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Abstract

Acetylcholinesterase~AChE! is an enzyme broadly distributed in many species, including parasites. It occurs in multiple
molecular forms that differ in their quaternary structure and mode of anchoring to the cell surface. This review
summarizes biochemical and immunological investigations carried out in our laboratories on AChE of the helmint,
Schistosoma mansoni. AChE appears inS. mansoniin two principal molecular forms, both globular, with sedimentation
coefficients of;6.5 and 8 S. On the basis of their substrate specificity and sensitivity to inhibitors, both are “true”
acetylcholinesterases. Approximately half of the AChE activity ofS. mansoniis located on the outer surface of the
parasite, attached to the tegumental membrane via a covalently attached glycosylphosphatidylinositol anchor. The
remainder is located within the parasite, mainly associated with muscle tissue. Whereas the internal enzyme is most
likely involved in termination of neurotransmission at cholinergic synapses, the role of the surface enzyme remains to
be established; there are, however, indications that it is involved in signal transduction. The two forms of AChE differ
in their heparin-binding properties, only the internal 8 S form of the AChE being retained on a heparin column. The two
forms differ also in their immunological specificity, since they are selectively recognized by different monoclonal
antibodies. Polyclonal antibodies raised againstS. mansoniAChE purified by affinity chromatography are specific for
the parasite AChE, reacting with both molecular forms, but do not recognize AChE from other species. They interact
with the surface-localized enzyme on the intact organism, and produce almost total complement-dependent killing of the
parasite.S. mansoniAChE is thus demonstrated to be a functional protein, involved in multifaceted activities, which can
serve as a suitable candidate for diagnostic purposes, vaccine development, and drug design.
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This short review will briefly summarize and analyze extensive
investigations performed in our laboratories on the enzyme ace-
tylcholinesterase~acetylcholine hydrolase; EC 3.1.1.7; AChE! of
the parasiteSchistosoma mansoni~SmAChE!. One of the major
and puzzling issues in the study of host-parasite relationships in
general, and in schistosoma in particular, is the ability of the par-
asite to evade the immune defense mechanism of the host. A major
strategy is thus the identification of functional proteins that might
elicit protective immunity against infection. A protein that falls
exactly within this category is AChE. The goals of this study were,
therefore, to characterizeSmAChE and to investigate its function
in the parasite.

The principal role of AChE is termination of transmission at
cholinergic synapses by rapid hydrolysis of the neurotransmitter,
acetylcholine~ACh! ~Taylor, 1990!. It is indeed concentrated at
both central and peripheral cholinergic synapses. In keeping with
its biological function, AChE is characterized by unusually high
catalytic activity, especially for a hydrolase, displaying a turnover
number of;10,0000s, and thus operating close to the diffusion-
controlled limit ~Quinn, 1987!.

Due to its crucial biological role, AChE is the target of a wide
repertoire of drugs and poisons, both natural and synthetic~Koelle,
1963; Taylor, 1990!. These include organophosphate~OP! nerve
agents~Millard et al., 1999!, both carbamate and OP insecticides
~Casida & Quistad, 1998! and antihelmintics~Martin, 1997!, which
act as powerful covalent inhibitors of AChE~Aldridge & Reiner,
1972!. AChE inhibitors are also employed as drugs to alleviate
cholinergic insufficiency in such conditions as myasthenia gravis
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and glaucoma~Taylor, 1990! and, most recently, anticholinester-
ases have become prominent as the first generation of anti-
Alzheimer drugs~Fisher et al., 1998!.

The three-dimensional~3D! structure ofTcAChE was solved in
1991 ~Sussman et al., 1991!, subsequent to solubilization, purifi-
cation, and crystallization of the GPI-anchored dimer present in
large amounts inTorpedoelectric organ~Sussman et al., 1988!.
The 3D structure proved that, like other serine hydrolases, AChE
contains a catalytic triad, albeit with a glutamate in place of the
aspartate found in the serine proteases. However, the 3D structure
displays a number of unexpected features. The active site is deeply
buried, being located almost 20 Å from the surface of the catalytic
subunit, at the bottom of a long and narrow cavity~Fig. 1!. This
cavity was named the active site gorge, or, since over 60% of its
surface is lined by the rings of conserved aromatic residues~Sus-
sman et al., 1991; Axelsen et al., 1994!, the aromatic gorge. De-
spite the prediction that the “anionic” site would contain several
negative charges~Nolte et al., 1980!, in fact only one negative
charge is close to the catalytic site, that of Glu199, adjacent to the
active site serine, Ser200. Based both upon docking of ACh within
the active site~Sussman et al., 1991!, and upon affinity labeling
~Weise et al., 1990!, the quaternary group of ACh appears to be
interacting, via a cation -p-electron interaction~Dougherty &
Stauffer, 1990!, with the indole ring of one of the conserved aro-
matic residues, Trp84. Another conserved aromatic residue, Phe330,
is also involved in the interaction~Harel et al., 1993!.

AChE displays structural polymorphism, being expressed as a
repertoire of molecular forms~Massoulié et al., 1993! Most ver-
tebrates contain a single gene coding for AChE, and alternative
splicing gives rise to two principal catalytic subunits, H and T. H

subunits form GPI-anchored dimers~Silman & Futerman, 1987!,
whereas T subunits occur as monomers, dimers, and tetramers, the
latter being dimers of disulfide-linked dimers. T subunits also as-
sociate with structural subunits~P and Q! to form membrane-
anchored tetramers and asymmetric forms, in which 1–3 tetramers
are attached to a collagen like tail~Massoulié et al., 1998!. Al-
though the biological significance of this phenomenon is not well
understood, different types of synapses display different reper-
toires of molecular forms. This, in turn, may reflect strict require-
ments for spatial distribution and0or orientation of AChE at a
given synapse.

Both the temporal and the spatial appearance of AChE, and of its
companion enzyme, BChE, have raised the possibility that they
may play biological roles other than termination of synaptic trans-
mission by hydrolysis of ACh~Layer, 1983; Greenfield, 1984;
Layer et al., 1988!. It has been suggested that they may play
trophic roles during synaptogenesis, whether catalytic or noncat-
alytic, and that catalysis may involve substrates other than ACh
~George & Balasubramanian, 1981!. In recent years, it has been
noticed that a number of adhesion proteins display significant se-
quence homology with the ChEs. These include three such adhe-
sion proteins fromDrosophila, neurotactin~Barthalay et al., 1990!,
glutactin~Olson et al., 1990!, gliotactin~Auld et al., 1995!, and the
mammalian protein, neuroligin~Ichtchenko et al., 1995!. This
prompted the suggestion that the ChEs may serve as adhesion
proteins~Krejci et al., 1991!, and indeed experimental evidence
has been offered to support this possibility~Darboux et al., 1996!.
Solution of the 3D structure ofTcAChE, and the concomitant
recognition of thea0b hydrolase fold family of proteins~Ollis
et al., 1992!, revealed that these adhesion proteins were all mem-

Fig. 1. Ribbon diagram of the 3D structure of TcAChE. Green arrows representb-strands, and brown coils,a-helices. The side chains
of the catalytic triad and of key aromatic residues in the active site gorge are indicated as purple stick figures. ACh, manually docked
in the active site, is represented as a space-filling model, with carbons shown in yellow, oxygens in red, and the nitrogen in blue. Its
quaternary group faces the indole of Trp84.
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bers of the family, even though most likely devoid of hydrolase
activity due to the absence of one or more of the residues of the
catalytic triad. Recently, Botti et al.~1998! have shown that an
electrostatic motif, at the mouth of the active-site gorge of AChE,
is also present in the noncatalytic adhesion proteins. They sug-
gested that this motif contributes to long-range electrostatic inter-
actions associated with their adhesive function and have suggested
that they constitute a novel class of adhesion proteins, which they
have named the electrotactins.

AChE in parasites

AChE is very broadly distributed in many species including par-
asites. It is present in all helmintic invertebrates, including trem-
atodes and nematodes~Chalfie & White, 1988; Pax et al., 1996!. In
trematodes, as will be discussed below, AChE is associated with
both the surface and the internal subcellular structures. In nema-
todes, a substantial fraction of the AChE is secreted, e.g., as G1 and
G4 forms in Nippostrongylus brasiliensis~Hussein et al., 1999!
and as a G2 dimer in Parascaris equorum~Talesa et al., 1997!.
As to its localization in helmints, AChE may be associated with
neuronal cell bodies or with the musculature, presumably at cho-
linergic sites, or with the external surface membrane where, pre-
sumably, it fulfills one of the noncholinergic functions which have
been suggested for it~Camacho & Agnew, 1995; Camacho et al.,
1996!. This issue is discussed later in relation to the possible
functions ofSmAChE in the parasite.

It is important to understand the biological role of AChE in
helmints in the context of development of antihelmintic drugs.
Various AChE inhibitors were shown to significantly decrease the
amplitude of muscle contraction in various parasites, such asFa-
ciola hepatica~Sukhdeo et al., 1986! and Schistosoma mansoni
~Pax & Bennett, 1991!, and have found use as antihelmintic drugs
~Marshall, 1987; Martin, 1997!. The effect on secretion of AChE
was one of the parameters used in the evaluation of the effective-
ness of antihelmintics onN. brasiliensis~Rapson et al., 1986!.
Furthermore, levels of parasitic AChE in the serum, as assayed
after immunoprecipitation, were used to monitor circulating filaria
parasites both in humans and experimental animals~Rathaur et al.,
1992!.

In S. mansoni, AChE was first demonstrated in adult worms by
Bueding~1952! and was partially characterized both histochemi-
cally and biochemically~Fripp, 1967!. Early studies also demon-
strated that anticholinesterases produce paralysis of the worms,
suggesting involvement of AChE in the motor activity ofS. man-
soni~Barker et al., 1966!. More recently, it was shown that eserine,
an AChE inhibitor, produces significant relaxation of the longitu-
dinal muscle of the parasite~Pax et al., 1981!. It is, therefore,
apparent that the cholinergic mechanisms are associated with neuro-
muscular function~Pax et al., 1996!. Indeed, schistosomal AChE is
the target for several antiparasite drugs, including hycanthon, lu-
canthone, metrifonate, and phosphonium compounds~Bueding et al.,
1972; Hillman et al., 1978; Nordgren et al., 1981; Levi-Schaffer
et al., 1984a; Marshall, 1987!.

In an early study in our laboratory, during the isolation of the
tegumental membrane of schistosomula and analysis of its major
components, we observed that AChE activity was highly enriched
in the isolated external membrane, ca. 350-fold as compared to the
entire worm~Levi-Schaffer et al., 1984b!. It is thus apparent that
SmAChE is associated with the outer membrane and is probably
exposed on the surface of the parasite. The presence of AChE on

the outer surface of the parasite raised the possibility of a role
other than termination of synaptic transmission and also suggested
that it might serve as an effective immunological target.

The simplest way to address the latter issue was to investigate
whether antibodies raised against AChE would have an effect on
the parasite. In our earlier studies, in the absence of specific anti-
bodies againstSmAChE, we employed antibodies elicited against
AChE of the electric eel,Electrophorus electricus~Anglister et al.,
1979!. We observed strong cross-reactivity, both by radioimmu-
noassay and by immunofluorescence, at all stages of the life cycle
~Tarrab-Hazdai et al., 1984a!. Furthermore, interaction with these
antibodies led to marked complement-dependent cytotoxicity in
intact schistosomula. These results prompted a more detailed in-
vestigation ofSmAChE.

Purification and biochemical characterization
of S. mansoni AChE

To permit more detailed analysis ofSmAChE, we purified it from
S. mansoniextracts, using affinity chromatography techniques sim-
ilar to those used previously for purification of AChE from other
species~Dudai & Silman, 1974!. The affinity matrices used for
purification of enzymes are usually constructed by covalently link-
ing an appropriate competitive inhibitor to Sepharose via a spacer
arm. The affinity ligandm-@~E-aminocaproyl-E-amino-caproyl!-m-
aminophenyl# trimethyl ammonium bromide~mTA! is one of the
inhibitors that has been used for purification~Viratelle & Bern-
hard, 1980!, as has the correspondingpara isomer~pTA! ~Dudai &
Silman, 1974!. Other inhibitors, such asN-methylacridinium~MAC!
~Dudai & Silman, 1974! andN-methyl-3-aminopyridinium~Arnon
et al., 1987!, have also been employed. The AChE was usually
released by elution with a competitive inhibitor such as decame-
thonium or tensilon.

In our studies, Sepharose conjugates of three inhibitors were
evaluated for purification ofS. mansoniAChE. These include mTA,
pTA, and MAC. Only the mTA-Sepharose conjugate served as a
suitable affinity column for purification ofSmAChE~Goldlust et al.,
1986!. The enzyme eluted from this column by decamethonium
bromide was purified 300-fold and had a specific activity of 11,000
units per mg protein. It migrated as a single band of 500 kDa on
nondenaturing PAGE, and a major polypeptide band of;80 kDa
was seen on SDS-PAGE under reducing conditions~Fig. 2, insert!,
as well as light band at;110 kDa. In our early studies, an addi-
tional band of 30 kDa was observed~Goldlust et al., 1986!; sub-
sequently, we were able to eliminate it by improving the antiprotease
cocktail used for extraction of the enzyme.

The purified enzyme was found to be “true” AChE, since it
hydrolyzed acetylcholine~ACh! at a sevenfold higher rate than
butyrylcholine~Fig. 2!. Furthermore, it was inhibited both by es-
erine and by the specific AChE inhibitor, BW284C51, but was
almost unaffected by the specific butyrylcholinesterase inhibitor,
iso-OMPA.

Sucrose gradient centrifugation of crude extracts of cercaria, and
of the purified enzyme, revealed activity with a sedimentation
coefficient of;7 S ~Goldlust et al., 1986!. Under certain condi-
tions, heavier species,;10 and 32 S, were also observed~Tarrab-
Hazdai et al., 1984b!. These data suggest the existence of multiple
molecular forms ofSmAChE, which differ in their solubility char-
acteristics and quaternary structure. This phenomenon, which has
been observed in AChE of many other species~Massoulié & Bon,
1982!, was more pronounced in the extracts of adult worms than in
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extracts of cercariae or schistosomulae~Tarrab-Hazdai et al., 1984b;
Camacho et al., 1994; Camacho et al., 1996!. As will be shown
below, further fractionation, based on the heparin-binding charac-
teristics, permitted a more detailed analysis of the molecular forms
of SmAChE.

Immunological characterization

The availability of pure enzyme permitted the preparation of spe-
cific antibodies againstSmAChE, which were capable of binding
to the surfaces of both 3 h schistosomula and adult worms. These
antibodies were shown to be AChE-specific, since they recognized
a single 8 S fraction in the total extract of the parasite, which
coincided with the fraction containing AChE activity~Espinoza
et al., 1991b!. Furthermore, they precipitated AChE activity fol-
lowing immunoprecipitation of the schistosomal extracts, reveal-
ing major bands of 76 and 110 kDa. Most significantly, these
antibodies were highly cytotoxic to the parasite in the presence of
guinea pig complement~Arnon et al., 1987; Arnon, 1991! ~Fig. 3!.

The availability of specific antibodies permitted use of immu-
nohistochemical procedures for localization of AChE in the para-
site ~Espinoza et al., 1991b!. Immunogold labeling demonstrated
that the AChE is located partly within the parasite, mainly asso-
ciated with muscle, and partly on the outer face of the tegument,
indeed providing a possible target for immune attack~Fig. 4!.
Staining of the longitudinal muscle is concentrated in patches that
presumably correspond to muscle endplates.

In view of the above results,SmAChE could be a potential
candidate for vaccine development. However, considering the ubiq-
uity of AChE and its vital role in neurotransmission in the host,
absence of cross-reactivity with human AChE is a prerequisite for
its being proposed as a suitable candidate antigen. This is an im-

portant point, especially in view of our previous observations that
antibodies against electric eel AChE do cross-react with the schis-
tosomal enzyme~Tarrab-Hazdai et al., 1984a!. To study this issue
we employed purified human erythrocyte AChE, together with
polyclonal antibodies raised against it. No cross reaction was ob-
served, either between human AChE and polyclonal antibodies
againstSmAChE, or between theS. mansonienzyme and the anti-
bodies raised against the human AChE~Espinoza et al., 1991b!.
These results, which were demonstrated by radioimmunoassay and
corroborated by immunoblotting and immunoprecipitation, are in-
deed encouraging and call for further exploration ofSmAChE as a
potential vaccine.

In an extension of the above study, interesting results were
achieved with a series of monoclonal antibodies~MAb! raised
againstSmAChE ~Espinoza et al., 1995!. For their preparation,
tests were developed in which the hybridomas were screened for
MAbs capable of specifically recognizing catalytically active AChE.
The various MAbs recognized different epitopes~either protein or
carbohydrate! and could distinguish between the various life cycle
stages of the parasite, as well as between the parasite AChE and
those from other species. In contrast to the polyclonal antibodies
againstSmAChE, one MAb showed cross reactivity with human
AChE. Interestingly, the same MAb also cross-reacted with a do-
decapeptide corresponding to the conserved sequence found in the
active site of AChE from different species~Fig. 5!. However, most
of the schistosomal AChE epitopes are species-specific and are not
shared with vertebrate AChE. Several MAbs displayed complement-
dependent toxicity toward the parasite; hence, the epitopes that
they recognize are suitable candidates for design of vaccines that

Fig. 2. Substrate specificity of crude and purifiedS. mansoniAChE.
Cholinesterase activity was assayed by the colorimetric assay with acetyl-
thiocholine or butyrylthiocholine as substrates.C, crude enzyme1 acetyl-
thiocholine;d, purified enzyme1 acetylthiocholine;▫, crude enzyme1
butyrylthiocholine; n, purified enzyme1 butyrylthiocholine. Insert:
Coomassie Blue staining of the purifiedSmAChE enzyme on SDS-PAGE
under reducing conditions.

Fig. 3. Cytotoxic effect of anti-AChE antibody. Mechanically transformed
schistosomula~200! were exposed to normal rabbit serum~1!, anti-
SmAChE serum~2!, or to rabbit antiserum raised against a total parasite
extract~3!, in the presence of guinea pig complement. The extent of killing
was determined after 18 h incubation at 378C in 10% CO2 by counting
under the microscope.
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could provide protective immunity. Finally, as demonstrated im-
munohistochemically, some MAbs recognized the surface AChE,
while others reacted only with the internal enzyme, indicative of
possible differences in properties and function of the internal and
external AChE.

Surface-localized AChE and its anchoring

A related issue concerns the mode of association of AChE with the
surface membrane of the parasite. Taking advantage of the imper-
meability of the tegumental membrane to ACh, we were able to
show that about 50% of the total parasite enzyme is present on the
surface of intact schistosomula. This result was shown by inhibi-
tion studies using impermeable and permeable enzyme inhibitors
~Camacho et al., 1994!. As shown in Table 1, when intact schis-
tosomula were exposed to either of the charged AChE inhibitors,
BW284C51 and eserine, just under 50% of the AChE activity was
inhibited, presumably corresponding to surface AChE. The perme-
able inhibitor, diisopropylfluorophosphate~DFP!, produced almost
total inhibition. However, inhibition with DFP in the presence of
BW284C51 yielded 54% residual activity, presumably because the
charged reversible inhibitor could protect the surface AChE, but
not the internal enzyme, from inhibition by DFP. These results are
in accord with the data mentioned above concerning detection of
both internal and surface AChE by an immunohistochemical tech-
nique. It was, therefore, of interest to characterize the interaction of
both the external and internal enzyme with their sites of attachment.

Over a decade ago, a novel mechanism for hydrophobic attach-
ment of proteins to surface membranes was described, which is
now known to be shared by a large number of surface proteins of
diverse functions and origins~Low et al., 1986; Ferguson & Wil-
liams, 1988!. The hydrophobic anchor is the 1,2-diacylglycerol
moiety of a single phosphatidylinositol~PI! molecule, which is
covalently attached to the carboxyl terminus of the polypeptide
chain via an intervening oligoglycan. The initial evidence for this
mode of attachment came from the observation that certain ecto-
enzymes, including AChE, could be released from the surface

membranes to which they were attached by a PI-specific phospho-
lipase C ~PIPL-C! of bacterial origin ~Low, 1987!. We sub-
sequently showed that AChE is susceptible to release from theS.
mansonitegumental membrane vesicles by PIPL-C of eitherStaph-
ylococcus aureusor Bacillus thuringiensis, suggesting that AChE
of this parasite, as in higher organisms, is anchored to the mem-
brane via a covalently attached glycophosphatidylinositol~GPI!
anchor. The enzyme so released was shown to be true AChE on the
basis of its substrate specificity and sensitivity to selective inhib-
itors. Sucrose gradient centrifugation revealed a sedimentation co-
efficient of ;7.5 S. Thus, this form is most probably a G2 dimer,
like the GPI-anchored form of AChE fromTorpedo ~Espinoza
et al., 1988; Tarrab-Hazdai et al., 1999!.

An interesting phenomenon is the effect of PIPL-C on intact
living schistosomula. We were able to demonstrate that PIPL-C
removed large amounts of AChE from the surface of schistoso-
mula in culture, without impairing the viability of the parasite
~Espinoza et al., 1988!. The amount of AChE released by PIPL-C
increased with time of culture of the parasite, reaching a maximum
for 24 h old schistosomula~Fig. 6!, and paralleled an increase in
overall levels of AChE in the parasite. Whereas release of AChE to
the supernatant from membrane vesicles was paralleled by con-
comitant depletion of the enzyme from the membrane pellet, in the
case of the intact parasite, the total amount of AChE within and on
the surface of the parasite was not diminished; on the contrary, a
significant increase was observed~insert of Fig. 6!, despite the
release of enzyme to the medium. Since PIPL-C is known to cleave
only inositol phosphate groups present on the external surface, it
must be assumed that such release of the AChE triggers immediate
replenishment of the surface enzyme. This phenomenon is not
observed for another GPI-anchored protein, alkaline phosphatase,
that is also present on the parasite tegument.

The mechanism of this up-regulation has not been fully eluci-
dated, but definitely involves de novo protein synthesis, since it is
prevented by the protein synthesis inhibitor, cycloheximide~Es-
pinoza et al., 1991a!. Furthermore, as indicated above, cleavage of
the GPI anchor by PIPL-C releases free 1,2-diacylglycerol~DAG!.

Fig. 4. Transmission electromicrograph of specific labeling of AChE in a frozen section of schistosomula. Schistosomula, 4 h after
mechanical transformation, were incubated with specific anti-SmAChE antibodies, followed by gold conjugated goat anti-rabbit IgG
antibodies. Straight arrows and arrowheads show aggregates of immunogold particles in muscle. Curved arrow showsSmAChE
localization in a membranal body in the tegument; clear labeling is also seen on the outer surface membrane;~A!340,000;~B!330,000.
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We hypothesize that the de novo synthesis of AChE is triggered by
second messenger activity of the released DAG. Indeed, we have
demonstrated that three different DAGs, namely dioctanoyl-sn-
glycerol ~C8!, 1-oleoyl-2-acetyl-sn-glycerol ~C18!, and dimyristin
~C14!, could also elicit an increase in AChE activity similar to that
caused by PIPL-C. As these compounds are known to be activators
of protein kinase C, it is possible that the increase in levels of
AChE as a consequence of PIPL-C cleavage is actually a protein
kinase C-mediated process. In any event, regardless of the exact
mechanism, the mere fact that the release of the AChE from the
parasite membrane triggers an immediate synthesis and replenish-

ment of the enzyme on the surface of the schistosomula is a further
indication of a vital function for the tegumental AChE inS. mansoni.

Interaction of globular species of AChE with heparin

The existence of two forms of AChE inS. mansoni, external and
internal, received new impetus in our recent study on the inter-
action ofSmAChE with heparin. As mentioned above, AChE oc-
curs both in vertebrates and invertebrates in a repertoire of molecular
forms ~Massoulié et al., 1993; Talesa et al., 1995!. These include
the globular~G! forms, containing 1, 2, or 4 catalytic subunits~G1,

A

B

Fig. 5. A: Binding of MAbs to human erythrocyte AChE.B: Binding of
MAbs to the conserved region of the AChE catalytic site. Semipurified
human erythrocyte AChE~5 mg0100mL 0well!, or the synthetic 12 amino
acid peptide, were adsorbed to microplates. After 2 h incubation at 258C,
the wells were washed and the indicated MAbs Ig were added~25 mg0
50 mL 0well! for an additional 18 h incubation at 48C. Following washes,
MAb binding was determined in~A! by ELISA, using a goat anti-mouse Ig
conjugated tob-galactosidase and ONPG as substrate, and in~B! by RIA
using 125-I-labeled goat anti-mouse Ig. The monoclonal antibodies SA7,
SA12, SA31, and SA48 were anti-SmAChE, while H-18 and H-24 were
negative controls.

Table 1. Qualification of surface vs. internal SmAChE

Inhibitora
CPMb

~residual activity %!

Surface-associated
activity

~%!

Total activity 33,078~100!
BW 284C51 18,157~55! 45
Eserine 19,153~58! 42
DFP 571~2! 0
DFP1BW 284C51 17,930~54! 54

aQuantification of surface-associated and internalSmAChE: 24 h after
transformation, schistosomula were incubated with BW284C51~1023 M !,
eserine~1024 M !, BW284C511DFP ~1024 M !, or in the absence of in-
hibitor, for 10 min; soluble extracts were then made prior to~in the case of
BW! or after washing of the parasites.

bAChE was quantified radioenzymatically03000 schistosomula.

Fig. 6. Effect of age of schistosomula on the release ofSmAChE by PIPL-C.
Schistosomula in culture~10,000!, obtained at different times after trans-
formation, were washed and incubated with 8mg0mL PIPL-C for 60 min.
ReleasedSmAChE activity was assayed in the supernatants of these cul-
tures ~d!, as well as in the controls without PIPL-C~C!. Insert shows
overall levels ofSmAChE in the cultured schistosomula, before and after
treatment with PIPL-C. Full bars representSmAChE activity in the super-
natant, and empty bars the activity in the pellet. Results are expressed as
total cpm of@3H#ACh hydrolyzed.
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G2, and G4, respectively!, and the asymmetric~A! forms, contain-
ing 4, 8, or 12 subunits~A4, A8, and A12, respectively!, attached to
a collagenous tail~Massoulié et al., 1993!. The G forms are either
water-soluble or membrane-bound, the latter being anchored to the
surface membrane by hydrophobic moieties that are sometimes at-
tached post-translationally. The A forms are believed to be attached
to the basal lamina within the synaptic cleft by interaction with hep-
aran sulfate~Casanueva et al., 1998!. The reason for this elaborate
polymorphism is, as yet, unknown, but has been ascribed to the func-
tional requirements of different types of synapses~Magazanik et al.,
1984; Silman & Futerman, 1987; Massoulié et al., 1993!. It appears
to arise, at least in part, from differential targeting, to either the pre-
synaptic or postsynaptic surface membranes, or to secretion~Rosen-
berry, 1985!. Thus, for example, the A forms are localized to the
endplate with cholinergic synapses in the central nervous system~In-
estrosa & Perelman, 1990!. As already mentioned, the A forms in-
teract specifically with heparin or heparin-like glycosaminoglycans,
and motifs on the collagen tail have been identified that are in-
volved in this interaction~Deprez & Inestrosa, 1995!. The G forms
of AChE lack the collagen tail and are usually considered to lack
the capacity to interact with heparin. However, it has been shown
that the G4 form from chick muscle binds to heparin with low af-
finity ~Ramirez et al., 1990!, and that an amphiphilic G2 form of bu-
tyrylcholinesterase extracted from mucosal cells of rat intestine can
also interact with heparin~Sine et al., 1994!.

As mentioned above, it was shown earlier~Camacho et al.,
1994, 1996! that in adultS. mansoniAChE activity could be par-
tially resolved into two peaks of;6 and 8 S, both, presumably,
representing G forms of the enzyme. The AChE released from the
parasite surface by PIPL-C is GPI-anchored and is probably ho-
mologous to the GPI-anchored G2 form of AChE present inTor-
pedo electric organ~Silman & Futerman, 1987; Mehlert et al.,
1993!. It was, therefore, of interest to find thatSmAChE could be
fractionated into two fractions on the basis of their heparin-binding
properties, and that the two fractions, which correspond to the
internal and external AChE pools, both represent G forms.

Upon passing an extract ofS. mansoniwith the nonionic deter-
gent Triton X-100 over a heparin-Sepharose column, only the 8S
form of AChE was retained on the column~Tarrab-Hazdai et al.,
1999!. The bound AChE could be progressively eluted by increas-
ing the salt concentration, complete elution being achieved at 0.5–
0.6 M NaCl. To correlate the heparin-binding capacity ofSmAChE
and its localization, we studied separately the properties of the
surface and the internal enzyme. For this purpose, intact schisto-
somula, cultured for 24 h, were exposed to PIPL-C, and both the
released AChE,and the residual enzyme extracted from the whole
organism were fractionated on a heparin column. The results
~Fig. 7A! clearly demonstrate that the surface, namely PIPL-C-
released, AChE does not bind to the column and is almost com-
pletely recovered in the effluent. Sucrose gradient centrifugation of

A B

C D

Fig. 7. Heparin-binding capacity and characterization by sucrose gradient centrifugation of AChE from schistosomula. Schistosomula
obtained after 24 h in culture were incubated in fresh medium with PIPL-C~8 mg0mL! for 2 h at 378C. The parasites were separated
from the incubation medium by centrifugation~80 3 g, 1 min!. The supernatant, representing the PIPL-C-solubilized fraction, was
retained. The parasite pellet, containing residual AChE activity, was solubilized with 1% Triton X-100 in 50mM Tris-HCl, pH 7.5. Both
the PIPL-C~A! supernatant and the~B! extract were subjected to affinity chromatography on heparin-Sepharose. The AChE activity
passing through the heparin-Sepharose column in the case of the PIPL-C supernatant was analyzed by sucrose gradient centrifugation
on a 5–20% sucrose gradient in 0.1% Triton X-100050 mM Tris-HCl, pH 7.5~C!, and the material eluted by NaCl from the
heparin-Sepharose column to which the extract of the pellet had been applied was analyzed similarly~D!.
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this fraction reveals a major peak of 6.5 S. In contrast, most of the
AChE activity in the extract of the residual organism was bound to
the heparin column and was eluted at 0.6 M NaCl; upon sucrose gra-
dient centrifugation it displayed a major peak at;8 S~Fig. 7B,D!.
These data were corroborated by selective inhibition experiments
on live parasites in which the covalentAChE inhibitor echothiophate
~phospholine!, which does not penetrate the tegument, selectively
inhibited the 6.5 S form, but not the 8 S form, suggesting an internal
localization for the latter. Furthermore, the monoclonal antibody,
SA7, which was previously shown to inhibit the surfaceAChE, bound
to the 6.5 S form selectively, while the SA57 MAb preferentially
recognized the heparin-bound 8 S form, which is internally located.

Conclusion

Functional role of schistosomal AChE

Efforts of recent years led to the identification and characterization
of several functional components in parasites that might be in-
volved in their drug sensitivity or resistance, as well as in their
susceptibility to immune attack. In the case of schistosomes such
a functional protein is the enzyme AChE.

Our findings clearly demonstrate the presence of two forms of
AChE in S. mansoni. One is internal, associated with the muscu-
lature and involved in cholinergic processes. Indeed, immunoelec-
tron microscopy reveals association of AChE with the musculature
of schistosoma, and pharmacological evidence supports its func-
tional role at the motor endplates of the parasite. The other form is
external, associated with the tegument, and presumably involved
in noncholinergic processes, perhaps in signal transduction~Es-
pinoza et al., 1991a!. Another possibility is that the AChE serves as
an adhesion protein, as has been suggested for other species~Botti
et al., 1998!. It is worth noting that in addition to the above, a role
for tegumental AChE in modulation of ACh-induced glucose im-
port in Schistosoma hematobiumwas proposed by Camacho and
Agnew~1995!.

Since the GPI-anchored AChE is on the external surface of the
tegument, it is not surprising that exposure of schistosomula to
specific monoclonal antibodies does not affect the motor activity
in the parasite, even though it inhibits the AChE activity. On the
other hand, polyclonal anti-AChE are cytotoxic and lead to almost
total complement-dependent killing of the parasite, indicating its
susceptibility as an immunological target.

Only the internal form interacts with heparin; hence, it is the
heparin-binding fraction that is the functional form in the muscle.
In the extensive literature on molecular forms of AChE in skeletal
muscle, both A and G forms are described~Massoulié et al., 1993!.
However, it is generally assumed that the A forms, associated with
the basal lamina at the motor endplate, are the functional forms, at
least in fast and slow twitch muscles~Barnard et al., 1984!. We
have demonstrated that in striated muscles ofS. mansoni, just as is
the case for the frog synaptic basal lamina~Anglister et al., 1994!,
the functional forms of AChE are G forms, and that they are
associated with the extracellular matrix.

AChE is thus demonstrated to be a functional antigen, involved
in multifaceted activities, and can hence serve as a suitable can-
didate for both diagnostic purposes, vaccine development, and
drug design.
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