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Abstract
The trematode Schistosoma mansoni is the primary cause of schistosomiasis, a devastating
neglected tropical disease that affects 200 million individuals. Identifying novel therapeutic targets
for the treatment of schistosomiasis is therefore of great public interest. The catecholamines
norepinephrine (NE) and dopamine (DA) are essential for the survival of the parasite as they cause
muscular relaxation and a lengthening in the parasite and thereby control movement.

Here we characterize a novel dopamine/norepinephrine transporter (SmDAT) gene transcript,
from Schistosoma mansoni. The SmDAT is expressed in the adult form and in the sporocyst form
(infected snails) of the parasite, and also in the egg and miracidium stage. It is absent in the
cercaria stage but curiously a transcript missing the exon encoding transmembrane domain 8 was
identified in this stage.

Heterologous expression of the cDNA in mammalian cells resulted in saturable, dopamine
transport activity with an apparent affinity for dopamine comparable to that of the human
dopamine transporter. Efflux experiments reveal notably higher substrate selectivity compared
with its mammalian counterparts as amphetamine is a much less potent efflux elicitor against
SmDAT compared to the human DAT. Pharmacological characterization of the SmDAT revealed
that most human DAT inhibitors including psychostimulants such as cocaine were significantly
less potent in inhibiting SmDAT. Like DATs from other simpler organisms the pharmacology for
SmDAT was more similar to the human norepinephrine transporter. We were not able to identify
other dopamine transporting carriers within the completed parasite genome and we hypothesize
that the SmDAT is the only catecholamine transporter in the parasite and could be responsible for
not only clearing DA but also NE.
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1. INTRODUCTION
Schistosoma mansoni is one of four major Schistosoma species that infect over 200 million
people in tropical and subtropical regions worldwide [1]. Infection of humans is initiated
when free-swimming cercariae penetrate human skin to gain access to its definitive human
host. Following penetration the cercariae transform into schistosomulae, entering the
vascular system and migrate to their final locus in mesenteric veins where males and
females mate continuously. Eggs exit the human host in feces and hatch on contact with
water, releasing miracidia, which infect the intermediate snail hosts. The infected snails,
bearing schistosomal sporocysts release cercariae into the water which, in turn, infect
humans.

Schistosomiasis has serious health costs and the parasitic infections are associated with
malnutrition and impaired growth and development [1–2]. One drug, praziquantel, cures 60
to 90 percent of infections but is not active on immature worms and eggs [2]. Like is the
case for many other drugs directed against microbes there are reports of an increase in
resistance to praziquantel and the development of novel therapeutic strategies are of major
interest [3].

The catecholamines norepinephrine (NE) and dopamine (DA) are present in Schistosoma
mansoni [4] and are inhibitory neurotransmitters causing a lengthening of the worm through
muscular relaxation [5–7]. These transmitters are therefore of great importance to the
movement of the organism both within and between its two hosts. The enzyme responsible
for the first step in the biosynthetic pathway of NE and DA the tyrosine hydroxylase has
been cloned [8] and so has a DA receptor [9]. Following release, DA and NE signaling is
terminated by the clearance via dopamine (DAT) and norepinephrine transporters (NET)
from the extracellular space using the sodium gradient as thermodynamic driving force [10].

Specific inhibitors for these transporters, including the abused psychostimulants cocaine and
amphetamine and several clinically used antidepressants, exert their physiological effects by
interfering with uptake and thus prolonging the actions of the monoamines. Because DAT
and NET are the targets of humanly abused psychostimulants it is of great importance to
enhance our understanding of the interaction of the psychostimulants with their target
transporters DAT and NET.

In the present study we have cloned and pharmacologically characterized a catecholamine
transporter gene from S. mansoni by expressing the cDNA in mammalian cells. We also
show by RT-PCR that the transporter is expressed at various levels in some of the distinct
stages of the parasite life cycle. Like the recently cloned serotonin transporter from this
species (Fontana et al., 2009) the SmDAT is less promiscuous toward exogenous substrates
compared to its mammalian counterparts.

2. MATERIALS AND METHODS
2.1. Parasites

An LE strain of Schistosoma mansoni is routinely maintained by passage through
Biomphalaria glabrata snails and BALB/c mice. B. glabrata-infected snails were induced to
shed cercariae by exposing them under artificial illumination in a 30°C water bath for 1h.
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Schistosomula were obtained by mechanical transformation of cercariae according to the
procedure described by [11]). Adult worms were recovered from mice previously infected
with cercariae by perfusion of the livers and mesenteric veins. All animal experiments were
treated according to the guidelines for use of animals in research approved by the Ethics and
Animal Experimentation committee of Ribeirão Preto School of Medicine, University of
São Paulo, Brazil.

2.2. Materials
[3H]-dopamine, [3H]-serotonin and [3H]-noradrenalin were obtained from Perkin Elmer
(Boston, MA, USA). Reagents for uptake and binding buffers, unlabelled dopamine, uptake
inhibitors and substrates were from Sigma-RBI (St. Louis, MO, USA). Racemic citalopram
was a gift from Lundbeck (Copenhagen, Denmark). Cell culture media, MEM, FCS, horse
serum, penicillin/streptomycin, glutamine and D-PBS were from Invitrogen Life
Technologies (Carlsbad, CA, USA). All other reagents were of analytical grade or better.
The Generacer kit used for cloning was from Invitrogen Life Technologies (Carlsbad, CA,
USA). The Phusion polymerase was from Finnzymes (Espoo, Finland).

2.3. Cloning procedures
Total RNA was isolated from adult Schistosoma mansoni. 5 µg of total RNA was used in the
RNA ligase-mediated RACE protocol according to the manufacturer (Invitrogen, Carlsbad,
CA, USA). PCR was performed using the following primers to isolate Smp_156320/
XP_002577603.1:

SmDAT5: 5′-atgctcgagggATGGCAGAAGAATCAAACAAG-3′

SmDAT3: 5′-atgctgcagtctagaTTATATTGAAGATTCAAAATGATTAC-3′

To isolate Smp_193800/ XP_002571308.1 the following primers were used:

smp193800-5: 5′-atgctcgagggATGAAATCTGAGATATCCGATC-3

smp193800-3: 5′-atgctgcagtctagaTTATACATTTCTAACGACTTTATAAC-3′

The generated fragment was cloned into the pEGFP-C2 (Clontech, Mountain View, CA,
USA) for sequencing and for N-terminal tagging with GFP and expression in mammalian
cells.

For the 5’RACE reaction the following primers were used:

5'SmDATrace: 5′-CAAACATTTGCCAAATCCAC-3′

5'SmDAT-nested: 5′-GCAAACCCAATAATAGATAATAAGAAATC-3′

Together with GeneRacer™ 5′ Primer: 5′-CGACTGGAGCACGAGGACACTGA-3′
GeneRacer™ 5′ Nested Primer: 5′-GGACACTGACATGGACTGAAGGAGTA-3′

2.4. cDNA synthesis and PCR amplifications
Total RNA from different stages of S. mansoni was isolated using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. 3 µg of RNA
from infected snails (sporocysts), uninfected snails (control), cercariae, schistosomulae,
adult worms and eggs were reverse-transcribed using oligo (dt)18 anchor primer and
SuperScript II (Invitrogen, Carlsbad, CA, USA).

The specific primers to amplify dopamine transporter transcript were: SmDAT618F: 5’-
CCTGGTAAAATTCAATGGCAAA-3’ SmDAT1298R: 5’-
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GCTCCGATCCCAATGTAGAA-3’ The Smα-tubulin specific primers were: α-Tubulin F:
5′ GAAATGCTTGTTGGGAGTTG 3′ α-Tubulin R: 5′ TTATCACTTGGCATCTGTCC 3′

2.5. Transport assays in COS-7 cells
COS-7 cells were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal bovine serum supplemented with penicillin and streptomycin in a humidified
atmosphere with 5% CO2 at 37°C. Uptake experiments were performed two days after
transfecting DNAs (hDAT, hNET and GFP-SmDAT) with TransIT-LT1 (Mirus Bio LLC,
Madison, WI, USA) transfection reagent and plating the cells in 96 wells-plates. The media
was removed and the cells were washed with phosphate buffered saline (137 mM NaCl, 2.7
mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, pH 7.4) containing 0.1 mM CaCl2 and 1
mM MgCl2 (PBSCM). Following washing, cells were incubated at room temperature for 10
min in PBSCM, including 50 µM ascorbic acid, 10 mM D-glucose and 5 µM of the COMT
inhibitor RO 41-0960 (PBSCM-AGR) with a constant concentration of radiolabeled
substrate (50 nM [3H]DA) and increasing concentrations of unlabeled substrate (0.05 to 100
µM DA). The assay was performed using 12 different substrate concentrations run in
duplicate. Washing with PBSCM terminated the uptake. Specific uptake was determined as
the difference between uptake counts from cells transfected with SmDAT, hDAT or hNET-
containing constructs and from mock-transfected cells. Counts from inhibition of a fixed
radiolabeled substrate concentration were converted to total uptake by multiplying with the
ratio of ([radiolabeled substrate] + [unlabeled substrate]) / [radiolabeled substrate].

For IC50 determinations, following the initial washing step, cells were incubated for 10 min
with 12 increasing concentrations of drug (in duplicate) to reach equilibrium. Substrates
were not pre-incubated with the cells. Uptake was then initiated by the addition of a solution
of [3H]DA to give a final [3H]DA concentration of 50 nM. The uptake was allowed to
continue for 10 min at room temperature and terminated by washing with PBSCM. All
washing steps were carried out using an automated plate washer. Cells were solubilized in
Optiphase scintillation cocktail (Perkin Elmer, Waltham, MA, USA) and counted on a
Wallac 1450 microbeta liquid scintillation counter (Perkin Elmer, Waltham, MA, USA).
Assuming Michaelis-Menten kinetics the data were analyzed using non-linear regression
using GraphPad Prism version 5.03 for Windows (Graphpad software, La Jolla, CA, USA).
Vmax and KM are given as mean ± SD of three independent experiments.

2.6. Calculation of IC50 and EC50 for the effects of the inhibitors and substrates
The concentration-curves generated from the inhibition experiments were fitted to a Hill
equation by non-linear regression analysis using GraphPad Prism version 5.03 for Windows
(Graphpad software, La Jolla, CA, USA). IC50’s are given as Mean ± SEM of at least five
independent experiments. Statistical significance was assessed using Student t-test or two-
way ANOVA. A value of p<0.05 was considered to be significant.

2.7. Efflux experiment in COS-7 cells
COS-7 cells were maintained under the same conditions as above. Efflux experiments were
performed two days after cell transfection and plating of the cells in 24 wells-plates. Cells
were washed with room temperature PBSCM and then loaded with 50 nM [3H]-dopamine
for half an hour. After pre-loading cells were washed twice with buffer and then incubated
for 10 min with substrates at room temperature. After the incubation the supernatant was
collected, liquid scintillation fluid added and the samples counted (Beckman LS-6500 Multi-
purpose Scintillation Counter). The cells were solubilized in a solution of 0.1% SDS and
0.1M NaOH, liquid scintillation fluid was added and tubes were counted as above. All
assays were done in quadruplicate.
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The statistical analyses used consider the percentage of [3H]-dopamine efflux among
different treatments as the dependent variable. To analyze this the total amount of
radioactivity in the samples was calculate by adding counts of supernatant plus cell lysis, the
supernatant counts were then divided by the total and multiplied by 100 to yield the
percentage of efflux.

Bar graphics and statistics (t-student test comparing vehicle and treated cells) was performed
using GraphPad Prism version 5.03 for Windows (Graph Pad software, La Jolla, CA, USA).

3. RESULTS
3.1. Molecular cloning of catecholamine transporter from Schistosoma mansoni

A search in the recently completed genome of the Schistosoma mansoni v4.0 for sodium
dependent neurotransmitter transporters (solute carrier family 6 – slc6) identified several
putative transporter proteins. Based on homology to other well characterized transporters
from other species within this family two proteins had sequences similar to dopamine and
norepinephrine transporters. We decided to isolate and investigate these two proteins and
characterize their biochemistry and pharmacology. The protein (SmDAT) with the highest
homology to DAT and NET was Smp_156320 (Schistosoma mansoni GeneDB ID)/
XP_002577603.1 (Genbank ID). The other putative catecholamine transporter although with
significantly lower homology was the Smp_193800/ XP_002571308.1. Other transporter
proteins were identified in this search and homology analyses suggested that they were the
recently characterized serotonin transporter [12](smSERT) (Smp_157420/XP_002577786.1;
Smp_157430/XP_002577787.1), glycine transporters (Smp_131890/XP_002569602.1;
Smp_028690/XP_002574310.1), and creatine/taurine transporters (Smp_160360/
XP_002578233.1; Smp_078930/XP_002579022.1; Smp_143800/XP_002575336.1)

Similar to what we found in the smSERT [12], we identified two different SmDAT isoforms
that differed in two amino acids located in the protein’s predicted intracellular N-terminal.
In isoform A, residue 54 is a lysine and residue 59 is an asparagine. The corresponding
residues in isoform B are glutamine and aspartate (Fig. 1). Several independent clones were
sequenced to eliminate the possibility of PCR artifacts. The resulting sequence has been
deposited in Genbank (Accession no: HM775215). A scan of the genomic sequences
deposited in the genome databases of TIGR and the Sanger Institute covering this region
identifies independent shotgun reads and reveals the existence of both the A (shisto9833f11)
and B (shisto3760b02) isoforms in the parasite genome.

The SmDAT version we initially isolated was based on the longest in silico predicted open
reading frames within the parasite genome that could be isolated with RT-PCR based
methods. To determine if longer versions of SmDAT were produced by the parasite and
could be isolated we performed 5’RACE experiments. The 5’RACE procedure generated a
main product that contained sequence that would translate into a shorter version of SmDAT
than the in silico predicted version because it would employ as start codon the methionine at
position 102 that is highlighted in Fig. 1. The resulting shorter N-terminal version is
visualized with a box in Fig. 1. This result suggests that several N-terminal versions of
SmDAT are expressed by the parasite.

The sequence reveals a protein with the typical structure of sodium/chloride dependent
neurotransmitter transporters (slc6). It has a long 120 residue intracellular N-terminal
compared to the human DAT (60 amino acids). The sequence of the N-terminal has an
unusual repeat-like sequence that could be important for protein interactions and trafficking
of the transporter. The repeat contains 4 to 5 asparagines in a row separated by a serine and
an isoleucine and places more than 10 asparagines within a short stretch of less than 20
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amino acids in the intracellular N-terminus (Fig. 1). The transporter contains potential sites
for glycosylation in the second extracellular loop.

3.2. Functional characterization of SmDAT in mammalian cells
To identify the substrates of the cloned transporters, we expressed SmDAT and also the
Smp_193800/ XP_002571308.1 gene product heterogeneously in COS-7 cells. Similar to
what we previously found with the parasite serotonin transporter attaching GFP to the N-
termini greatly enhanced the functional expression of the transporters (Data not shown).

GFP-transporter fusion proteins of several carriers in the slc6 family have been shown to
function normally when compared to wild type transporters [13]. We were not able to detect
any significant dopamine uptake activity by the Smp_193800/ XP_002571308.1 gene
product (data not shown). On the other hand uptake experiments verified that the
Smp_156320/ XP_002577603.1 gene product (SmDAT) is a catecholamine transporter as
SmDAT, like human DAT and NET, transport tritiated dopamine and low but significant
levels of norepinephrine (Fig. 2A). We could not detect any detectable levels of serotonin
uptake. Kinetic analyses of dopamine uptake by hDAT, hNET and GFP-SmDAT (Fig. 2B)
revealed similar apparent affinity (KT) for dopamine between GFP-SmDAT (2.0 ± 0.3 µM)
and hDAT human DAT (4.2 ± 0.5 µM) and higher affinity for hNET (0.47 ± 0.08 µM).

Similar to what was found for the parasite SERT the Vmax was found to be significantly
diminished for the GFP-SmDAT with a Vmax for GFP-SmDAT of 0.16 ± 0.04 pmol/well/
min compared to the Vmax for human DAT (0.9 ± 0.2 pmol/well/min) but comparable to
human NET (0.17 ± 0.03 pmol/min).

3.3. SmDAT expression during the life cycle of the S. mansoni
In order to evaluate the presence of SmDAT transcripts in cercariae, schistosomulae, adult
worms, eggs, and the sporocyst life stage found in infected snails, RT-PCR was performed
using specific primers for SmDAT and S. mansoni α-tubulin as described in material and
methods. As shown in Fig. 3 significant levels of the SmDAT were detected in the adult
worms and in sporocysts—the two stages of the parasite life cycle when it resides in host
organisms (human and snail, Fig. 3). It was also found to be expressed in the egg and
miracidium stage. It is absent in the cercaria stage but interestingly a fragment with a
smaller than expected size was found in this stage. Sequencing of this fragment revealed that
it was the SmDAT but a full exon was missing explaining the smaller size. This exon
encodes the transmembrane domain 8 and when this transcript is expressed will result in a
protein with this transmembrane domain missing and could result in the normally
intracellular C-terminus to be located extracellular. 24 hours after the mechanical
transformation of cercaria to schistosomula we observe a complete disappearance of the
alternatively spliced transcript and the appearance of the full length transcript.

3.4. Pharmacological characterization of inhibitors and substrates on SmDAT compared to
human DAT and NET

We investigated the pharmacology of the SmDAT and compared its sensitivity to inhibitors
to that of hDAT. Table 1 shows the IC50 values for inhibiting dopamine uptake by hDAT,
hNET and GFP-SmDAT expressed in COS-7 cells for the following compounds:
Norepinephrine, d-Amphetamine, p-Tyramine, β-Phenethylamine, Cocaine, Benztropine,
Bupropion, Nisoxetine, Desipramine, GBR-12909, and Citalopram. The majority of the
drugs were weaker inhibitors of [3H]-dopamine uptake by SmDAT than by hDAT (Table 1),
with nisoxetine, desipramine and citalopram being the exceptions. The mammalian DAT
and NET display very distinguishable pharmacologies with drugs such as nisoxetine and
desipramine displaying higher affinities for the NET and GBR-12909, benztropine and
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bupropion displaying higher affinity for DAT. In the case of SmDAT the NET specific
drugs nisoxetine and desipramine display lower affinity than for hNET, but more
significantly they display higher affinity for these two compounds compared to hDAT. For
the DAT specific drugs, GBR- 12909, benztropine, and bupropion, SmDAT display lower
affinity for these three drugs compared to both hDAT and hNET. It therefore appears that
SmDAT has a more NET-like pharmacology. This has also been observed in other
catecholamine transporters from species such as Drosophila melanogaster [14]. The SERT
specific inhibitor citalopram has low affinity to all three transporters, hNET, hDAT and
SmDAT. The psychostimulants cocaine and d-amphetamine display a dramatic and close to
100 fold lower affinity for the SmDAT compared to both hNET and hDAT. Interestingly,
the affinity for putative substrates including p-Tyramine and β-Phenethylamine is
significantly lower for the SmDAT compared to hNET and hDAT. This is different from
what was found with the apparent affinity for the endogenous substrates DA (See section
3.2) and NE as we find that the affinity of SmDAT for NE is comparable to the affinity of
NE for hDAT and slightly lower than the affinity of NE to hNET.

An inhibition assay does not distinguish if a compound is an inhibitor or a competitive
substrate of the transporter and we performed efflux (substrate exchange) experiments to
further investigate if d-amphetamine is an actual substrate of the transporter. In these
experiments the efflux of preloaded dopamine is induced by compounds that are substrates
of the carrier. Fig. 4 shows efflux experiments on hDAT and SmDAT expressed in COS-7
cells. d-amphetamine evoked efflux of previously loaded dopamine through both carriers but
the potency was dramatically altered. We found EC50 values of 0.071 ± 0.021 µM for hDAT
and 3.5 ± 0.15 µM for GFP-SmDAT signifying a 50-fold lower efficacy of d-amphetamine
at eliciting efflux against SmDAT compared to hDAT. This is comparable to what we found
in the uptake based inhibition assay described above. Because the N-terminal has been
implicated in amphetamine evoked efflux [15] we also tested the shorter version that uses
Methionine-102 as the start codon. We could not detect any difference in amphetamine-
mediated efflux between this and the longer version of SmDAT (Data not shown)

4. DISCUSSION
The two Schistosoma mansoni DAT isoforms reported in this study have amino acid
sequences highly similar to other cloned DATs. They have a much longer N-terminus
compared to most homologs in other species, but this region is generally the least conserved
between the members of the dopamine transporter family. The two isoforms differ by two
amino acid substitutions in the N-terminus and genomic sequence analysis suggests that the
two isoforms are products of different alleles (Fig. 1) and that only a single DAT gene exists
in the parasite. The function of the N-terminus of DAT and other neurotransmitter
transporters is not completely understood, but it has been found to interact with a number of
other proteins and to regulate transporter function [15–18]. These data suggest that proteins
that interact with the SmDATs in an isoform specific manner could be important for
regulating the localization and trafficking of the transporters in their native environment. We
identified a very unusual sequence repeat in the N-terminus of both isoforms. This consisted
of a string of asparagines followed by a serine and an isoleucine. It has been suggested that
asparagine and glutamine rich regions may behave as modular mediators of protein-protein
interactions termed "polar zippers" [19]. This is based on their capacity to provide flexibility
and of their side chains to form hydrogen bond networks. Similar strings of asparagines are
found in zinc finger nucleases and transcription factors such as Pdr1p in yeast [20]. A search
for proteins containing similar poly-asparagines tracts identified several proteins known to
anchor membrane proteins to the cytoskeleton including ankyrins, neurabin, spinophilin,
synphilin and Xin repeat containing proteins. Though the role of the asparagine strings
within these proteins has not been determined, the finding that such asparagine strings are

Larsen et al. Page 7

Mol Biochem Parasitol. Author manuscript; available in PMC 2012 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



more common in proteins that interact with the cytoskeleton suggest that the function of the
poly-asparagine repeats in smDAT could be to form interactions with the cytoskeleton
through "polar zipper" mediated interactions.

SmDAT was expressed at the highest levels in the host stages of the parasite implying the
highest need for control of catecholaminergic signaling when the parasite is in its host. Both
dopamine and norepinephrine has also been found in the parasite [4] and the catecholamines
are believed to be actual neurotransmitters in Schistosoma mansoni. Treating adult worms
with dopamine cause a relaxation of muscles and a lengthening of the worms [5–7]. Further
support of a role for the catecholamines is the recent isolation of the rate limiting enzyme in
catecholamine synthesis the tyrosine hydroxylase [8] and the report of the presence of a D2
receptor [9]. A dopamine β-hydroxylase (DBH) that converts dopamine to norepinephrine
also appears to be present in the genome (Smp_163900/ XP_002578917.1). The source of
catecholamines for the parasite is not completely understood but the parasite has the
capability to synthesize endogenous catecholamines as its genome contains tyrosine
hydroxylase [8] and DBH. It has been speculated that in some circumstances the parasite
will obtain another biogenic monoamine, serotonin, from its host and with the higher
expression of SmDAT in the host stages of the parasites life cycle we speculate if
scavenging circulating catecholamines from their hosts could be a way for schistosomes to
reduce a metabolic cost. However, it also poses the more interesting question of whether
catecholamines serve as a signal from the host that regulates parasite biology and their
interactions with the host.

A surprising alternative splice variant was observed in the cercaria stage. This is the stage
where the parasite has abandoned its snail host and has to find a human host within hours as
the half life of the cercaria is believed to be only a few hours. At this stage there is very little
over all gene expression and the parasite is using glycogen as energy source. The alternative
splice variant will result in a truncated version of the transporter with the trans-membrane
domain 8 absent and the normally intracellular C-terminus would then become extracellular.
The protein, if expressed, will most likely not be functional. Interestingly, comparable splice
variants of the human DAT and NET have recently been described [21]. These variants
resulted in the absence of trans-membrane domain 6 and it was shown that they are
expressed at the cell surface with the C-terminus located extracellularly but are not
functional and displays a dominant negative effect on co-expressed wild type transporters.
The expression of the truncated splice variant in the cercaria could therefore be a way for the
parasite to eliminate the function of residual SmDAT proteins left in the cell membrane
from the sporocyst stage.

Most drugs showed lower potency against the SmDATs compared to human DAT and NET.
Interestingly the rank potencies of inhibitors are different from the mammalian DAT and
NETs. Though the affinity for the NET specific drugs nisoxetine and desipramine are lower
in SmDAT compared to hNET they are higher compared to hDAT. It therefore appears that
SmDAT has a similar pharmacology to NET. This has also been observed in other
catecholamine transporters from species such as Drosophila melanogaster [14]. We
searched the completed parasite genome for other putative catecholamine carriers, and only
one other gene had sequence characteristics suggesting it to be a catecholamine transporter.
We were unable to detect any monoamine uptake mediated by this gene. The NE uptake
activity of SmDAT is rather low, but there is strong evidence for the presence of NE [4] in
the parasite and it would be expected that the parasite requires some mechanism for clearing
extracellular NE. SmDAT is the only transporter in the genome of the parasite that would
have any significant NE uptake capacity and we hypothesize that SmDAT is employed by
the parasite to clear DA and NE. From an evolutionary standpoint we also believe this
means that having specific carriers for dopamine and norepinephrine respectively is
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something unique to organisms within the vertebrate phylum. This idea is supported by a
recent extensive study of transporters from the major branches in the metazoan evolution
[22]. In that study it was indeed found that mammalian NET and DAT are paralogous and
have arisen through gene duplication. This becomes evident from an evolutionary tree of
dopamine and norepinephrine transporters (Fig. 5) as it is apparent the split producing the
two different transporters has occurred at a point in evolution where the line leading to
mammalian organisms have split from lines that eventually would lead to invertebrates
including insects and platyhelminthes including Schistosoma mansoni.

The evolutionary divergence of drug interactions among similar transporter from the same
species and the same transporter from different species can be taken advantage of to identify
structural features within the transporters that are important for the interaction with specific
inhibitors and substrates. For example, the difference in inhibitor sensitivity between DAT
and NET has proven useful for the identification of amino acid residues within the
transporters involved in the interaction with inhibitors. Studies on the interaction with
benztropine, a classical antagonist of the muscarinic acetylcholine receptor and used as a
drug to treat Parkinson's disease, and bupropion, an antidepressant with higher affinity for
DAT than NET has identified several residues within the transporters that are important for
their interaction with these two drugs. Some of these differ in SmDAT and could be
responsible for the decreased affinity for these two drugs with SmDAT. One study identified
two residues (A279 and S359) to be important for the interaction with both bupropion and
benztropine [23]. The amino acids at these two positions differ from both hDAT and hNET
in the SmDAT and could therefore be determinants of the lowered affinity for these two
drugs in SmDAT. I352 and L432 in SmDAT correspond to A279 and S359 in hDAT,
respectively. Another study found that the residue corresponding to T216 in SmDAT, V152
in hDAT, is important for interaction with benztropine analogs [24]. Interestingly the same
position in hSERT, I172, has been found to be important for interactions with
antidepressants [25–26]. Finally, studies have found the highly conserved residues W147,
D386 [27–28], D142 [29], and Y408 [30] to also be important for interactions with
benztropines but these residues are also conserved in SmDAT and therefore most likely not
responsible for the differences in affinity we observe.

We also observe a dramatic almost 100 fold decrease in the cocaine affinity of SmDAT
compared to human DAT. A recent study used mutagenesis to produce a DAT variant with
comparably lowered affinity to cocaine [31]. This was achieved by mutating three amino
acids in the transmembrane domain 2. One of these, L104/L167 is conserved between the
mammalian and parasite DAT, but the two others differ between the two: F105/M168 and
A109/G172.

Results from inhibition and efflux experiments suggest substrate specificity between
mammalian DATs and SmDAT differs and that SmDAT is more selective for substrates
than human DAT. Amphetamine, a well established exogenous substrate of human DAT,
display dramatically lowered potency in inhibiting dopamine uptake by SmDAT compared
to hDAT (Table 1) and also is much less effective at eliciting efflux of previously loaded
dopamine from SmDATs (Fig. 4). We made a similar observation with the Schistosoma
mansoni SERT, which also appears less promiscuous for exogenous substrates than human
SERT [12]. A comparison of Schistosoma and human DATs and SERT could be used to
determine structural features of the transporters involved in substrate recognition and
selectivity and could also further our knowledge on the mechanism of reversed transport.

Because of the role of catecholamines in the mobility of the parasite the difference in
substrate selectivity could also be profited from therapeutically to identify molecules that
interact with and modulate the function of SmDAT. We tested relatively few drugs on
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SmDAT to identify substrates of SmDAT but as we found some molecules such as
amphetamine to be a less potent substrate on SmDAT compared with hDAT we hypothesize
the opposite also can occur. SmDAT-selective substrates might be identified and could serve
as a novel avenue of anti-schistosomal pharmacotherapy. We propose SmDAT could be
used as a delivery vehicle for targeting toxic SmDAT specific molecules to
catecholaminergic parasite cells.

In conclusion we here report the isolation of the gene for a catecholamine transporter from
the human parasite Schistosoma mansoni. The catecholamines are important for the mobility
of the animal [5–7], and dopaminergic proteins are potential targets for novel drug
treatments of schistosomiasis. Considering that the current drug of choice praziquantel only
cures 60 to 90 percent of patients and there are reports of worm resistance to praziquantel,
novel therapeutic strategies are necessary. The SmDAT could represent a novel target for
therapeutic intervention. Thus the cloning and characterization of SmDAT function could
facilitate development of novel drugs to treat schistosomiasis.
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Fig. 1. N-terminus of SmDAT
The intracellular N-terminal part of SmDAT is shown above. The repeated poly-asparagines
string is underlined. The two polymorphic residues at position 54 and 59 are marked with
asterisks (*). The amino acids for isoform A are shown. The corresponding residues in
isoform B are glutamine and aspartate. Arginine 123 is marked with a caret (^). This
arginine is conserved among monoamine transporters (it corresponds to arginine 60 in
human DAT) and forms the beginning of trans-membrane domain 1.
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Fig. 2. Expression of SmDAT in mammalian COS-7 cells
A: Dopamine, norepinephrine, and serotonin uptake by human DAT, NET and SmDAT.
Uptake was assayed at a concentration of 100 nM for each substrate and normalized to the
dopamine uptake level. B: Kinetic analysis of dopamine uptake in COS-7 cells expressing
hDAT (■), hNET (▲), or GFP-SmDAT (▼). Shown here is a representative experiment
using twelve substrate concentrations with two replicates. Data from four independent
experiments generated values of 4.2 ± 0.5 µM for the KM and 0.9 ± 0.2 pmol/well/min for
the Vmax for hDAT; 0.47 ± 0.08 µM for the KM and 0.17 ± 0.03 pmol/min for the Vmax for
hNET and 2.0 ± 0.3 µM for the KM and 0.16 ± 0.04 pmol/min for the Vmax for GFP-
SmDAT. Values are given as Mean ± SEM. Non-specific uptake was determined by parallel
uptake in mock-transfected cells and subtracted.
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Fig. 3. SmDAT expression in the parasitic lifestages of the parasite developmental cycle
RT-PCR assessing SmDAT (Top panel) and Smα-tubulin (Bottom panel) mRNA expression
throughout different developmental stages of the S. mansoni life cycle. Approximately 3 µg
of total RNA from adult worms, schistosomula, eggs, cercariae, miracidium, infected snails
(sporocysts) and non infected snails (control without infection), were reverse transcribed and
amplified by PCR using SmDAT and tubulin specific primers.

1. MW – 100bp DNA ladder

2. Non-infected snail (control without infection)

3. Infected snail 45 days (sporocysts)

4. Cercariae

5. Schistosomula (24 hours)

6. Adult worms

7. Eggs

8. Miracidium
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Fig. 4. Substrate efflux from human and parasite DAT
Efflux experiments in hDAT (■) and GFP-SmDAT (▲) transfected COS-7 cells after pre-
loading with 50 nM [3H]- dopamine. Shown here is a representative experiment using five
d-amphetamine concentrations with three replicates. Data from four independent
experiments generated EC50 values of 0.071 ± 0.021 µM for hDAT and 3.5 ± 0.15 µM for
GFP-SmDAT. Values are given as Mean ± SEM.
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Fig. 5. Phylogenetic analysis of SmDAT
Phylogenetic tree based on ClustalW alignment. Human (hSERT), mouse (mSERT) and
Schistosoma mansoni (smSERT) serotonin transporters form one separate group and human
(hNET) and mouse (mNET) norepinephrine transporters form another separate group
together with the human dopamine transporter (human DAT). Insect (drosophila DAT, moth
DAT and silkworm DAT) and parasite (S. mansoni DAT) monoamine transporters are all
located on another evolutionary branch.
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Table 1
Inhibitory constants (IC50) for transport inhibitors in hDAT, hNET, and GFP-SmDAT

Transiently transfected COS-7 cells were incubated for 10 min with increasing concentrations of the indicated
inhibitor, followed by the addition of [3H]DA to give a final concentration of 50 nM [3H]DA. Putative
substrates were not pre-incubated but instead incubated directly with 50 nM [3H]DA. The uptake was allowed
to continue for 10 min at 20°C before washing. IC50 values were calculated from at least five experiments
performed in duplicate. Values are given in µM and represent Mean ± SEM.

Human DAT Human NET GFP-SmDAT

Norepinephrine 9.80±1.50 1.87±0.30 17.8±1.8

d-Amphetamine 0.251±0.049 0.0670±0.0100 10.0±0.6

p-Tyramine 4.12±0.81 1.03±0.40 46.3±4.6

b-Phenethylamine 2.74±0.44 0.385±0.053 42.5±1.4

Cocaine 0.292±0.036 0.714±0.095 29.4±3.9

Benztropine 0.509±0.070 2.05±0.18 21.6±1.5

Bupropion 1.06±0.22 9.21±1.19 242±36

Nisoxetine 0.862±0.084 0.00146±0.00065 0.114±0.010

Desipramine 42.9±6.17 0.0281±0.0034 1.41±0.16

GBR-12909 0.00244±0.00137 0.743±0.168 3.08±0.50

Citalopram 157±25 17.1±4.1 50.5±4.7
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