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ATP diphosphohydrolase from tegumental mem-
branes of Schistosomamansoniwas solubilized with Tri-
ton X-100 plus deoxycholate and separated by prepara-
tive nondenaturing polyacrylamide gel electrophoresis.
Two isoforms with ATP-hydrolytic activity were identi-
fied and excised from nondenaturing gels. For each of
the active bands, two protein bands (63 and 55 kDa)
were detected with Coomassie Blue staining, following
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis. Western blots developed with polyclonal anti-
potato apyrase antibody revealed a single protein of 63
kDa, either with samples excised from active bands or
with total S. mansoni tegument. Anti-potato apyrase an-
tibody immobilized on Sepharose-Protein A depleted
over 95% of ATPase and ADPase activities from deter-
gent-solubilized tegument. Confocal laser scanning mi-
croscopy showed anti-potato apyrase antibody on the
outer surface of S. mansoni tegument. A different anti-
body against a fusion protein derived from recently
cloned Toxoplasma gondii nucleoside triphosphate hy-
drolase (Bermudes, D., Peck, K. R., Afifi, M. A., Beckers,
C. J. M., and Joiner, K. A. (1994) J. Biol. Chem. 269,
29252–29260) revealed the same 63-kDa band in Western
blots of S. mansoni tegument. Since anti-potato apyrase
antibodies exhibited cross-reactivity with S. mansoni
ATP diphosphohydrolase, we decided to gain further
information on the primary structure of potato apyrase
by sequencing the protein. Three novel peptides were
obtained: amino-terminal sequence and two internal se-
quences from tryptic fragments. Eight sequences re-
cently deposited in the data bank, including that of T.
gondii nucleoside triphosphate hydrolase, have consid-
erable homologies to potato apyrase suggesting a new

family of nucleoside triphosphatases which contains a
conserved motif (I/V)(V/M/I)(I/L/F/C)DAGS(S/T) near the
amino-terminal. Antibody cross-reactivities in the pres-
ent work suggest that conserved epitopes from S. man-
soni ATP diphosphohydrolase are present in this family
of nucleotide-splitting enzymes.

A novel ATP diphosphohydrolase (apyrase, EC 3.6.1.5) has
been described on the external surface of Schistosoma mansoni
tegument by ultrastructural histochemical techniques, which
identified formation of lead phosphate precipitates on the sur-
face of the parasite upon splitting of external ATP or ADP (1).
It was the first demonstration of an ATP diphosphohydrolase
on the surface of a blood-dwelling endoparasite. ATP diphos-
phohydrolases or apyrases are capable of splitting ATP or ADP
to AMP and are present on the surface of a number of different
cells (for reviews, see Refs. 2 and 3), including blood cells and
endothelial cells of blood vessels. We have proposed that in S.
mansoni this enzyme may participate in escape mechanisms of
the parasite by splitting ATP or ADP which could be released
on its surface by activated platelets (1) or activated cytotoxic T
lymphocytes.
ATP diphosphohydrolases share several kinetic features,

namely a broad nucleoside di- and triphosphate specificity,
activation of ATP hydrolysis by micromolar concentrations of
either Mg21 or Ca21, and inhibition of Ca21-activated ATP
hydrolysis by millimolar Mg21 (2, 3). One of the first ATP
diphosphohydrolases to be purified was potato apyrase (4), a
49-kDa enzyme from potato tuber (4–6).
In the original report of ATP diphosphohydrolase from S.

mansoni tegument (1), the apparent molecular weight of the
enzyme was not determined. In the present work, S. mansoni
ATP diphosphohydrolase was partially purified. Western blot
analysis using either an antibody against a fusion protein
derived from recently cloned nucleoside triphosphate hydrolase
of Toxoplasma gondii protozoan (7) or an anti-potato apyrase
antibody have identified S. mansoni ATP diphosphohydrolase
as a 63-kDa protein. Since anti-potato apyrase antibody exhib-
ited cross-reactivity with S. mansoni ATP diphosphohydrolase,
we decided to gain further information on the primary struc-
ture of potato apyrase. Amino acid sequences of three tryptic
fragments of potato apyrase were obtained in the present work,
and a search against the data bank revealed considerable ho-
mology with T. gondii nucleoside triphosphate hydrolase (7, 8)
and with a recently cloned nucleoside triphosphatase of Pisum
sativum (garden pea) (unpublished sequence, PIR S48859).
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Further homology searches in the data bank showed that the
above sequences and the sequences of yeast Saccharomyces
cerevisiae GDPase (guanosine-diphosphatase, EC 3.6.1.42) (9)
and hypothetical 71.9-kDa protein in PMI40-PAC2 intergenic
region of S. cerevisiae chromosome V (unpublished sequence,
Swiss-Prot P40009), of human and mice CD39 lymphoid cell
activation antigen (10) and of unpublished conceptual transla-
tions of Caenorhabditis elegans cosmids C33H5 (NCBI se-
quence ID 1086594) and R07E4 (NCBI sequence ID 1049394)
have significant homologies which point to a novel family of
nucleotide-splitting enzymes. Cross-reactivities detected in the
present work seem to indicate that conserved epitopes from S.
mansoni ATP diphosphohydrolase are present in this family.

EXPERIMENTAL PROCEDURES

Materials—Potato apyrase (49 kDa) was purified from an homoge-
neous strain of Solanum tuberosum cv Desirée. Purified apyrase was
obtained in the native conformation by the Cibacron Blue column pro-
cedure (5) and was used for mice immunization. Purified apyrase was
denatured by running on a sodium dodecyl sulfate-polyacrylamide gel
electrophoresis, and the 49-kDa band was used for microsequencing as
described below and for rabbit immunization. Antibody against Sigma
potato apyrase was developed in rabbits and was a gift from Dr. J.
Sarkis, Universidade Federal do Rio Grande do Sul. ATP, ADP, oua-
bain, C12E8, and protease inhibitors were obtained from Sigma. All
other reagents were of the highest analytical grade available.
Parasites and Isolation of Tegument—Adult S. mansoni worms were

perfused either from Syrian hamsters or from mice infected 6 weeks
previously with approximately 350 cercariae each (11). Isolated tegu-
ment was obtained from live parasites as described previously (1) by
incubation for 10 min at 37 °C in phosphate-buffered saline containing
2.7 mM KCl, 0.9 mM CaCl2, 0.5 mM MgCl2, and protease inhibitors:
leupeptin (0.5 mg/ml), pepstatin (0.07 mg/ml), soybean trypsin inhibitor
(50 mg/liter), and phenylmethylsulfonyl fluoride (2 mg/ml). Isolated teg-
ument was stored in liquid nitrogen in the presence of 5 mM Tris-HCl,
pH 7.4, 8% sucrose plus the protease inhibitors described above. Protein
concentration was determined according to Lowry et al. (12).
Activity Measurements—Activity measurements were performed as

described previously (1) in standard reaction medium containing 50 mM

MOPS1 buffer, pH 7.4, 5 mM CaCl2, 2 mM MgCl2, 150 mM NaCl, 5 mM

KCl, 1 mM ouabain, 10 mM NaN3, 0.01–0.05 mg of protein/ml, and 3 mM

concentration of either ADP or ATP. Pi liberated was determined spec-
trophotometrically according to Taussky and Shorr (13).
Partial Purification with Nondenaturing Polyacrylamide Gel Electro-

phoresis—This was performed as described by Laemmli (14) using a 6%
polyacrylamide gel and 0.1% (v/v) Triton X-100 plus 0.1% (w/v) sodium
deoxycholate instead of sodium dodecyl sulfate in the gel and running
buffer. For each gel lane, an aliquot of 100 mg of tegumental protein was
solubilized in standard reaction medium without nucleotides supple-
mented with 0.2% Triton X-100 plus 0.4% sodium deoxycholate and
subjected to electrophoresis for approximately 80 min at 150 V in the
cold room. The gel was washed for 40 min in standard reaction medium
without nucleotides. Fresh standard reaction medium containing 10
mM CaCl2 (higher calcium was used here to induce calcium phosphate
precipitation) and 5 mM ADP or ATP were added. After incubation at
37 °C for approximately 40 min, white calcium phosphate precipitates
appeared and were photographed against a dark background. Bands
containing ATPase or ADPase activity were cut out and electroeluted in
a Gel Eluter (Hoefer Scientific Instruments, San Francisco, CA) for 3–4
h at approximately 50 V in 300 ml of 4 3 Laemmli buffer (0.1 M Tris and
0.768 M glycine, pH 8.3, plus 0.4% SDS) according to manufacturer
instructions. Eluted samples were precipitated with 10% trichloroacetic
acid, washed by centrifugation with water, and resuspended in gel
loading buffer. Two samples were combined (eluted protein originated
from 200 mg of total tegumental protein) and submitted to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis on 10% polyacryl-
amide gels (14). Gels were either stained with Coomassie Blue or
electroblotted onto nitrocellulose membrane.
Western Blotting—Proteins were electroblotted onto nitrocellulose

filters, followed by blocking with non-fat milk using standard proce-
dures (15). Primary antibodies were used at a dilution of 1:5,000 (anti-
body anti-apyrase from Sigma), 1:10,000 (antibodies anti-native or de-
natured apyrase from S. tuberosum cv Desirée), or 1:2,000 (T. gondii
antibody) and were incubated overnight. Assays were developed by
chemiluminescence with secondary antibody coupled to horseradish
peroxidase and Luminol as substrate using the ECL kit (Amersham)
and exposed to x-ray film.
Immunoprecipitation—Nonionic detergent octaoxyethylene lauryl

ether (C12E8) (Sigma) at a concentration of 1 mg/ml was added to a
reaction medium containing 50 mM MOPS buffer, pH 7.4, 2 mM CaCl2,
1 mM EGTA, 0.3 mM MgCl2, 150 mM NaCl, 5 mM KCl, 1 mM ouabain, 10
mM NaN3, 1 mM vanadate, 0.01 mg of protein/ml in the absence of
nucleotides, followed by ultracentrifugation at 14,000 3 g for 20 min at
4 °C. Immune serum at a final dilution of 1:200 (Sigma apyrase) or 1:50
(Desirée apyrase) was added to the soluble supernatant and incubated
for 3 h at room temperature. Protein A-Sepharose (Pharmacia Biotech
Inc.) was added and incubated for an additional 2 h. Control assays with
preimmune serum were run in parallel. The resin was sedimented by
centrifugation in an Eppendorf centrifuge for 5 min. Supernatants were
used for determination of hydrolytic activities by addition of either ATP
or ADP as described above, and organic phosphate liberated was deter-
mined by the method of Lin and Morales (16).
Indirect Immunofluorescence—Adult worms were fixed in a solution

containing freshly prepared 3.7% formadehyde, 0.1% glutaraldehyde,
0.1 M sodium cacodylate buffer, pH 7.2, and 2 mM calcium chloride for
1 h at 4 °C. Worms were then washed with 1% phosphate-buffered
saline-albumin (PBS-A), incubated in 50 mM NH4Cl for 30 min to block
free aldehyde groups, washed with PBS-A, and incubated with a 1:100
dilution of antibody against the denatured conformation of purified
apyrase for 2 h. Adult worms were washed with PBS-A and incubated
with a 1:50 dilution of tetramethylrhodamine isothiocyanate (TRITC)-
labeled goat anti-rabbit IgG (Sigma, T5268) for 2 h, washed again with
PBS-A, and mounted with n-propyl gallate. Control was done by incu-
bating adult worms with TRITC-labeled goat anti-rabbit IgG for 2 h,
washing with PBS-A, and mounting with n-propyl gallate. Observa-
tions were done in an inverted confocal laser scanning microscope (LSM
410-Zeiss).
Protein Microsequencing—Potato apyrase eluted as a single peak of

active enzyme (950 units/ml of ADPase activity) in the last step of
Cibacron Blue affinity chromatography (5). Protein from the active
peak was analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis followed by electroblotting onto PVDF membranes (Milli-
pore). The membrane was stained with Ponceau S, and a single band of
49 kDa was observed. The center of the stained band was cut and
submitted to sequencing at Yale University W. M. Keck Foundation
Biotechnology Resource Laboratory. Quantitation of blotted protein
was done by amino acid analysis using a Beckman 6300 analyzer
following a 16-h acid hydrolysis at 115 °C of a sample corresponding to
10% of the membrane. Sequencing was performed on an Applied Bio-
systems Model 470A instrument. Amino-terminal sequence was done
on 66 pmol of apyrase on PVDF with sequencing initial yield of 38%. A
sample of 400 pmol of apyrase on PVDF was digested with trypsin, the
resulting peptides were separated by reverse phase HPLC, and 3-ml
samples from several peptide peaks were subjected to laser desorption
mass spectrometry on a VG/FISONS TofSpec spectrometer. Peaks were
selected for their suitability for microsequencing based on sample ho-
mogeneity as revealed by the presence of a single species in mass
spectra.

RESULTS

Partial Purification of ATP Diphosphohydrolase by Nonde-
naturing Gel Electrophoresis—It was previously shown that S.
mansoni tegument could be submitted to nondenaturing gel
electrophoresis in the presence of 0.2% nonionic detergent Tri-
ton X-100 plus 0.4% sodium deoxycholate (1) with preservation
of ATP diphosphohydrolase activity. Solubilized enzyme was
able to catalyze hydrolysis of either ATP or ADP, as observed
by formation of a white calcium phosphate precipitate at the
active band upon incubation of the gel slab with substrate (1).
Under those detergent concentrations, phosphohydrolytic ac-
tivity gave rise to the appearance of a single calcium phosphate
precipitate band displaying identical electrophoretic mobilities
when either ATP or ADP was used (1). Excision of active bands
from nondenaturing 0.2% Triton X-100 plus 0.4% sodium de-

1 The abbreviations used are: MOPS, 3-(N-morpholino)propanesulfo-
nic acid; TRITC, tetramethylrhodamine isothiocyanate; PVDF, polyvi-
nylidene difluoride; HPLC, high performance liquid chromatography;
NTPase, nucleoside triphosphatase or nucleoside triphosphate
hydrolase.
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oxycholate gels followed by separation of proteins by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis revealed
that a number of distinct bands ranging from 65 to 30 kDa were
present (not shown). We have therefore tested different concen-
trations of detergents in the nondenaturing gel as an attempt
to further separate active ATP diphosphohydrolase from other
contaminants. Fig. 1 shows a nondenaturing polyacrylamide
gel electrophoretic pattern of tegumental membranes solubi-
lized with 0.1% Triton X-100 plus 0.1% sodium deoxycholate.
Gels were developed with either ATP (Fig. 1, left lane) or ADP
(Fig. 1, right lane) as substrate. When ATP was used, two
distinct calcium phosphate precipitate bands were formed cor-
responding to two enzymatic forms with different electro-
phoretic mobilities (Fig. 1, left lane). A single band matching
one of the bands developed with ATP was obtained when ADP
was the substrate (Fig. 1, right lane). The results suggest that
two isoforms of ATP diphosphohydrolase with different isoelec-
tric points exist in S. mansoni tegument.
While the mixture of Triton X-100 and deoxycholate at the

concentrations described in Fig. 1 gave the best resolution of
isoforms and the sharpest bands among a number of nonionic
detergent combinations tested, we found that removal of deter-
gents by washing as described under “Experimental Proce-
dures” was essential for developing ATPase and ADPase activ-
ities on the gels. In addition, high calcium (10 mM) is required
in this assay for visualization of precipitates. Lack of calcium
phosphate precipitate in the upper band of Fig. 1 in the pres-
ence of ADP could eventually be due to a greater sensitivity of
one of the isoforms to incomplete removal of detergents and/or
to inhibition due to high calcium. The two separate isoforms
were then assayed in test tubes by cutting out the upper or
lower band from additional nondenaturing gel lanes run in
parallel to those shown in Fig. 1 and exposing the gel slices to
standard reaction medium and substrate as described under
“Experimental Procedures.” Fig. 2A (open squares) shows that
for the upper band ADPase activity was 0.31 nmol of Pi ml

21

min21 when assayed in the standard medium in the absence of
detergent. Nonionic detergent C12E8 is known to preserve sar-
coplasmic reticulum Ca21-ATPase activity (17) and was found
to solubilize and preserve the activity of schistosomal ATP
diphosphohydrolase. When C12E8 was added, the ADPase ac-

tivity of the upper band increased to 1.0 nmol of Pi ml
21 min21

(Fig. 2A, closed squares). ADPase activity of the lower band
(Fig. 2B) was 2.0 to 2.4 nmol of Pi ml

21 min21 and was rela-
tively insensitive to the presence of C12E8. The two isoforms
have ADPase activity (Fig. 2, A and B) and lack of optimal
conditions is probably the reason for absence of calcium phos-
phate precipitate in the upper band when the nondenaturing
gel was developed in situ with ADP (Fig. 1). ATPase activity
assayed in the test tubes in the presence of C12E8 showed that
the upper band isoform had an activity of 0.39 nmol of Pi ml

21

min21 and the lower band 0.87 nmol of Pi ml
21 min21.

Extraction of either the upper or lower activity bands from
nondenaturing gels followed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis and Coomassie Blue staining re-
vealed in both lanes two major bands of 55 and 63 kDa (Fig. 3A,
lanes U and L). Comparison with a total tegumental extract
(Fig. 3A, lane T) showed that considerable purification was
attained by separation of tegumental proteins by nondenatur-
ing electrophoresis and excision of the active band (compare
Fig. 3A, lane T with lanes U–L).
In order to identify the ATP diphosphohydrolase, three dif-

ferent polyclonal antibodies raised against native or denatured
potato apyrase of different origins were used to develop a
Western blot (Fig. 3, B–D). The three anti-potato apyrase an-
tibodies reacted with a band of 63 kDa (Fig. 3, B–D, lanes U and
L) in samples excised from the upper and lower active bands of
nondenaturing gels. The antibody against apyrase from Sigma
further recognized two diffuse bands of higher molecular
masses (132 and .175 kDa) which could be glycosylated forms.
In total S. mansoni tegument, anti-potato apyrase antibody
recognized a single band of 63 kDa (Fig. 3B, lane T). The
63-kDa protein is not a major tegumental protein as seen by
Coomassie Blue staining (Fig. 3A, lane T).

FIG. 1. Two isoforms of active ATP diphosphohydrolase are
separated by nondenaturing gels. S. mansoni tegument was solu-
bilized in nonionic detergent Triton X-100 plus deoxycholate and sepa-
rated by polyacrylamide gel electrophoresis in buffer containing the
same detergents. Two lanes run in parallel were immersed in standard
medium for activity measurements (see “Experimental Procedures”)
containing either ATP (left) or ADP (right) as substrate. After 30–40
min of incubation at 37 °C, white deposits of calcium phosphate ap-
peared as a result of nucleotide hydrolysis catalyzed by the enzyme.
Gels were photographed against a dark background.

FIG. 2. ADPase activity of both isoforms of ATP diphosphohy-
drolase in the absence or presence of C12E8. A nondenaturing gel
similar to that shown in Fig. 1 was run, and one lane was developed
with ATP. Both the upper (M, f) and lower (E, ●) bands were cut out
from adjacent lanes which were not developed. Each gel piece was
incubated for the indicated times in standard assay medium with 3 mM

ADP in the absence (E, f) or the presence (●, f) of 1 mg/ml nonionic
detergent C12E8. Inorganic phosphate produced was determined
colorimetrically.
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S. mansoni ATP Diphosphohydrolase Was Recognized by An-
ti-T. gondii NTPase Antibody—Western blots were developed
with a polyclonal antibody anti-fusion protein obtained from
translation of T. gondii nucleoside triphosphate hydrolase
cDNA fused to glutathione S-transferase (7). Fig. 3E shows
that anti-toxoplasma NTPase antibody reacted with the same
63-kDa band in schistosomal samples excised from upper (Fig.
3, lane U) and lower (Fig. 3, lane L) active bands of nondena-
turing gels similar to that of Fig. 1.
Anti-apyrase Antibody Immunoprecipitated ATPase and

ADPase Activities—Anti-potato-apyrase antibodies were tested
for their ability to immunoprecipitate ATP diphosphohydrolase
from detergent-solubilized S. mansoni tegument. Table I shows
that antibody against Sigma apyrase (Experiment 1) immobi-
lized on Sepharose-Protein A completely removed ATPase and
ADPase activities from the solution. Antibody against the sin-
gle isoform of native potato apyrase cv Desirée (Experiment 2)
was able to deplete 90% of the ADPase activity while the
ATPase activity remaining in solution was not affected.
ATP Diphosphohydrolase Was Detected on the Tegumental

Surface by Apyrase Antibody—In order to localize ATP diphos-
phohydrolase in S. mansoni tegument, we observed adult
worms by indirect immunofluorescence using confocal laser
scanning microscopy, after initial incubation with anti-potato-
apyrase antibody followed by TRITC-labeled goat anti-rabbit
IgG. As shown in Fig. 4 (D, arrows), a very strong labeling was
seen on the external surface of S. mansoni tegument. No label-
ing was observed when worms were incubated with TRITC-
labeled antibody alone (Fig. 4B).
Partial Primary Sequence of Potato Apyrase Revealed a Pos-

sible New Family of Nucleotidases—There is little information
in the literature about primary structure and possible con-
served sequences among nucleoside triphosphate hydrolases,
ecto-ATPases, or apyrases. In view of the immunological cross-
reactivities between S. mansoni ATP diphosphohydrolase and
potato apyrase (Fig. 3, B–D) and due to the relatively large
amounts available of highly purified potato apyrase, when com-
pared to small amounts of S. mansoni ATP diphosphohydrolase
obtainable by preparative electrophoretic purification, we have
opted to obtain the primary sequence of potato apyrase. Puri-
fied potato apyrase was electroblotted onto PVDF membranes
and submitted to microsequencing. Three novel peptide se-
quences were obtained. The amino-terminal sequence obtained

was ESEHYAVIFDAGS. Apyrase blotted onto PVDF mem-
brane (400 pmol) was submitted to in situ tryptic digestion
followed by reverse phase HPLC separation of the resulting
peptides. Two of the eluted peaks were selected for their suit-
ability for direct microsequencing based on laser desorption
mass spectrometry, which showed that each sample contained
a single peptide with masses 3044.3 and 2149.5 Da, respec-
tively. Complete sequencing of the first tryptic digest peptide
showed a 28-amino acid peptide with a predicted mass of
3041.5 Da (0.09% deviation from the observed spectrometric
mass) with the sequence LGLLPIGNNIEYFMATEPG-
LSSYAEDPK. Complete sequencing of the second peptide
gave an 18-amino acid peptide with a predicted mass of 2147.4
(0.1% deviation from the observed) with the sequence
DYNLYVHSYLNYGQLAGR.

FIG. 3. Separation by SDS-PAGE of proteins extracted from
active bands of nondenaturing gels. Nondenaturing gels similar to
that shown in Fig. 1 were run and developed with ATP. Both the upper
(U) and lower (L) bands were extracted and samples were separated by
SDS-PAGE. On A, the gel was stained with Coomassie Blue and, on B
to E, proteins were electroblotted onto nitrocellulose and developed
with anti-apyrase antibodies against Sigma apyrase (B), against native
(C) or denatured (D) apyrase highly purified from potato variety De-
sirée, or antibody against T. gondii NTPase (E). Lanes T show a control
of 80 mg of total S. mansoni tegument.

TABLE I
Depletion of detergent-solubilized ATP diphosphohydrolase activity
from the medium by anti-potato apyrase antibodies immobilized on

Sepharose-Protein A
In Experiment 1, antibodies against the two isoforms of native potato

apyrase from Sigma were raised in a rabbit. Preimmune and immune
sera were used at a dilution of 1:200. In Experiment 2, antibodies
against the single isoform of native potato apyrase cv Desirée purified
by the method of Kettlun et al. (6) were raised in mice. Preimmune and
immune sera were used at a dilution of 1:50. The experiments shown
are typical results; the experiments were repeated three times with
similar results.

Activity

Preimmune Immune

nmolPimg
21min21

Experiment 1 ATPase 64 0
ADPase 64 0

Experiment 2 ATPase 117 130
ADPase 198 20

FIG. 4. Immunolocalization of ATP diphosphohydrolase by in-
direct immunofluorescence using confocal laser scanning mi-
croscopy. S. mansoni adult intact worms were fixed and incubated
either in the absence (A and B) or the presence (C and D) of anti-potato
apyrase antibody followed by rhodamine-labeled secondary antibody
(A-D). The same microscopic field was observed by interferential con-
trast (A and C) or by immunofluorescence (B and D) microscopy. No
fluorescence was observed in control preparation (B). Intense fluores-
cence was observed on the external surface (arrows) of S. mansoni
tegument (D). A and B, 3 241; C and D, 3 337.
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Comparison of the above sequences against the National
Center for Biotechnology Information (NCBI) protein data
bank using the BLAST routine (18) showed that all three
sequences obtained were novel and had significant homology
with garden pea nucleoside triphosphatase, an unpublished
sequence recently deposited (accession number S48859).
Searching the data bank for neighbors with the ENTREZ tool of
NCBI revealed seven additional sequences with considerable
similarity to garden pea nucleoside triphosphatase. Fig. 5
shows alignment of the three potato apyrase novel peptides

with these data base sequences. Potato apyrase has a VIFD-
AGS sequence near its amino-terminal end, and the alignment
of Fig. 5 showed a conserved motif (I/V)(V/M/I)(I/L/F/C)D-
AGS(S/T) among all nine proteins (Fig. 5, first dashed box).
Two additional sequences with strong homology were observed
between potato apyrase and garden pea NTPase (Fig. 5, solid
boxes): sequence PGLSSYA in the second peptide and se-
quence LYVHSYL in the third peptide obtained in the present
work were identical to the pea sequence (Fig. 5, solid boxes). We
note that there is less conservation in these segments when all

FIG. 5. Alignment of data bank se-
quences presenting homology with
the three potato apyrase peptides ob-
tained by microsequencing. Align-
ment was obtained with the PILEUP tool
of the Wisconsin package. Dashed boxes
indicate regions showing four to six con-
served amino acids. Solid boxes show se-
quences which are identical in potato and
pea apyrases. potato apyrase corresponds
to the three peptide sequences obtained in
the present work (accession number
P80595). Other sequences and their ac-
cession numbers are: yeast GDPase, Sac-
charomyces cerevisiae GDA1 guanosine
diphosphatase (Ref. 9), P32621; pea NTP-
ase, P. sativum (garden pea) nucleoside
triphosphatase (unpublished), S48859;
mouse lymph, mouse lymphoid cell activa-
tion antigen CD39 (Ref. 10), gi765257; hu-
man lymph, human lymphoid cell activa-
tion antigen CD39 (Ref. 10), S73813; C.
elegans R07E4, C. elegans cosmid R07E4
(unpublished), sequence ID gi1049394; C.
elegans C33H5, C. elegans cosmid C33H5
(unpublished), sequence ID gi1086594;
yeast GDA1 homolog, hypothetical 71.9-
kDa protein in PMI40-PAC2 intergenic
region of S. cerevisiae chromosome V (un-
published), P40009; Toxoplasma NTPase,
T. gondii nucleoside triphosphatase (Refs.
7 and 8), L39077.
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nine proteins are considered. Potato apyrase and garden pea
NTPase showed 59% identity and 76% similarity when the
three potato peptide sequences were aligned to the complete
pea NTPase sequence using the local homology algorithm (19)
with the BESTFIT program of the Wisconsin package.

DISCUSSION

This work reports immunological cross-reactivity of S. man-
soni tegumental ATP diphosphohydrolase with antibodies
against potato apyrase and T. gondii nucleoside triphosphate
hydrolase. Immunoblotting of S. mansoni tegument revealed
ATP diphosphohydrolase as a single band of molecular weight
63,000 (Fig. 3, B–E). The most striking finding in the experi-
ments of Figs. 1 to 3 was that under nondenaturing conditions,
isoforms of active ATP diphosphohydrolase could be separated
by their different electrophoretic mobilities as two species pos-
sessing different net charges (Fig. 1) yet showing identical
molecular weights of 63,000 (Fig. 3, B–E). The species with
lower net negative charge (lower mobility) hydrolyzed ATP and
ADP in the presence of nonionic detergent C12E8 at half the
hydrolytic rate of the species with higher net negative charge
(higher mobility). ADPase activity of the species with lower net
charge was sensitive to the presence of detergent (Fig. 2, upper
panel). This suggests that the two isoforms of S. mansoni ATP
diphosphohydrolase possess different catalytic efficiencies.
Two isoforms of nucleoside triphosphate hydrolase are ex-
pressed in T. gondii, namely NTP1 and NTP3 (7). The isoforms
have identical molecular weights of 63,000 (7) and isoelectric
points calculated from their deduced complete amino acid se-
quences are pI 5 5.93 for NTP1 and pI 5 6.39 for NTP3. Potato
apyrase from S. tuberosum variety Ultimus has two isoforms of
molecular weights 48,000 and 46,500 (6) and ATPase/ADPase
ratios of 1 and 10, respectively. Apyrase from the S. tuberosum
variety Desirée which we have used for obtaining partial pri-
mary sequence has a single molecular weight of 49,000 and an
ATPase/ADPase ratio of 1 (5). More information about primary
structures of apyrase isoforms from different sources will be
required in order to identify possible domains responsible for
different catalytic efficiencies toward nucleoside di- and
triphosphates.
It is noteworthy that different antibodies raised against po-

tato apyrase were apparently able to distinguish between iso-
forms of S. mansoni ATP diphosphohydrolase. Thus, antibody
raised against highly purified apyrase isolated in its native
state from S. tuberosum clonal variety Desirée which has a low
ATPase/ADPase ratio (5) was able to immunoprecipitate 90% of
ADPase activity with no effect on ATPase activity (Table I,
Experiment 2). We suggest that this antibody recognized an
isoform with very low ATPase/ADPase ratio leaving in the
soluble fraction an isoform with ATPase activity of 130 nmol of
Pi mg

21 min21 and ADPase activity of 20 nmol of Pi mg
21

min21 (Table I, Experiment 2) which corresponds to an
ATPase/ADPase ratio of 6. In addition, antibody raised against
Sigma apyrase which has a mixture of two isoforms did immu-
noprecipitate all ATPase and ADPase activities from solubi-
lized S. mansoni tegument (Table I, Experiment 1).
A new family of nucleoside triphosphatases and apyrases so

far unnoticed seems to emerge from the alignment shown in
Fig. 5 of the three novel potato apyrase peptides determined in
the present work with eight sequences deposited in Gen-
BankTM. A well-defined motif near the amino-terminal appears
among the nine aligned sequences, which is (I/V)(V/M/I)(I/L/F/
C)DAGS(S/T) (Fig. 5, first dashed box). This sequence is similar
to b-phosphate binding site motif (I/L/V)V(I/L/V/C)DXG(T/S/
G)(T/S/G)XX(R/K/C) in the ATP binding domain of the actin-
hsp70-hexokinase family (20). The other four conserved motifs
of the actin-hsp70-hexokinase family are not present in the

family of nucleoside triphosphatases. Three additional regions
showing four to six conserved amino acids are indicated in Fig.
5 (dashed boxes). These sequences do not match any previously
assigned motifs as compiled in the Genetics Computer Group
Wisconsin package. Immunological cross-reactivities shown in
the present work (Fig. 3, B–E) seem to indicate that S. mansoni
tegumental ATP diphosphohydrolase belongs to the family of
nucleotide-splitting enzymes shown in Fig. 5. Elucidation of the
primary sequence of parasite enzyme will be required to posi-
tively identify this enzyme as a member of the family.
It is noteworthy that the sequences shown in Fig. 5 do not

have homology to the recently reported mosquito salivary gland
apyrase (21), an enzyme that was described as a member of the
59-nucleotidase family.
T. gondii is an obligate intracellular protozoan that can

invade and replicate in essentially all nucleated mammalian
cells. This parasite produces a nucleoside triphosphate hydro-
lase (NTPase) which has apyrase activity toward all nucleoside
and deoxynucleoside triphosphates, sequentially degrading
these substrates to the monophosphate form (7, 8). In T. gondii,
the enzyme is located in dense granules and secretory vesicles
of the parasite and is secreted into the vacuolar space of in-
fected cells (22). It has been postulated that T. gondii NTPase
may participate in the pathway of salvage of purine nucleo-
tides. The function of S. mansoni ATP diphosphohydrolase is
not clear at present. Schistosoma adult worms may live for
several years in the mesenteric vasculature of infected human
host individuals (23) effectively evading cytotoxic responses of
the host. Host responses to Schistosoma infection involve plate-
let aggregation and cytotoxicity (24, 25) and cytolytic T lym-
phocyte reactivity (26). For unknown reasons, cytolytic T lym-
phocytes recognize and bind to schistosomula but cause no lysis
(26). Recently, ATP released on the external surface of cytotoxic
T lymphocytes has been implicated in the mechanism of lysis of
target cells (27). Ectolocalization of S. mansoni ATP diphospho-
hydrolase has already been shown by electron microscopy
which identified electron-dense lead phosphate deposits on the
outer surface of S. mansoni tegument upon hydrolysis of ATP
or ADP and production of inorganic phosphate (1). The ectolo-
calization is confirmed by confocal immunofluorescence micros-
copy (Fig. 4). Thus, we hypothesize that ATPase and ADPase
activities on the surface of S. mansoni might preclude activa-
tion of cytotoxic responses of the host involving external ATP or
ADP and contribute to evasion of the parasite from host de-
fense mechanisms (1, 3). Identification of possible specific in-
hibitors of S. mansoni ATP diphosphohydrolase is the present
subject of study of our laboratory and may contribute to char-
acterization of the role of the enzyme.
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