-
tion (10 mM sodium citrate buffer, pH 6.0) at 4 ◦C overnight. Next
they were placed in boiling retrieval solution for 5 min, and fol-
lowed by an immersion in cold 30% sucrose in PBS and incubated
at 4 ◦C until they sink. Then they were recovered and embedded
in OCT medium (Sakura) in a pre-cooled beaker of isopentene,
frozen in liquid N2. Eight-micrometer cryostat adult worm sections
were adhered to silanized glass slides (DakoCytomation), dried for
2 h and rehydrated with PBS at 4 ◦C overnight. The sections were
treated with PBS containing 1% SDS for 10 min at room tempera-
ture and washed with PBS [31], before blocking with PBS containing
10% naive rabbit serum and 0.1% Tween 20 for 4 h at room temper-
ature. Sections were then incubated with anti-rSmNPP-5 antisera,
1:50 (v:v), for 3 h at room temperature. After washing five times
with PBS with 0.1% Tween 20 (PBS-T), an Alexa Fluor 647 conju-
gated rabbit anti-mouse IgG (Invitrogen), 1:200 (v:v), was added
to the blocking solution, and the samples incubated for 1 h at
room temperature. Sections were washed five times and mounted
in Fluorescent Mounting Medium (DakoCytomation). Mouse pre-
immune serum was used as negative control. Images were acquired
in a Zeiss LSM 510 Meta confocal system, attached to a Zeiss Axiovert
100 microscope using LD-Achroplan 20×/0.4 or C-Apochromatic
63×/1.2 W objectives with differential interference contrast.

2.8. Assay of NPP activity from live parasites

The NPP activity was assessed using �-nitrophenyl 5′-thymidine
monophosphate (�-Nph-5′-TMP) a specific artificial marker sub-
strate, the protocol was adapted from [32]. Freshly perfused living
adult worms and 21-day-old worms (three individuals of each
stage), or approximately 2000 living cercariae were incubated with

�-Nph-5′-TMP in the reaction buffer containing 50 mM Tris–HCl
buffer, pH 8.9, 120 mM NaCl, 5.0 mM KCl, 60 mM glucose and
5.0 mM CaCl2 in a final volume of 200 �l. We estimated the schis-
tosome male adult worm area to be around 12,000,000 �m2, based
on [33] and not considering the tegument pits. The cercaria surface
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rea was estimated as 10,682–20,000 �m2 [34,35], so in an attempt
o normalise for the area exposed to the phosphodiesterase sub-
trate we used 2000 cercariae, equivalent to the surface of three
dult male worms.

The reaction started by the addition of �-Nph-5′-TMP to a final
oncentration of 0.5 mM. After 20 min of incubation at 37 ◦C, 100 �l
f 0.4 M NaOH was added to the buffer to stop the reaction, the
eaction buffer was recovered and the amount of �-nitrophenol
eleased was measured at 405 nm. For antibody blocking assays,
hree adult male worms or 21-day-old worms were previously
ncubated with 100 �l of undiluted mouse serum containing anti-
SmNPP-5 polyclonal antibodies for 2 h at 37 ◦C, before assessing
he phosphodiesterase activity. Following the incubation time the
arasites were visually inspected to assure their viability. Controls

o guarantee the specificity of substrate hydrolysis were performed
y incubating the substrate without worms and the worms without
ubstrate. All samples were performed in triplicate and statistical
omparisons were performed with a t-test. A � value <0.05 was
onsidered statistically significant.

ig. 1. The complete protein sequence of SmNPP-5 in relation to mouse, rat and human NPP
sNPP-5 (NP 067547.1), MmNPP-5 (NP 114392.1), and RnNPP-5 (NP 001012762.1). Highlig
ox), the phosphodiesterase signature sequence (continuous box), signal peptide, as pr
lycosylation (#), and the putative catalytic center indicated by an arrow. The regions wit
lack and gray columns, according to the Clustal X algorithm.
cal Parasitology 166 (2009) 32–41 35

3. Results

3.1. Cloning and molecular characterization of S. mansoni NPP

The full-length sequence of the S. mansoni cDNA encoding a
putative NPP was obtained by RT-PCR from adult worm mRNA
with specific oligonucleotides that were designed using the cor-
responding EST contig, Sm03458. The resulting full-length cDNA
(Gene Bank accession EU570984) displayed an ORF of 1350 bp,
encoding a protein of 449 amino acids with a predicted molec-
ular mass of approximately 51.4 kDa and an isoelectric point of
6.28. Comparing the cDNA sequence and EST contig (Sm03458), a
single sequence difference was found at nucleotide position 482
(T instead of C in the genome sequence), but the amino acid

sequence remains conserved. In v4.0 of the genome assembly the
predicted gene (Smp 153390.2) for Sm03458 EST contig displays
an extended signal peptide sequence (MYCIETMQK); at present it
is still unknown which of these two predictions represents the more
accurate sequence.

-5. ClustalX alignment of the derived amino acid sequence of SmNPP-5 (EU570984),
hted are the putative transmembrane domains, as predicted by the TMHMM (dotted
edicted by SignalP (dashed box), sites for metal binding (*), potential sites for N-
h high identity and similarity between phosphodiesterase sequences are shown as
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BlastP comparisons of the deduced S. mansoni protein sequence
o GenBank showed that the best match (E-value = 1 × 10−95) was
o an S. japonicum protein (SJCHGC05898) (probably an incom-
lete sequence of a NPP), with 70% identity and 82% similarity
ver 236 amino acids. The next closest orthologs of SmNPP
ere from ectonucleotide pyrophosphatase/phosphodiesterase

proteins from Monodelphis domestica (E-value = 2 × 10−75),
rnithorhynchus anatinus (E-value = 9 × 10−73) and Rattus norvegi-
us (E-value = 2 × 10−71). These were followed by mouse, dog, horse,
tarlet sea anemone, zebrafish, rhesus monkey, chimpanzee, and
uman NPP-5 proteins (the last three with E-value of 4 × 10−67);
herefore we designated this gene as SmNPP-5.

SmNPP-5 contains the NPP signature sequence (residues
8–356) (outlined by a continuous box in Fig. 1), and is recog-
ized as part of the Pfam Type I phosphodiesterase/nucleotide
yrophosphatase family (PF01663) with an E-value of 1.7 × 10−47.
mNPP-5 also contains a putative N-terminal signal pep-
ide (outlined by a dashed box in Fig. 1) and a C-terminal
ransmembrane domain (dotted box), characterizing it as a

ype-I, single spanning transmembrane protein, with its cat-
lytic domain facing the extracellular space [22]. Searching
he S. mansoni genome (GeneDB) for proteins with Pfam Type

phosphodiesterase/nucleotide pyrophosphatase domains, we

ig. 2. Phylogenetic analysis of Schistosoma mansoni, Homo sapiens, Mus musculus and Rat
nd the schistosome NPP, demonstrating that SmNPP-5 branches with NPP-5s and NPP-4s
PP-5s in the same branch. The sequences accession numbers are HsNPP-1 (NP 006199.1),

NP 699174.1), HsNPP-7 (NP 848638.2), MmNPP-1 (NP 032839.3), MmNPP-2 (NP 056559
mNPP-7 (NP 001025462.1), RnNPP-1 (AAL26912.1), RnNPP-2 (NP 476445.2), RnNPP-3

NP 001012484.1) (the accession numbers of the other members are cited in the legend o
cal Parasitology 166 (2009) 32–41

found three other Schistosoma full-length phosphodiesterase-
related genes (accession numbers Smp 104270 (EST Sm03904),
Smp 153340.1 (EST Sm04918) and Smp 084890 (EST Sm06826
and Sm00959)), and one probably incomplete assembled EST
(Sm23345).

BlastP comparisons of the deduced S. mansoni protein sequence
to GenBank revealed Smp 104270 and Smp 153340.1 to have higher
similarity (57 and 55%, respectively) with human NPP-5, whereas
Smp 084890 shows higher identity to human NPP-6 (45%). Com-
paring the amino acid sequence of SmNPP-5 with those of humans
NPPs [36], we further identify conserved putative sites for metal
binding, at positions Asp36, Asp198, His202, Asp246 and His247
(asterisk). A probable catalytic center is indicated by an arrow, at
position Thr77. High probability N-glycosylation sites were found
at Asn52, Asn166 and Asn251 according to the NetNGlyc 1.0 Server.

Phylogenetic analyses of the phosphodiesterase superfamily
generated the tree shown in Fig. 2. This first analysis grouped
SmNPP-5 in a branch together with NPP-5 and NPP-4 sequences
(Fig. 2A). To further classify the SmNPP-5 sequences, we performed

a second phylogenetic analysis including only NPP-5 and NPP-4
sequences. This analysis showed that SmNPP-5 branches together
with other NPP-5 family members, suggesting its classification as a
NPP-5 member (Fig. 2B).

norvergicus NPP family. (A) Phylogenetic tree of all seven human, mouse and rat NPP
. (B) Phylogenetic tree of SmNPP-5 and NPP-5s and NPP-4s, resolving SmNPP-5 and
HsNPP-2 (NP 006200.3), HsNPP-3 (NP 005012.2), HsNPP-4 (NP 055751.1), HsNPP-6
.2), MmNPP-3 (NP 598766.2), MmNPP-4 (NP 950181.2), MmNPP-6 (NP 796278.1),
(NP 062243.2), RnNPP-4 (NP 001100362.1), RnNPP-6 (XP 224853.3) and RnNPP-7
f Fig. 1).
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Fig. 3. Differential gene expression of SmNPP-5 (A) throughout five stages of the
S. mansoni life cycle and (B) between male and female adult worms. Samples were
analyzed as to expression of SmNPP-5 by real-time RT-PCR; data were normalised
against amplification of an internal housekeeping control gene. The data were calcu-
lated according to the comparative ��Ct method and are shown as the fold-change
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3.5. Characterization of SmNPP-5 as a glycosylated protein

F
b
8
c

n SmNPP-5 expression relative to (A) cercariae or (B) female adult worms. The
ata are the means ± S.D. of one representative of two independent experiments.
,#Represents statistically significant differences between groups, taking p ≤ 0.05 or
.001, respectively.

.2. mRNA expression analysis by quantitative RT-PCR

Expression of SmNPP-5 was evaluated at the mRNA level in the
evelopmental stages of S. mansoni using real-time quantitative RT-
CR analysis. Five stages were examined, including the free-living
nfective stage (cercaria), in vitro transformed and cultured 7-day-
ld schistosomula, adult worms, eggs and miracidia. Fold-changes
n SmNPP-5 expression levels were calculated relative to the cer-
arial stage after normalisation to actin as the housekeeping gene.
he results show that SmNPP-5 mRNA levels were significantly
ncreased by 24-fold in the schistosomula and by 71-fold in the
dult worms, as compared to cercariae (Fig. 3A) (Tukey pairwise;
< 0.05). These results demonstrate that SmNPP-5 transcription

s upregulated following the transition from free-living cercaria
o parasitic schistosomulum stage, and although not statistically
ignificant, from schistosomulum to the adult worm stage. Further-
ore, in eggs and miracidia, transcription of SmNPP-5 is at minimal
evels, comparable to those found in the cercariae. We also evalu-
ted the mRNA level in male and female adult worms and verified
hat SmNPP-5 is differentially expressed in males, being increased
y 9.5-fold as compared to females (Fig. 3B) (t-Student; p < 0.001).

ig. 4. SDS-PAGE (4–12%) analysis of cell extracts and fractions from E. coli (BL21DE3)
efore and after induction with 1 mM IPTG. Lanes 3 and 4, supernatant and inclusion bo
M urea and 6 M guanidine, respectively. (B) The protein in inclusion bodies was further

hromatography; lane 2, flow-through; lanes 3–8, fractions of rSmNPP-5 eluted by linear
cal Parasitology 166 (2009) 32–41 37

3.3. Production of the SmNPP-5 recombinant protein and
generation of specific antibodies

The gene was cloned into pET28a expression vector, and the pro-
tein was expressed in E. coli BL21 (DE3) strain upon induction with
IPTG. Protein extracts of transformed bacteria showed a band at
∼49 kDa (Fig. 4A). When the bacteria were lysed by a French press
and the lysate separated into soluble and insoluble fractions, the
inclusion bodies were shown to contain the majority of the recom-
binant protein, which was mostly solubilized by extraction with 6
and 8 M guanidine (Fig. 4A). The protein extracted with 8 M guani-
dine chloride was purified under denaturing conditions by affinity
chromatography on nickel-charged columns through an imidazole
linear gradient from 20 to 500 mM (Fig. 4B lanes 3–8). The main con-
taminant present in the sample was eliminated in the flow through
(Fig. 4B lane 2). Eluted fractions were pooled and submitted to
refolding by dialysis, which resulted in substantial protein precipi-
tation but not in protein degradation (data not shown). Protein yield
after dialysis was estimated to be around 6.0 mg of rSmNPP-5/L of
culture and this sample was used to generate polyclonal antibodies
in mice.

3.4. Analysis of protein expression across the life cycle stages

Samples prepared from cercariae, schistosomula, adult worms,
eggs and miracidia stages of S. mansoni, and tegument isolated
by the freeze/thaw method, were all separated by SDS-PAGE.
Immunoblotting was performed using mouse anti-rSmNPP-5 anti-
serum. The profile of SmNPP-5 expression throughout the life cycle
revealed no protein in cercariae, eggs and miracidia, some in schis-
tosomula, and the highest level in the adult worms. Furthermore,
male worms had higher amounts in their total protein extract
than females. Separation of the tegument from the worm body
revealed that the protein was mostly concentrated in the former,
with stripped worms showing expression levels comparable to
those observed in schistosomula (Fig. 5A). Analysis of the tegument
surface membrane fraction, after differential extraction, revealed
that the majority of the protein remained attached, while the sol-
uble supernatant (soluble syncytial proteins) showed a very low
signal (Fig. 5B).
Native SmNPP-5 observed in schistosome extracts migrates with
a higher molecular mass (∼66 kDa) than that predicted (∼51 kDa),
which could reflect a likely product of post-translational glyco-

transformed with the pET28-SmNPP-5. (A) Lanes 1 and 2, total extract of a clone
dies after lysis, respectively. Lanes 5 and 6, solubilization of inclusion bodies with
extracted with 8 M guanidine (lane 1) and purified through Ni2+-charged column

gradient of imidazole (20–500 mM).
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Fig. 5. Immunoblotting of protein extracts from S. mansoni stages and tegument
fractions using anti-rSmNPP-5 polyclonal antibodies. (A) CER, cercariae; FEM, female
adult worms; MAL, male adult worms; EGG, eggs; MIR, miracidia; ADW, adult worms
(female and male); SCH, 7-day-old schistosomula; STR, stripped worms; TEG, tegu-
ment; (20 �g of protein was loaded in each lane); P, positive control rSmNPP-5
(100 ng). (B) P, positive control rSmNPP-5; TEG, tegument; TSM, enriched tegu-
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ent surface membranes; TWM, tegument extract without surface membranes. (C)
egument extract before treatment with PNGase F (−) and after digestion with the
nzyme (+) and positive control rSmNPP-5 (P). Positions of molecular mass standards
kDa) are indicated on the left.

ylation. A very faint band with the predicted molecular weight
∼51 kDa) was observed in the tegument extract, which could rep-
esent a fraction of non-glycosylated protein (Fig. 5A). To test the
ypothesis that the higher molecular mass observed for SmNPP-5
n SDS-PAGE is due to glycosylation, we digested total tegument
xtracts with a recombinant N-glycosidase F. The immunoblot
howed that, after digestion, SmNPP-5 migrated to a MW slightly
igher than the rSmNPP protein, demonstrating that native SmNPP-
is N-glycosylated (Fig. 5C).

.6. Immunolocalization of SmNNP-5 in adult worms

To confirm the tegument localization of SmNPP-5, immunoflu-
rescence staining was performed on adult worm cryosections
ith the same antibody used in the Western blot analysis. Results

howed SmNPP-5 to be mainly distributed over the tegument of
ale adult worms and at lower levels in the internal tissues of the

arasite body (Fig. 6A, B, and E); no specific staining was observed in
ections incubated with naive mouse serum (Fig. 6C and D). Addi-
ionally, Fig. 6E demonstrated that the red band running around
he parasite body showed the thickness expected of the tegument
yncytium (1–3 �m) [37].

.7. NPP activity from living worms

To further characterize the surface exposed nature of SmNPP-
protein we tested the ability of live worms (cercariae, 21-day old

nd adult worms) to promote the �-Nph-5′-TMP hydrolysis. Corrob-
rating the RT-PCR and imunnoblotting results, enzymatic activity
as detected only in the 21-day old and adult worms incubations;
o activity was observed in the cercarial sample (Fig. 7A). Statis-
ically significant differences between the three stages could be
ound. Although we have tried to normalise for surface area based
n previous studies, the total amount of activity detected in the
nvestigated stages can only be considered as a rough estimate.
ext, we investigated if pre-incubation of live adult and 21-day-old
orms with anti-rSmNPP-5 antibodies impaired the subsequent

nzyme activity. As shown in Fig. 7B and C, the antibody treatment
educes the detected enzyme activity in 60 and 50%, respectively.

he recombinant protein showed no enzyme activity (data not
hown).

To check the substrate specificity together with cercarial viabil-
ty, we performed a parallel experiment in which live cercariae were
ncubated in the presence of the alkaline phosphatase substrate
cal Parasitology 166 (2009) 32–41

(�-nitrophenyl phosphate disodium salt). Our result confirmed the
cercarial viability, as judged by a significant detection of alkaline
phosphatase activity associated with the infective larvae (data not
shown).

4. Discussion

In the present report, we describe the molecular cloning and
characterization of SmNPP-5, as a member of the nucleotide
pyrophosphatases/phosphodiesterases family from S. mansoni. The
cDNA coding for the SmNPP-5 gene was sequenced and analyzed
by bioinformatic techniques. It displays an N-terminal signal pep-
tide, three N-glycosylation sites and a hydrophobic transmembrane
region. When we treated the native proteins from the tegument
extracts with N-glycosidase F, we observed a mobility shift of
SmNPP-5 on SDS–PAGE, revealed by Western blotting, confirm-
ing the N-glycosylation predicted by bioinformatics. This indicates
that SmNPP-5, similar to its ortholog from rat [25], is a glycopro-
tein. These results agree with data from Pujol and Cesari, who
isolated a surface membrane-bound complex from adult worms
using lectin-coated beads, implying N-glicosylated components,
which presented phosphodiesterase activity [38]. It is possible that
SmNPP-5 is the enzyme responsible for the activity detected in
those studies.

The results of RT-PCR analysis showed that the SmNPP-5 tran-
script was expressed at very low levels in eggs, miracidium and
cercariae stages, and was significantly upregulated in the 7-day-old
schistosomula and adult worms. Additionally, gender compari-
son of this last stage revealed male SmNPP-5 mRNA upregulation,
confirming a microarray analysis that evaluated global gene gender-
associated expression [39]. Since the correlation between transcript
abundance and protein abundance is not always proportional,
we analyzed the expression of SmNPP-5 at the protein level.
Immunoblotting studies confirmed the mRNA data showing an
increased expression in the transition from free-living cercaria
to parasitic schistosomulum, and from this last stage to adult
worms. This increase suggests that SmNPP-5 was upregulated dur-
ing or shortly after the process of cercarial transformation, a period
in which the parasite switches from its immune-sensitive to an
immune-refractory state by completely replacing and remodeling
the surface membranes of the tegument syncytium [40]. Searching
the literature for differentially expressed NPPs in S. mansoni, we
found another member of the family (Smp 104270, EST Sm03904)
being identified as a preferentially expressed gene in the lung schis-
tosomulum through microarray analysis [41], SmNPP-5 could not
be identified in Dillon’s study, as it was not spotted on the array.
These findings reinforce the need for better investigation of the role
these enzymes may play in Schistosome’s physiology.

The immunoblotting result revealed male worms expressing
higher amounts of SmNPP-5 as compared to females. This finding
was expected due to the large tegument surface area exhibited by
the male parasite, moreover it could reflect higher male exposure
in the blood stream since the female resides largely in the gynae-
cophoric canal [42]. Furthermore, we analyzed tegument extracts,
important from a vaccine perspective, because this structure is a
dynamic host-interactive layer involved in nutrition, immune eva-
sion and modulation, excretion, osmoregulation, sensory reception
and signal transduction [43]. It was observed that SmNPP-5 was
mostly located in the tegument, and at lower levels in the stripped
worms; this complements the data obtained by van Balkom et al.
[20], which characterized the protein as tegument-specific. Con-

sidering the differences in sensitivity of the two methods (mass
spectrometry and Western blot) and that all tegument proteins
must originate in the cell bodies where the synthetic machinery
resides [6], we judged it more appropriate to describe the pro-
tein as a highly abundant tegument protein. To further characterize
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ig. 6. Fluorescence confocal microscopy images (Fluor) with corresponding differen
ections of S. mansoni adult worms. (A) For fluorescence detection of SmNPP-5 o
espectively, were used with secondary antibody coupled to Alexa 647, using 20× ma
IC from panel (A) for fluorescence detection of SmNPP-5, using 63× magnification

he SmNPP-5 distribution across the tegument we compared its
resence in the tegument surface membranes with the tegument
ytoplasmatic content. SmNPP-5 was mainly detected in the sur-
ace membranes and at low levels in the remaining tegument,
onfirming the data obtained by Braschi [18,19], which allows its
haracterization as a possible type I transmembrane protein.
Finally, we immunolocalized SmNPP-5 in the adult worm tegu-
ent, and it seems to be present at lower levels in internal tissues.
e have detected NPP activity in living adult worms and in 21-

ay-old worms, but not in cercariae, which is in agreement with
he results of mRNA and protein expression profiles. These data
terface contrast (DIC) images to show immunolocalization of SmNPP-5 in transverse
egative control, polyclonal anti-rSmNPP-5 antibodies or serum from naïve mice,
tion; (B and D) DIC images. (E) Detail of the merged Fluor image with corresponding

suggest that SmNPP-5 is closely associated with the generation of
the new tegument surface after cercarial penetration, and hence
could be involved in parasite adaptation for immune evasion and
survival in the bloodstream. The enzymatic activity detected in live
parasites strengthens the hypothesis that SmNPP-5 is very acces-
sible at the tegument surface. This data agrees with the predicted

site for this protein on the external leaflet of the plasma membrane,
right below the membranocalyx [18]; however, such location would
imply the existence of water-filled “pores” in the membranocalyx to
allow the entrance of substrates, such as the �-Nph-5′-TMP used for
the enzymatic activity assay. Whether these pores would be large
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ig. 7. (A) Surface NPP activity from living parasites. (B and C) Surface NPP activity in
antibodies. �-Nph-5′-TMP hydrolysis in the presence of living worms was meas

xperiments. *,#Represents statistically significant differences between groups, taki

nough to give antibodies (molecules of ∼150 kDa) access to the
rotein domains situated immediately external to the plasma mem-
rane, has been a subject of debate in the literature [17–19]. We
ave tried to address this question using anti-rSmNPP-5 antibod-

es to block the enzymatic activity on the schistosome tegument.
ur results showing a significant inhibition of 50–60% of the phos-
hodiesterase activity, suggests that the anti-rSmNPP-5 antibodies
ave access to the site of enzyme location. However, we cannot
scertain the mechanism of inhibition, whether by competition for
he catalytic center of the enzyme or induction of conformational
hanges. It has been described that patients infected with S. man-
oni present circulating antibodies capable of partially inhibiting
hosphodiesterase activity from total adult worm extracts [44,45];
owever, since no attempt was performed to isolate the tegument
urface membranes, it is difficult to compare this study with data
rovided here. Additionally, the identification of several phospho-

iesterase isoforms in the schistosome genome suggests that the
arasite possess different enzymes of this class, whose localization
nd stage expression profiles remains to be established.

The localization and accessibility of the SmNPP-5 protein to
he immune system reinforces the potential of this protein as a
n by pre-incubation of living adult worms or 21-day-old worms with anti-rSmNPP-
at 405 nm. Bars represent means ± S.D. of one representative of two independent
0.001, and # taking p ≤ 0.004.

vaccine candidate. An extension of this approach could be a com-
bined attack against enzymes involved in nucleotide metabolism,
since three have been described on the tegument surface, alkaline
phosphatase, diphosphohydrolase and phosphodiesterase [17–19].
These three proteins are likely to be located on the external
leaflet of the plasma membrane, so the use of a cocktail of
these antigens in vaccine experiments may elicit a synergistic
effect. The presence of circulating antibodies against two of these
enzymes (phosphodiesterase and alkaline phosphatase) in infected
patients [44,45], and the fact that the parasite seems to be unaf-
fected by these antibodies, would, at first sight indicate that
it may be non-effective to induce an immune response against
these antigens. On the other hand, it is important to note the
occurrence of individuals, in endemic areas naturally resistant to
infection. It has been described that these individuals develop
antibody responses against some protective schistosome antigens

(e.g. TSP-2 and Sm29); however, the levels and isotype profile are
different to those observed in infected individuals, displaying a
higher proportion of antibodies involved in opsonization and com-
plement system activation [46–48]. Therefore, the key question
seems to be the levels and isotype profile of human antibod-
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es against schistosoma surface antigens, and not its presence or
bsence.

A nucleotidase vaccine cocktail could impair worm survival by
wo potential mechanisms. One would be through the action of
psonizing antibodies that could mediate complement deposition
nd parasite death; and the other would be based on the blockade of
hese enzymes, which could be playing a role in immune evasion at
he parasite–host interface. Experiments are under way to address
hese questions.
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