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Abstract Schistosomes are parasitic worms that can live in
the bloodstream of their vertebrate hosts for many years. It has
been proposed that the worms impinge on host purinergic
signalling by degrading proinflammatory molecules like
ATP as well as prothrombotic mediators like ADP. This capa-
bility may help explain the apparent refractoriness of the
worms to both immune elimination and thrombus formation.
Three distinct ectoenzymes, expressed at the host-exposed
surface of the worm’s tegument, are proposed to be involved
in the catabolism of ATP and ADP. These are alkaline phos-
phatase (SmAP), phosphodiesterase (SmNPP-5), and ATP
diphosphohydrolase (SmATPDasel). It has recently been
shown that only one of these enzymes—SmATPDasel—ac-
tually degrades exogenous ATP and ADP. However, a second
ATP diphosphohydrolase homolog (SmATPDase2) is located
in the tegument and has been reported to be released by the
worms. It is possible that this enzyme too participates in the
cleavage of exogenous nucleotide tri- and di-phosphates. To
test this hypothesis, we employed RNA interference (RNA1)
to suppress the expression of the schistosome SmATPDasel
and SmATPDase2 genes. We find that only SmATPDasel-
suppressed parasites are significantly impaired in their ability
to degrade exogenously added ATP or ADP. Suppression of
SmATPDase2 does not appreciably affect the worms’ ability
to catabolize ATP or ADP. Furthermore, we detect no evi-
dence for the secretion or release of an ATP-hydrolyzing
activity by cultured parasites. The results confirm the role of
tegumental SmATPDasel, but not SmADTPDase2, in the
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Introduction

Schistosomes are intravascular parasitic worms that cause the
debilitating disease schistosomiasis. Over 200 million people
are estimated to be infected with these worms globally and
more than 600 million live at risk of infection [1].
Schistosomes have a complex life history. Larval forms called
cercariae escape from an intermediate freshwater snail host.
These free-swimming forms can infect the human definitive
host. The cercaria penetrates unbroken skin and transforms
into a morphologically and biochemically distinct life stage
called the schistosomulum. This juvenile parasite then invades
a blood vessel and migrates in the blood stream through the
lungs and heart to the portal vasculature. Here, the worms
mature and pair up. Females often reside in a specialized
groove called the gynacophoric canal that is found on the
ventral surface of adult males. From the liver, adult
Schistosoma mansoni pairs migrate to the mesenteric veins
where egg laying begins.

Using oral and ventral suckers, S. mansoni adult worms
move extensively within the complex venous system draining
the intestinal tract [2, 3]. The worms can enter blood vessels
whose diameter is equivalent to their own [3]. These move-
ments can impinge on the vascular endothelium [4] and can
hamper and alter blood flow within the blood vessels [3].
Such outcomes can lead to endothelial cell stress and trigger
the release by host cells of endogenous distress signals. These
signals, collectively called damage-associated molecular
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patterns (DAMPs), indicate tissue damage to the host and can
initiate primary immune responses. Extracellular nucleotides
such as ATP are known to function as DAMPs by acting as
endogenous tissue-derived signalling molecules that contrib-
ute to inflammation and immunity [5, 6]. Extracellular ATP
can act as a proinflammatory immunomediator by acting on
multiple immunological effector cell types including neutro-
phils, macrophages, dendritic cells, and lymphocytes
(reviewed in [5, 7, 8]). It has been hypothesized that schisto-
some ectoenzymes can degrade exogenous ATP so as to
impede host immune cell activation in the vicinity of the
worms [9], and it has long been known that schistosome
tegumental extracts do possess ATP and ADP hydrolyzing
activity [10, 11]. In fact, the worms possess a panel of three
ectoenzymes at the host/parasite interface that have been
hypothesized to catabolize exogenous ATP. These are alka-
line phosphatase (SmAP), phosphodiesterase (SmNPP-5),
and ATP-diphosphohydrolase (SmATPDasel) [9]. By com-
paring the ATP-hydrolyzing abilities of worms that have had
each of these genes suppressed, it has recently been shown
that only the last enzyme in this list, i.e., SmATPDasel, is
actually capable of cleaving exogenous ATP [12].

An additional concern for intravascular schistosomes,
which can act as obstructions in the blood vessels, is the
need to avoid promoting blood coagulation in their vicin-
ity. Platelets play a central role in blood clotting and ATP
can regulate platelet reactivity by way of direct action on
platelet purinergic receptors [13]. In addition, ATP hydro-
lysis commonly leads to the generation of ADP and ADP
is a major agonist of platelet recruitment and aggregation
[14]. Furthermore, platelets themselves can damage schis-
tosomes [15]. Therefore, the catabolism of exogenous
ADP, in addition to ATP, would lead to the inhibition of
platelet aggregation and thrombus formation around the
worms. The three ectoenzymes at the host/parasite inter-
face that were listed above have each been hypothesized
to also catabolize ADP [9]. However, as for ATP cleav-
age, it has been shown that SmATPDasel is the only one
of the three that is actually capable of cleaving exogenous
ADP [12].

While SmATPDasel may interfere with host purinergic
signalling, the enzyme might additionally (or instead) be
important with regard to purine salvage. Schistosomes are
unable to synthesize purines de novo [16]. The ATP
catabolic pathway that is driven by SmATPDaselaction
in the external environment of the intravascular worms
may yield purine derivatives in their vicinity that can then
be easily imported from the host bloodstream [17]. In this
manner, SmATPDasel may contribute to parasite
nutrition.

The ability of SmATPDasel to hydrolyze ATP and ADP
was confirmed following the functional characterization of
enzymatically active, full-length recombinant SmATPDasel
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in CHO-S cells [12]. The enzyme-degraded ATP and ADP
in a cation-dependent manner. Optimal activity was seen at
alkaline pH and the K, of the recombinant SmATPDasel
for ATP was 0.4+0.02 mM and for ADP, 0.25+0.02 mM.
The work confirmed the ability of tegumental SmATPDasel,
expressed on the tegumental surface of live intravascular life
stages of the parasite, to hydrolyze exogenous ATP and
ADP [12].

A second ATP-diphosphohydrolase homolog
(SmATPDase2) has been described in S. mansoni [18].
Unlike SmATPDasel, which has been immunolocalized at
the outer border of the tegument at the host/parasite interface
[19, 20], SmATPDase 2 is found “in some internal cellular
structure of the tegument syncytium” from where it has been
hypothesized to be secreted into the exterior environment
[18]. In this circumstance, SmATPDase2 might perform a
similar function to that of SmATPDasel; by degrading exog-
enous ATP and ADP, this externalized enzyme too may be
important in dampening host purinergic signalling pathways
and/or in providing purine metabolites suitable for easy uptake
as nourishment for the worms.

In this work, we classify both SmATPDasel and
SmATPDase2 as apyrases since they exhibit homology to
cation-activated enzymes that catalyze the hydrolysis of ATP
and ADP to generate AMP and inorganic phosphate [11,
10]. Sequence comparisons more formally position both
proteins in the GDA1_CD39 superfamily (also known as
the nucleotide triphosphate diphosphohydrolases,
NTPDases).

In this work, we set out to determine whether degradation
of the proinflammatory DAMP, ATP, as well as its
prothrombotic derivative ADP—both purinergic signalling
molecules—could be mediated by SmATPDase2 in addition
to SmATPDasel. In this work, we employed RNA interfer-
ence (RNAI) to suppress the expression of these genes in order
to compare the ability of SmATPDasel-suppressed worms
versus SmATPDase2-suppressed worms to cleave exogenous
ATP and ADP.

Materials and methods
Parasites

Snails were provided by the Schistosome Research Reagent
Resource Center for distribution by BEI Resources, NIAID,
NIH: S. mansoni, strain NMRI-exposed Biomphalaria
glabrata snails, strain NMRI, NR-21962. Cercariae were
obtained from infected snails and isolated parasite bodies were
prepared as described [21]. Parasites were cultured in com-
plete DMEM/F12 medium supplemented with 10 % heat-
inactivated fetal bovine serum, 200 U/ml penicillin and
200 pg/ml streptomycin, 0.2 uM Triiodo-L-thyronine,
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1.0 uM serotonin, and 8 pg/ml human insulin. Parasites were
maintained at 37 °C, in an atmosphere of 5 % CO,. Adult male
and female parasites were recovered by perfusion from Swiss
Webster mice that were infected with 125 cercariae, 7 weeks
previously. Parasite eggs were isolated from infected mouse
liver tissue, as described previously [22].

Treatment of parasites with siRNAs

Schistosomula and adult worms were treated with the
following synthetic small interfering RNAs (siRNAs)
targeting SmATPDasel (GenBank accession number
AY323529): 5'-GGACUUUAUGGUUGGGUAUCAG
UGA-3’" or SmATPDase2 (GenBank accession number
DQ868522): 5'-CUUGCACAAACAAUUGGUACAU
UAG-3'. The control, irrelevant siRNA is 5-CUUCCU
CUCUUUCUCUCCCUUGUGA-3".

To deliver the siRNAs, parasites (1,000 schistosomula or
10—12 adults/group) in 50-100 pl electroporation buffer
(BioRad, CA) containing 5-10 pg siRNA, were
electroporated in a 4-mm cuvette by applying a square wave
with a single 20-ms impulse, at 125 V and at room tempera-
ture, as described [23]. Parasites were transferred to complete
DMEM/F12 medium after electroporation. After overnight
culture, medium was replaced with fresh rich medium (com-
plete DMEM/F12).

Gene expression analysis

To assess the level of target gene suppression post-siRNA
treatment, RNA was isolated from parasites and cDNA was
synthesized using 1 pg of total RNA, an oligo(dT),, primer
and Superscript III RT (Invitrogen, CA). Gene expression was
measured by quantitative real time PCR (qRT-PCR), using
custom TagMan gene expression systems from Applied
Biosystems, CA. The procedure, involving total RNA extrac-
tion and qRT-PCR, has been described [24]. To detect
SmATPDasel expression, the following primers and probe
were used: SmATPDasel forward; 5'-CTGATGCCGTTATG
AAGTTTTGCA-3', SmATPDasel reverse; 5S'-GCAGTAAA
CCCTTGGTCAGATAATTTTG-3', SmATPDasel probe; 5'-
FAM-AAAGAT GTGGCTAAAATT-3'. To detect
SmATPDase2, the following primers and probe were used:
SmATPDase2 forward; 5 GGTTATGGATTCCCGGCAGA
TA 3', SmATPDase2 reverse; 5'-TGAAAATAAGGCACCA
AGACTCCAA-3', SmATPDase2 probe; 5-FAM-TTGGAT
TTTTTAGAAAAGTTAATTCT-3'. Alpha tubulin was used
as the endogenous control gene for relative quantification, as
described [25], employing the AACt method [26]. Results
obtained from parasites treated with irrelevant siRNA were
used for calibration. For graphical representation, the AACt
values were normalized to controls and expressed as percent-
age difference.

SmATPDase assay: Pi determination

In this assay, the amount of Pi released following hydrolysis of
ATP or ADP is determined. Both ATPase and ADPase activ-
ities were assayed in 200 pl reactions in 96-well microtiter
plates at 37 °C. The standard assay buffer contains 20 mM
HEPES buffer, pH 7.4, 1 % Triton X-100, 0.135 M NaCl,
5 mM KCl, and 1 mM CaCl,. Reactions were initiated by the
addition of ATP or ADP nucleotide solution to a final con-
centration of 2 mM. Reactions were incubated at 37 °C for
30-120 min. At different time points, 10 pl aliquots were
transferred to 190-pl ice-cold water and stored at —20 °C until
analyzed. The amount of inorganic phosphate (Pi) released by
the enzyme was determine using a Phosphate Colorimetric
Assay Kit (BioVision) according to the manufacturer’s in-
structions. Activity was calculated by subtracting the minimal,
nonspecific ATP or ADP hydrolysis that was detected in the
absence of the enzyme. Nucleotide hydrolysis was linear with
time under the assay conditions used.

SmATPDase assay: ATP quantification

Instead of measuring the amount of Pi generated by ATPDase
action as described above, an alternative measure of enzyme
activity is the amount of ATP remaining after the incubation
period. For this analysis, parasites (12—15 adults), were
washed three times in fresh culture medium before being
incubated in medium containing 10 mM ATP at 5 % CO,
and 37 °C . The ATP concentration in the medium was
determined after 55 h using an ATP chemiluminiscence assay
kit (Sigma-Aldrich, MO), following the manufacturer’s in-
structions. Medium containing ATP and lacking parasites
was incubated as above and served as a control. To look for
the release of ATPase activity from cultured parasites, groups
of adults (12—15) were first incubated in medium for 55 h at
5 % CO, and 37 °C. Next, the parasites were removed and
ATP (to 10 mM) was added to the medium. Finally, the ATP
concentration was determined after a further 55-h incubation.

Developmental expression of SmATPDasel
and SmATPDase2 using qRT-PCR

The levels of expression of the SmATPDasel and
SmATPDase2 genes in different life cycle stages was mea-
sured by quantitative real time PCR (qRT-PCR) as described
above and using the housekeeping gene triose phosphate
isomerase as the endogenous control [27].

Data analysis
For statistical analysis, one-way analysis of variance

(ANOVA) and Tukey as the post hoc test was used.
Differences were considered significant with P values <0.05.
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Results

Suppression of the SmATPDasel and SmATPDase2 genes
using RNAi

SmATPDasel has recently been shown capable of cleaving
exogenous ATP [12]. In order to determine whether
SmATPDase? is also involved in exogenous ATP catabolism,
the genes encoding SmATPDasel and SmATPDase2 were
first subjected to suppression using RNAi. The genes were
targeted for suppression alone or together by treatment with
specific siRNAs via electroporation. Suppression was moni-
tored by qRT-PCR, 7 days after treatment and results are
shown in Fig. 1. Gene expression is depicted relative to the
control group treated with an irrelevant siRNA (set at 100 %,
Fig. 1). Figure la shows that the SmATPDasel gene was
~75 % suppressed when targeted either alone or together with
SmATPDase2. Similar findings were seen in regard to the
SmATPDase2 gene, i.e., this gene was suppressed by ~75 %
when it was targeted alone or when it was targeted together
with SmATPDasel (Fig. 1b). Similar levels of suppression are
seen when either schistosomula (shown) or adult worms are
treated with the siRNAs. Gene knockdown was specific;
siRNAs targeting SmATPDasel had no demonstrable effect
on SmATPDase2 expression levels and vice versa.

SmATPDase suppression phenotype

Suppression of the SmATPDase genes, alone or together,
yielded no overt phenotype in cultured parasites. However,
SmATPDasel-suppressed parasites were impaired in their
ability to degrade exogenously added ATP to generate inor-
ganic phosphate (Pi) in comparison to controls (P<0.05,
Fig. 2a). The SmATPDasel-suppressed parasites generated
only ~50 % of the Pi that was produced by control parasites.
In contrast, the SmATPDase2 suppressed parasites exhibit no
such impairment in their ability to break down ATP and
generate Pi. There is no significant difference between the
amount of Pi generated by the SmATPDase2-suppressed

parasites versus controls (Fig. 2a). In addition, doubly sup-
pressed parasites (lane “ATPDasel&2”, Fig. 2a) show no
significantly greater impairment in their ability to degrade
ATP compared to parasites whose SmATPDasel gene alone
is suppressed (lane “ATPDasel”, Fig. 2a).

SmATPDasel-suppressed parasites were additionally im-
paired in their ability to degrade exogenously added ADP
when compared to controls (P<0.05, Fig. 2b). Results are
similar to those just described for ATP but are less dramatic:
SmATPDasel-suppressed parasites generated ~70 % of the Pi
that was produced by control parasites, when ADP is the
substrate. SmATPDase2-suppressed parasites exhibit no ap-
preciable diminution in their ability to break down ADP and
generate Pi; there is no significant difference between the
amount of Pi generated by the SmATPDase2-suppressed par-
asites versus controls (Fig. 2b). Doubly suppressed parasites
(lane “ATPDasel&2”, Fig. 2b) are not significantly impaired
in their ability to degrade ADP compared to parasites with
only their SmATPDasel gene suppressed (lane “ATPDasel”,
Fig. 2b).

ATP degradation in conditioned medium

To determine if an ATP degrading molecule is secreted by the
parasites, ATP breakdown was monitored in conditioned me-
dium (i.e., medium that had previously contained 10—15 adult
parasites, incubated for 55 h at 37 °C) versus in unconditioned
medium (i.e., control medium that had been incubated for
55 hours at 37 °C but in the absence of parasites). ATP
(10 mM) was then added to both samples which were incu-
bated for a further 55 h. Figure 3 shows that the percentage of
ATP remaining in conditioned medium (Fig. 3, white bar) is
essentially the same as in unconditioned medium (Fig. 3,
striped bar) after this 55-h incubation. ATP levels remain at
almost 100 %, showing that there was no appreciable break-
down of ATP in either case. In contrast, worms recovered
from the conditioned medium and then incubated in fresh
unconditioned medium containing 10 mM ATP retain their
ATP-degrading capability. Less than 20 % of the ATP remains
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in the medium containing worms, at the end of the experiment
(Fig. 3, black bar).

SmATPDase 1 and SmATPDase2 developmental expression

The developmental expression of SmATPDasel and
SmATPDase2 was examined in several schistosome life stages

120

100

ATP remaining (%)
5 8 8

N
o

o

Fig. 3 ATP remaining (%+SD, n=3) in medium that previously
contained a group of 10 adult male schistosomes for 55 h (i.e., condi-
tioned medium, white bar) or control medium that had not contained
parasites (i.e., unconditioned medium, striped bar) or fresh medium
containing the 10 adult male worms (i.e., medium with adult parasites,
black bar). Measurement was taken after 55 h incubation at 37 °C.
*P<0.05 compared to the conditioned medium and unconditioned medi-
um groups. The data shown are representative of three independent
experiments

siRNA Treatment

by qRT-PCR, and the results are shown in Fig. 4. The genes
show quite divergent expression profiles. Of the various life
stages tested, the relative gene expression of SmATPDasel
was negligible in eggs and cercariae (Fig. 4a). The highest
expression was in the intravascular life stages particularly in
adult males. In contrast, SmATPDase2 shows highest relative
expression in eggs (Fig. 4b). Furthermore, the expression level
of SmATPDase2 in eggs is >60-fold higher than the expres-
sion level of SmATPdasel in the same life stage.

Discussion

S. mansoni is an intravascular parasite that can survive in an
infected host for years, sometimes decades. With the aid of
suckers, tegumental tubercles and spines, the parasites directly
impinge on the vascular endothelium as they migrate through-
out the mesenteries [4]. Adult worms are large relative to the
size of some mesenteric venules into which they travel and
they can stress the endothelium by impeding blood flow [3].
Such direct and indirect impacts of schistosomes in the vas-
culature have implications for endothelial health and hemo-
stasis. It has been hypothesized that endothelial cells stressed
by schistosomes may indicate this condition with the release
of metabolites that signal damage in the host [9]. One such
“damage associated molecular pattern” (DAMP) is ATP. In the
extracellular environment, ATP is a potent proinflammatory
mediator which could promote immune cell activation and
chemotaxis to the location of the worms to allow the host to
debilitate the parasites and contain the infection. We

@ Springer



578

Purinergic Signalling (2014) 10:573-580

Fig. 4 Developmental A B
expres;ion of SmATPDasel 1.0 — 6.0
(a) and SmATPDase2 (b) as c ’
determined by qRT-PCR _% ool SmATPDasel § 551 SmATPDase2
(mean=+SD, n=3) in the following @ a2 5.01
life cycle stages: egg, cercaria, & 0.8 ¢ -
schistosomulum, and adult male u’j 2 451
and female. Data are expressed o 071 w ]
relative to adult males, set at 1. S 4—|; g 4.0
For SmATPDasel, all stages are G 06 8 3.57
significantly different from all o 0.51 T a0l
other stages (P<0.05) except egg g o
versus cercariae and E 0.41 8 2,57
schistosomulum versus female. E & 201
For SmATPDase2, all stages are £ 0.37 < “
significantly different from all ” (% 1.5
other stages (P<0.05) with the _g 0.2 2 Lo
exception of schistosomulum ® =
v male. The data shown are g 0.11 % 0.5 ’l‘ ’_‘
representative of three 0.0 e o 0.0 /45
independent experiment ) & o @ @ )

dependent experiments & 0‘0’&@% SO o Qz«"’\ ¢ & G a

(¢ O(Q G ) o((\ Q

hypothesize that schistosomes possess host-exposed, nucleo-
tide metabolizing ectoenzymes on their surfaces to degrade
any extraneous ATP, specifically to prevent the host from
attracting and activating immune cells in their vicinity [9].

In addition, by acting as obstructions in blood vessels to
impede blood flow, schistosomes may promote blood clot
formation. Platelets play a key role in blood clotting and the
ATP hydrolysis product ADP is a major agonist of platelet
recruitment and aggregation [14]. Additionally, platelets have
been shown to be directly damaging to schistosomes [15]. The
surface-exposed, nucleotide metabolizing ectoenzymes that
are predicted to degrade extraneous ATP, could likewise act
on ADP to prevent the host from mobilizing the blood coag-
ulation machinery to activate platelets in their vicinity [9].
Therefore, the catabolism of ATP and ADP by intravascular
schistosomes may inhibit both ATP-mediated inflammation
and ADP-mediated thrombosis.

It has long been known that schistosome tegumental
extracts do possess ATP- and ADP-hydrolyzing capabilities
and that living worms can deplete exogenous ATP and ADP
[10], and we have confirmed that living parasites (both
adults and schistosomula) can degrade exogenous ATP,
ADP, and AMP [12].

In the case of vertebrates, ectoenzymes belonging to three
different major classes are known to engage in the extracellu-
lar ATP degradation pathway [7]. Schistosomes are known to
possess ectoenzymes belonging to each of these classes in
their tegumental membranes, at the host/parasite interface [9].
By comparing the ATP- and ADP-hydrolyzing ability of
parasites in which each of the three ectoenzyme genes was
suppressed using RNAi, only one of them (the ATP
diphosphohydrolase SmATPDasel) was shown to be capable
of cleaving these substrates [12].

@ Springer

)

In the work just described, the ATP- and ADP- degrading
abilities of the SmATPDasel-suppressed parasites was re-
duced by ~50 % relative to controls but was not completely
abolished [12]. We attribute this to the fact that SmATPDasel
is not 100 % suppressed following RNAI treatment. Residual
SmATPDasel likely contributes to the ATP and ADP cleav-
age that is still observed in the SmATPDasel-suppressed
group. An alternative explanation is that an additional ATP-
and ADP-cleaving enzyme is present that contributed to the
ATP and ADP hydrolysis observed in the SmATPDasel-
suppressed group. The second reported S. mansoni tegumental
ATP diphosphohydrolase homolog (designated
SmATPDase2) is a likely candidate to fulfill such a role.
While this second enzyme (SmATPDase2) is not a tegumental
surface membrane protein (unlike SmATPDasel), it has been
reported to be released by the worms [18]. In this capacity, it
might act on exogenous ATP and/or ADP. To examine this
possibility in this work, we employed RNAI to suppress the
expression of the SmATPDasel as well as SmATPDase2
genes (alone or in combination) and then we looked at the
ATP- and ADP-degradation capabilities of the parasites. High
levels of specific target gene suppression were recorded in
both cases. The results of this work provided no evidence that
SmATPDase2 contributes to exogenous ATP or ADP degra-
dation. It was only in those instances in which SmATPDasel
was suppressed that there was a significant diminution in ATP
or ADP cleavage levels compared with controls.
SmATPDase2 suppression did not impact the ability of the
parasites to degrade exogenous ATP or ADP.

To formally look for the presence of any ATP-cleaving
activity released by schistosomes, conditioned medium (i.e.,
medium which had contained a group of schistosome adults
for 55 h) was loaded with ATP (to 10 mM), and after a further
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55-h incubation, the amount of ATP remaining was
ascertained. This work revealed essentially no change in
ATP levels at the end versus at the beginning of this experi-
ment. The conditioned medium had no ATP degrading ability.
In contrast, the worms removed from the conditioned medium
and placed in ATP-containing fresh medium, retained their
ability to break down ATP. This result indicates that
SmATPDasel is not released by schistosomes even after
prolonged incubation, and that if SmATPDase2 is released,
it is not capable of degrading ATP under the conditions used.
Further evidence that SmATPDase? is not secreted by schis-
tosomes comes from proteomic analysis of material released
by schistosomes following 96 h in culture; SmATPDase? is
not among the many proteins detected [28]. In addition, pro-
tein sequence analysis reveals that, unlike SmATPDasel,
SmATPDase2 is devoid of a predicted canonical signal pep-
tide (and any transmembrane domain) [18].

Since both SmATPDasel and SmATPDase2 possess con-
served catalytic regions, characteristic of NTPDase family
members [10, 11], it seems likely that SmATPDase2 (and
not just SmATPDasel) is capable of degrading nucleotide
tri- and di-phosphates. Since, as shown here, SmATPDase2
has no demonstrable impact on ATP and ADP levels external
to the worm, we presume that this enzyme functions in the
internal tissues of the parasites, and especially in eggs (see
below). In silico analysis of the SmATPDasel protein se-
quence reveals that it has two transmembrane domains and a
high structural similarity to the membrane-associated
NTPDases of other organisms [29]. In contrast, analysis of
the amino acid sequence of SmATPDase2 shows that it more
closely resembles intracellular and soluble enzymes of the
NTPDase 5 and 6 families [18]. Proteins in these families
have been reported to support glycosylation reactions in the
Golgi apparatus or the endoplasmic reticulum [30-32]. It is
possible that SmATPDase? likewise participates in Golgi and/
or ER glycosylation reactions inside schistosomes.

The developmental expression pattern of SmATPDasel is
consistent with the hypothesis that the protein plays an impor-
tant role in modulating nucleotide di- and tri-phosphate levels
around the parasites in the blood stream, since its highest
relative expression is in the intravascular life stages. Males
in particular have a high relative level of SmATPDasel ex-
pression, and it may be that one function of the schistosome
male is to use tegumental surface enzymes like SmATPDasel
to help maintain an anti-inflammatory and anti-thrombotic
environment around him and around any female partner with-
in his gynacophoric canal. The developmental expression
pattern of SmATPDase2 is quite different from that of
SmATPDasel; its highest relative expression is in eggs. This
is consistent with strong immunolocalization of SmATPDase2
throughout the S. mansoni egg [33].

An ability to cleave ATP and/or ADP in the extracellular
environment has been described in several pathogens

including bacteria, protozoans, and nematodes [34—40]. This
conserved feature of several pathogens is also found in schis-
tosomes, here mediated by SmATPDasel. In all cases, this
conserved ability to control local ATP and ADP levels via
ectoenzymes like SmATPDasel likely impedes host
purinergic signalling and helps control inflammation and
thrombosis in the local environment of each pathogen. In
addition, the enzyme may help to generate purine metabolites
close to the worms that can be conveniently taken in as food.
Further experiments will be required to test these hypotheses
in order to uncover the definitive impact of SmATPDasel on
host physiology
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