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Abstract

The extensive use of Praziquantel (PZQ), the only drug available to treat schistosomiasis, has
brought concern about the emergence of PZQ-resistance/tolerance by Schistosoma spp., thus
reaffirming an urge for the development of new treatment alternatives. Therefore, it is imperative
and urgent to study this phenomenon trying to understand what is involved in its occurrence.
Studies of Schistosoma spp. genome, transcriptome and proteome are crucial to better understand
this situation. By stepwise drug pressure from a fully susceptible parasite strain, our group selected
a S mansoni variant strain stably resistant to PZQ and isogenic to its fully susceptible parental
counterpart, except for the genetic determinants of PZQ-resistance phenotype. Based on this, the
objective of this study was to compare the proteomes of both strains, identifying proteins from male
and female adult worms of PZQ-resistant and PZQ-susceptible strains, exposed and not exposed to
PZQ, which were separated by high-resolution two-dimensional electrophoresis and sequenced by
high throughput LC-MS/MS. Likewise, this work is extremely relevant since for the first time the
proteome of a S. mansoni PZQ-resistant strain is studied and compared to the proteome of the
respective S. mansoni PZQ-susceptible strain. This study identified 60 S. mansoni proteins, some of
which differentially expressed in either strain, which may putatively be involved in the PZQ-
resistance phenomenon. This information represents substantial progress towards deciphering the
worm proteome. Furthermore, these data may constitute an informative source for further
investigations into PZQ-resistance and increase the possibility of identifying proteins related to this
condition, possibly contributing to avoid or decrease the likelihood of development and spread of
PZQ-resistance. This is an innovative study that opens doors to PZQ-resistance surveys,
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contributing to discover a solution to PZQ-resistance problem, as suggests new potential targets for
study.

Keywor ds: Schistosoma mansoni; Praziquantel; Proteomics; Susceptibility; Resistance; M ass
Spectrometry.

1. Introduction

Parasites from the genus Schistosoma are water-borne parasites that are the causative agents of
schistosomiasis, one of the most important infectious parasitic diseases, being endemic in 76
countries with more than 97% of infected people living in sub-Saharan Africa. Schistosomes infect
an estimated 249 million people worldwide with an additional 732 million people at risk of
infection [Steinmann et al., 2006; Kamel et al., 2011; World Health Organization (WHO), 2013].
One of the major species acting as causative agent of schistosomiasis is Schistosoma mansoni, a
mammalian parasite endemic in Africa and parts of South America (Crompton, 1999; Chitsulo et
al., 2000).

Despite many efforts to control the transmission of this disease (Doenhoff et al., 2000; Fenwick et
al. 2003; Hagan et al., 2004), essentially after the introduction of a chemotherapeutic treatment in
1980s, schistosomiasis is still highly prevalent (King, 2009). Its control is based on Praziquantel
(PZQ) the only drug available for chemotherapy (Cioli and Pica-Mattoccia, 2003). Treatment with
PZQ is effective and inexpensive (Cioli and Pica-Mattoccia, 2003), but frequent schistosome
reinfection occurs in endemic areas and may cause irreversible damages to the liver, kidneys, or
urinary tract (Knudsen et al., et al., 2005). Because of its high prevalence, schistosomiasis has
earned a Category Il disease, ranking next to malaria, for importance as a target tropical disease by
the World Health Organization Special Program for Research and Training in Tropical Diseases
(Knudsen et al., et al., 2005).

Although the impact of schistosomiasis could be dramatically reduced by improvement in education
and sanitation for humans and elimination of the intermediate host snails, such methods are not
sufficient to control or eradicate this parasitosis. In the absence of vaccines, the control of this
disease relies on chemotherapy to ease symptoms and reduce transmission. The increasing reliance
on mass PZQ administration programs has exerted selective pressure on parasite population and
PZQ-resistance/loss of susceptibility is being described (Wang et al., 2012). With no alternative
drugs or vaccines, the fight against schistosomiasis could become a huge battle (James et al., 2009).

Identification of proteins is very important for understanding how schistosomes regulate host
immune systems to establish chronic infections and also elucidate other aspects of parasite-host
interaction (Knudsen et al., et al., 2005). Furthermore, a comprehensive deciphering of the
schistosome genome, transcriptome, and proteome has become increasingly central for
understanding the complex parasite-host interplay (Hu et al., 2004; Verjovski-Almeida et al., 2004).
Therefore, such information can be expected to facilitate the discovery of vaccines and new
therapeutic drug targets, as well as new diagnostic reagents for schistosomiasis control (Hu et al.,
2004; Verjovski-Almeida et al., 2004; Knudsen et al., et al., 2005), and may aid the development of
protein probes for selective and sensitive diagnosis of schistosomiasis (Liu et al., 2009).

Proteomics approaches encompass the most efficient and powerful tools for identification of protein
complexes (Clauser et al., 1999; Perkins et al., 1999; Groth et al., 2004) and have been widely used
to decipher the proteome of many trematodes (Al-sherbiny et al., 2003; Smyth et al., 2003;
Kumagai et al., 2005; van Balkom et al., 2005; DeMarco and Verjovski-Almeida, 2009). For
Schistosoma spp., the proteome has been studied in many developmental life stages, including
schistosomula (Harrop et al., 1999; Curwen et al., 2004), cercariae (Curwen et al., 2004; Dvoréak et
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105  al., 2008; Hansell et al., 2008), egg (Curwen et al., 2004; Cass et al., 2007) and adult worm

106  (Curwen, 2004; Braschi and Wilson, 2006; Liu et al., 2009; Ferreira et al., 2014; Ludolf et al.,

107  2014). But to our knowledge, the S. mansoni PZQ-resistant strain proteome has not been yet

108  reported and a schistosomiasis mansoni coherent screening for proteins related to PZQ-resistance is
109  still necessary. Understanding the development of PZQ-resistance in S. mansoni is crucial to

110  prolong the efficacy of the current drug and develop markers for monitoring drug resistance. It

111 would also be beneficial in the design of new chemotherapeutic agents to overcome or prevent

112 resistance and the identification of new drug targets.

113

114 Our research group recently developed a resistant strain of S. mansoni that tolerates up to 1,200 mg
115  PZQ/kg of mouse body weight. This S, mansoni variant strain was selected from a fully susceptible
116  parasite strain, by stepwise drug pressure, and is isogenic, except for the genetic determinants of
117 PZQ-resistance phenotypes, and significantly different of the counterpart S. mansoni susceptible
118  strain (Pinto-Almeida et al., 2015). As such, this S. mansoni PZQ-resistant strain represents a

119  distinct and valuable model for the study of PZQ-resistance.

120

121 The present study intended to analyze, for the first time, the proteome of S. mansoni PZQ-resistant
122 adult worms and compare it with its parental fully PZQ-susceptible strain, using a high throughput
123 LC-MS/MS identification. Therefore, this study could possibly represent a substantial progress

124  toward deciphering the worm proteome, and may constitute an informative source for further

125  investigations into PZQ-resistance, increasing the possibility of avoid or decrease the likelihood of
126  development and spread of PZQ-resistance.

127

128 2. Material and methods
129

130 2.1 Parasite samples

131

132 Two different parasite isolates were used in this study, a S, mansoni BH PZQ-susceptible strain
133 (SS) from Belo Horizonte, Minas Gerais, Brazil, and a stable PZQ-resistant strain (RS)

134  (IHMT/UNL) obtained from the same BH strain as described by (Pinto-Almeida et al., 2015). These
135  two parasite strains are routinely kept in their intermediate host Biomphalaria glabrata snails at
136 IHMT/UNL.

137

138  Mus musculus CD1 line male mice was chosen as the animal model for S. mansoni infection,

139  because it is a good host for this parasite mimicking the S. mansoni human infection (Katz and

140  Coelho, 2008). Mice infection occurred by natural transdermal penetration of cercariae, by exposing
141 mice tails to about 100 cercariae of S. mansoni each.

142

143  Eight to ten-weeks adult worms were recovered by perfusion of the hepatic portal system and

144  mesenteric veins, according to (Lewis, 1998), and washed twice in RPMI-1640 medium (Sigma-
145  Aldrich), to remove contaminating hair and blood clots.

146

147 It was analyzed males and females in separate, not exposed and exposed to PZQ, for RS and SS.
148  Regarding to the groups of adult worms exposed to PZQ (EPZQ), after collecting, the parasites
149  were transferred to 24-well culture plates containing RPMI-1640 culture medium, 200 mM L-

150  glutamine, 10 mM HEPES, 24 mM NaHCO3, 10,000 Ul of penicillin and 10 mg/mL of

151  streptomycin, from Sigma-Aldrich, pH 7 and supplemented with 15% fetal bovine serum. Adult
152  worms of the parasite were added on each well for each studied group for PZQ treatment: 1) PZQ-
153  susceptible male (SM); 2) PZQ-susceptible female (SF); 3) PZQ-resistant male (RM), and 4) PZQ-
154  resistant female (RF). Adult parasites were treated in culture, with 0.3 uM of PZQ during 24 hours
155  and then washed twice with saline solution to clean any traces of culture medium and stored in

156  Trizol (Invitrogen) at -80 °C, for posterior protein extraction. For the groups of adult worms not
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157  exposed to PZQ (NEPZQ), worms were kept in RPMI-1640 medium with no addition of drug, then
158  washed twice with saline solution to clean any traces of culture medium and also stored in Trizol
159  (Invitrogen) at —80 °C, for posterior protein extraction. Accordingly, the experimental set up

160  consisted of eight sample groups, four for parasites not exposed to PZQ (RM-NEPZQ, RF-NEPZQ),
161  SM-NEPZQ and SF-NEPZQ) and four for parasites exposed to PZQ (RM-EPZQ, RF-EPZQ, SM-
162  EPZQ and SF-EPZQ).

163

164 2.2 Preparation of protein extracts

165

166  Schistosoma mansoni adult worm protein extracts were obtained using Trizol (Invitrogen) protocol,
167  according to the manufacturer’s instructions. Briefly, the parasites were lysed and homogenized
168  directly in Trizol reagent at room temperature. The homogenized samples were incubated at room
169  temperature to permit complete dissociation of the nucleoprotein complex. After homogenization,
170  we proceeded to separation phase, adding chloroform and centrifugation of samples. The aqueous
171 phase was removed and the interphase and organic phenol-chloroform phase was used for protein
172 isolation procedure. Next, isopropanol precipitation was performed and the pellet was solubilized in
173 SBI buffer [7 M urea, 2 M thiourea, 15 mM 1,2-diheptanoyl-snglycero-3-phosphatidylcholine

174  (DHPC), 0.5% triton X-100, 20 mM dithiotheitol (DTT) (Sigma) and Complete Mini Protease

175  Inhibitor Cocktail Tablets], according to (Babu et al., 2004), and stored at —80 °C until use.

176

177  Protein concentration in protein extracts was measured by Bradford assay (Bradford, 1976) and the
178  quality of the extract was verified in 12% uniform SDS-PAGE gels.

179

180 2.3 Two-dimensional eectrophoresis

181

182  Each experiments with two-dimensional electrophoresis (2-DE) gels were performed in triplicate
183 with 240 pg of protein, for each group. To prepare samples for 2-DE, protein samples in the

184  mentioned concentration were diluted in rehydration solution containing 7 M urea, 2 M thiourea,
185 4% CHAPS (3-[3-(cholamidopropyl)dimethylammonio]-1-propanesulfonate), 0.5% IPG buffer, 1%
186  DTT, and 0.002% bromophenol blue (Sigma). The rehydration was carried out passively overnight
187  during 12 h ina 13 cm, pH 3-10 strip (Immobiline Drystrips, GE Healthcare). The strips were then
188  applied on an Ettan IPGphor 3 (GE Healthcare) system, for protein separation by isoelectric

189  focusing (IEF) following a typical IEF protocol, which involved three focusing steps at a constant
190 50 pAJstrip: 3 h gradient to 3,500 V, 3 h at 3,500 V and finally 64,000 V h.

191

192  After focusing, the strips containing proteins were reduced in an equilibration solution (50 M Tris
193  HCI, pH 8.8, 6 M urea, 20% glycerol, 2% SDS) containing 2% DTT, and then alkylated in the same
194  solution containing 2.5% iodoacetamide (IAA) (Sigma). The Immobilized pH gradient (IPG) strips
195  and molecular weight standards were then transferred to the top of 12% uniform SDS-PAGE gels
196  and sealed with 0.5% agarose. The second dimension was carried out using a Protein Plus Dodeca
197  cell system (Bio-Rad) under an initial current of 15 mA/gel for 15 min, followed by increasing the
198  current to 50 mA/gel until the end of the run (the dye front reached the bottom of the gel).

199

200 For 2-DE experiments, at least three replica of two dimensional polyacrylamide gel electrophoresis
201 were performed for each group, confirming the reproducibility of the experimental procedure. Gels
202 were fixed in 40% methanol/10% acetic acid solution and stained with Coomassie brilliant blue R-
203 350 (GE Healthcare). The spots were normalized and evaluated by the software ImageMaster 2D
204  Platinum 7.0 (GE Healthcare).

205

206 2.4 1n-gel digestion and peptide preparation for mass spectrometry analysis

207
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The selected protein spots from two biological samples for each group were manually excised,
distained, reduced, alkylated and digested in gel with trypsin (Promega) from the corresponding 2-
DE gel for mass spectrometry (MS) identification. First, spots were washed in Milli-Q water, and
then distained in a distaining solution containing 50% methanol/2.5% acetic acid in purified water
for 2 h at room temperature. This step was repeated until clear of blue stain. The gel fragments were
incubated in 100% acetonitrile (ACN) with occasional vortexing, until gel pieces became white and
shrank. Then, the solution was removed and spots were completely dried, and ready for digestion.
The in-gel digestion with trypsin-modified sequencing-grade reagents (Promega) was done
according to (Shevchenko et al., 2006). Briefly, protein digestion was conducted at 37 °C overnight.
After the incubation, the supernatant was transferred to a clean tube and 30 puL of 5% formic acid
(FA)/60% ACN were added to gel spots for the extraction of tryptic peptides. This procedure was
performed 2 x 30 min under constant agitation. The supernatant was pooled to the respective tube
containing the initial peptide solution. This solution was dried in a SpeedVac (Thermo Scientific)
and the peptides were re-suspended in 8 uL of 0.1% FA. The peptides were desalted in reverse
phase micro-columns ZipTip C18 (Millipore), according to manufacturer’s instructions. Peptides
were dried again and re-suspended in 50% ACN/ 0.1% trifluoracetic acid (TFA) solution.

2.5 Peptide analysis by L C-M S/M S and protein identification

The digested peptides were analyzed by LC-MS/MS using a nano-LC system (EASY-nLC I,
Thermo Scientific), coupled online to a hybrid mass spectrometer ion trap linear-Orbitrap (LTQ
Orbitrap Velos, Thermo Scientific) using an ion nanospray source, namely, Nano-Flex Il nanospray
(Thermo Scientific). The samples were injected (10 uL/min, 4 min) in a pre-column (C18, 100 pum
DI x 2 cm, Thermo Scientific), and then eluted under flow of 300 nL/min using an elution gradient
to a C18 column (10 cm x 75 um DI, 3 um, 120 A, Thermo Scientific). All LC-MS/MS data (in raw
format) were acquired using XCalibur software, version 2.0.7 (Thermo Fisher Scientific) and
converted in mgf files using MassMatrix MS Data File Conversion version 3.9. The analyzes were
performed in scan mode in the range of 400-2000 m/z; positive mode; capillary voltage of 4500 V;
nebulizer to 8.0 psi; drying gas at a flow of 5.0 L/min and at 220 °C of evaporation temperature of
the spray.

The list of peptide and fragment mass values generated by the mass spectrometer for each spot were
submitted to a MS/MS ion search using the Mascot 2.0 online search engine (Matrix-Science) to
search the LC-MS/MS data against the NCBInr database Schistosoma_mansoni_ NCBI_112014,
November 2014 . Mascot software was set with two tryptic missed cleavages, a peptide ion mass
tolerance of 10 ppm, a fragment ion mass tolerance of 0.02 Da, a peptide charge of 2+ and 3+, a
variable modifications of methionine (oxidation), and a fixed modifications of cysteine
(carbamidomethylation). During the analysis, our samples were checked against a contaminant
database supplied by the Global Proteome Machine. All validated proteins had at least two
independent spectra, with greater than 95.0% probability estimated by the Peptide Prophet
algorithm of being present in the S. mansoni database as at least one unique peptide. To avoid
random matches, only ions with individual score above of the indicated by the Mascot to identity or
extensive homology (p<0.05) were considered for protein identification. However, when the
Mascot score was not significant, but the percentage coverage and root mean squared error (RMSE)
were in the same range as those of proteins with a significant match, proteins were deemed
identified if additional parameters, such as its calculated pl and Mw, were in agreement with those
observed for the actual gel spot and the species matched was S. mansoni, according to [26].

The molecular function and biological process were assigned for the proteins identified according to
information obtained from the Gene Ontology (GO) database (Huntley et al., 2015). The exact
annotation for each protein was used in most cases. However, the catalytic activity category was
used for all proteins with molecular function associated with (GTPase, hydrolase, isomerase, kinase,
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ligase, lyase, oxidoreductase, transcription and transferase activities). Binding category was used
for all types of ligand identified (actin, ATP, calcium, GTP, magnesium ion, metal ion, protein
domain specific and nucleotide bindings). Furthermore, there was other molecular function
categories classified such as chaperone, motor, regulation of muscle contraction, structural and
transport. The proteins that had no associated known function were classified as “unknown”.

2.6 Ethics statement

This research project was reviewed and approved by the Ethics Committee and Animal Welfare,
Faculty of Veterinary Medicine, UTL (Ref. 0421/2013). Animals were maintained and handled in
accordance with National and European legislation (DL 276/2001 and DL 314/2003; 2010/63/EU
adopted on 22" September 2010), with regard to the protection and animal welfare, and all
procedures were performed according to National and European legislation. The anesthetics and
other techniques were used to reduce the pain and adverse effect of animal.

3. Results

3.1 2-DE separation of proteins from S. mansoni PZQ-resistant and PZQ-susceptible adult
worms

As said in the Material and methods section, in total, eight protein extracts were analyzed: four from
parasites not exposed to PZQ (NEPZQ) [resistant males and females (assigned as RM-NEPZQ and
RF-NEPZQ, respectively), and susceptible males and females (assigned as SM-NEPZQ and SF-
NEPZQ, respectively)] and another four samples from parasites exposed to PZQ (EPZQ) [resistant
males and females (assigned as RM-EPZQ and RF-EPZQ, respectively), and susceptible males and
females (assigned as SM-EPZQ and SF-EPZQ, respectively)]. All protein extracts presented high
purity and good quality for posterior 2-DE and mass spectrometry (MS) analysis (Figure 1).

Analytical 2-DE gels were produced using 13 cm, pH 3-10NL strips and SDS-PAGE 12%, stained
by Coomassie Blue to reproducibly resolve protein spots in a broad pH range and molecular weight,
and posteriorly compare the protein pattern of S. mansoni proteome from the two strains (PZQ-
resistant and PZQ-susceptible) not exposed (Figure 2) and exposed to PZQ (Figure 3).

2-DE maps constructed with Coomassie Blue-stained gels showed reasonably comparable numbers
of spots in all the samples. In total 133 + 14, 265 + 20, 142 + 8, and 188 * 34 spots were detected in
proteins from RM-NEPZQ, RF-NEPZQ, SM-NEPZQ, and SF-NEPZQ), respectively (Table 1). For
parasites exposed to PZQ, 203 + 14, 133 £ 9, 220 + 34 and 99 * 19 spots were detected in RM-
EPZQ, RF-EPZQ, SM-EPZQ and SF-EPZQ, respectively (Table 1). It is worth noting that 2-DE
gels from RF-NEPZQ, RM-EPZQ and SM-EPZQ contain larger numbers of protein spots compared
to other samples.

3.2LC-MSM Sanalysisand protein identification

The spots differentially expressed were excised from preparative gels of each sample, digested by
trypsin and identified by LC-MS/MS. For RM-NEPZQ), 64 spots were successfully analyzed by LC-
MS/MS, as well as 69 from RF-NEPZQ, 67 from SM-NEPZQ, 68 from SF-NEPZQ, 68 from RM-
EPZQ, 69 from RF-EPZQ, 67 from SM-EPZQ, and 66 spots from SF-EPZQ (Supplementary
material 1). The MS/MS results were employed to search the database (NCBInr) by Mascot search
engine, and the matched proteins are listed in Supplementary material 1 and 2. Some proteins were
identified in only one individual spot, but on several occasions, more than one spot in a gel
corresponded to the same protein or better, same protein species (Figure 2, Figure 3 and
Supplementary material 1).
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Sixty individual protein species were identified on samples from parasites not exposed to PZQ, of
which 45 were present in RM-NEPZQ, 52 in RF-NEPZQ, 45 in SM-NEPZQ and 47 proteins in SF-
NEPZQ (Supplementary material 1). In this group of NEPZQ parasites, 35 proteins were common
to all the four protein extracts, eight occurred only in resistant worms, eight only in susceptible
worms, four in female parasites, and three were only present in resistant females. Interestingly, two
proteins that have shown to be common in RM-NEPZQ, RF-NEPZQ and SM-NEPZQ preparations,
namely serine/threonine phosphatase and troponin I, did not appear in SF-NEPZQ (Figure 4, Figure
5A and Table 2).

The total number of proteins identified was reduced to 55 proteins on the protein extracts from
parasites exposed to PZQ. Forty-eight of those proteins were present in RM-EPZQ, 52 in RF-
EPZQ, 45 in SM-EPZQ, and 46 in SF-EPZQ (Supplementary material 1). Forty-two proteins
appeared to be common to all the four proteins preparations of EPZQ parasites. In addition, four
proteins were present only in resistant strain, one in susceptible strain, three were exclusive of
female parasites, two proteins were present only in male parasites and three were only in resistant
females. Five proteins that were present on parasites not exposed to PZQ, namely, collagen alpha
chain, dopamine transporter, twister (putative), ubiquitin-specific peptidase 30 (C19 family), and
Smp_162220, did not appear here (Figure 4, Figure 5B and Table 2).

3.3 Molecular function of identified proteins

The proteins identified by MS/MS, and summarized in Supplementary material 1 and 2, were
categorized by their molecular function, according to information obtained from the GO database
(Table 3), as described in the Material and methods section. When proteins had another function
annotation, they were shown in brackets. The biological process and subcellular localization
assigned to each protein in that database are also included in the Table 3. The results allowed the
identification of proteins categorized as binding, catalytic, transport, regulation of muscle
contraction, chaperone, motor, structural activities and proteins of unknown functions. Among the
molecules identified as binding proteins, most of them were ATP, nucleotide, protein and ion
binding proteins. The proteins categorized correspond to a variety of biological processes,
nevertheless most of them were glycolytic enzymes and proteins related to metabolic process.

Regarding to the subcellular localization, the proteins identified were classified, as cytoskeletal,
cytosolic, nuclear, membrane proteins and some of them were located on extracellular matrix.
Among them, those most abundantly identified were cytosolic proteins. There were fifteen and
seven proteins whose biological process and subcellular localization, respectively, were not
predicted (Table 3).

4. Discussion

Nowadays the control of schistosomiasis is based on PZQ, the only drug available for its treatment,
which heavily relies on massive chemotherapy (Doenhoff et al., 2000; Cioli and Pica-Mattoccia,
2003; Hagan et al., 2004). However, the report of PZQ-resistance cases by S. mansoni has become a
serious problem that needs to be solved. Several reports from our group and others have suggested
that resistance to Schistosoma infection can be acquired naturally or induced by drug (Kabatereine
etal., 1999; Corréa-Oliveira et al., 2000; Black et al., 2010; Pinto-Almeida et al., 2015). Besides
experimental evidences, reports of treatment failure in Senegal and Egypt in isolates with reduced
susceptibility to PZQ were obtained (Stelma et al., 1995; Ismail et al., 1996) and further in vitro
experiments have confirmed the development of PZQ-resistance (Fallon and Doenhoff, 1994;
Ismail et al., 1999; Liang et al., 2001; Liang et al., 2010; Pinto-Almeida et al., 2015). Our group in
particular has shown that resistance may be developed by drug pressure and as discussed in the
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364  Introduction section, we developed an important model that allows the laboratory study of PZQ-
365  resistance in S, mansoni (Pinto-Almeida et al., 2015). Taking advantage of our drug resistant strain,
366  the present study represents the first report of a S. mansoni PZQ-resistant strain proteomic analysis,
367  comparing this strain with its isogenic counterpart susceptible strain, which is different only for the
368  genetic determinants accounting for the PZQ-resistance phenotype.

369

370  In the present study we identified 60 different proteins on S. mansoni proteome. All those proteins
371 were present in worms not exposed to PZQ, but some of them disappeared when these worms were
372 exposed to the same drug. This result could possibly indicate an effect of PZQ exposure on protein
373  expression in resistant and susceptible strains. Although previous studies of Schistosoma proteome
374  had been performed using protein extracts and Schistosoma species different from ours, some

375  proteins, such as 14-3-3 protein, HSP-70, GAPDH, glutathione S-transferase 28 kDa, enolase,

376  fructose-bisphosphate aldolase, actin, triose phosphate isomerase, calponin, elongation factor 1-o,
377  phosphoglycerate kinase, phosphoglycerate mutase, myosin, and paramyosin were commonly

378 identified (Curwen et al., 2004; Mutapi et al., 2005; Braschi et al., 2006; Guillou et al., 2007; Pérez-
379  Sanchez et al., 2008; Zhong et al., 2010; Boukli et al., 2011; Ludolf et al., 2014). In addition, some
380  proteins that have already been tested as vaccine candidates, as glutathione S-transferase 28 kDa
381  (Pearce, 2003), triose phosphate isomerase (Reynolds et al., 1994; Pearce, 2003) and paramyosin
382 (Pearce, 2003) were also identified in the present study. Major egg antigen, troponin T, disulphide-
383  isomerase ER-60 and actin, proteins that we also found, have already been clustered as

384  immunoreactive proteins in serum pools of infected or non-infected individuals from endemic area
385  (LudlIf et al., 2014).

386

387  Looking at the proteomes from both genders, in this survey, four proteins were only expressed in
388  females from both strains, even under exposure to PZQ, namely, cytosol aminopeptidase, inosine-
389  5-monophosphate dehydrogenase (IMPDH), ubiquitin protein ligase E3a, and collagen alpha chain.
390  Cytosol/leucine aminopeptidase catalyzes the hydrolysis of amino-acid residues from N-terminus of
391  proteins and peptides (Piacenza et al., 1999), and it has already been assessed as a vaccine candidate
392  against the infection of Fasciola hepatica (Acosta et al., 2008). This protein has previously been
393 identified in Schistosoma mansoni eggs (Rinaldi et al., 2009). Regarding IMPDH, this protein is
394  responsible for the rate-limiting step in guanine nucleotide biosynthesis (Prosise and Luecke, 2003),
395 and it has previously been identified in Schistosoma genome and transcriptome (Protasio et al.,

396  2012). E3 ligase enzyme catalyzes protein ubiquitination, which regulates various biological

397  processes through covalent modification of proteins and transcription factors, and ubiquitin is the
398  most important protein of this process (Sun and Chen, 2004; Santos et al., 2007). It has been

399  suggested that ubiquitination is of interest in S. mansoni because this process could be a potential
400 target for the design of new drugs (Guerra-Sa et al., 2005), being ubiquitin protein ligase E3a a

401  good target to be studied. In regard to collagen alpha chain, Yang and colleagues (Yang et al., 2012)
402  described that silencing the expression of a type of collagen (type V collagen) significantly affects
403  the spawning and egg hatching of S. japonicum, and it also affects the morphology of the worms
404  (Yang et al., 2012). Therefore, it would be very interesting evaluate the role of each of these

405  proteins in PZQ-resistance, specially, collagen alpha chain, since it seems to occur morphological
406  alterations in eggs and worms of S. mansoni PZQ-resistant strain (Pinto-Almeida et al., 2016).

407  Moreover, females of this species, the only gender in which those proteins were found in this work,
408  are more tolerant to PZQ treatment than males (Pinto-Almeida et al., 2015).

409

410  Another large difference between the proteome of both genders was the expression of troponin |
411  and serine/threonine-protein phosphatase. Those proteins were present in males independently of
412 drug exposure, but in females they were only present in resistant females not exposed to PZQ.

413 Troponin | belongs to the troponin complex that mediate Ca**-regulation that governs the actin-
414  activated myosin motor function in striated muscle contraction (Wei and Jin, 2011). On the other
415  side, protein kinases and phosphatases, as is the case of serine/threonine-protein phosphatase, are
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416  essential for normal functioning of signaling pathways since, it is well known that reversible

417  phosphorylation of proteins is a ubiquitous mechanism crucial for regulation of most cellular

418  functions (Luan, 2003). In S mansoni, a phosphatase 2B (calcineurin) has been described as a

419  heterodimer with a catalytic subunit and a regulatory subunit, which bind to Ca** increased the

420  phosphatase activity (Mecozzi et al., 2000). Thus, protein phosphatases represent crucial molecules
421  for the parasite and hence potential chemotherapeutic targets (Daher et al., 2006). Those differences
422 in proteomes of males and females of S. mansoni represents a remarkable finding that is in

423  agreement with other works (Cheng et al., 2005; Pérez-Sanchez et al., 2008), who have described a
424  differential protein expression between males and females of Schistosoma spp.. However, these

425  proteins are different from those described here, but it should be taken into account that those

426  studies were performed with different species of Schistosoma (Cheng et al., 2005; Pérez-Sanchez et
427  al., 2008).

428

429  Regarding to resistant strain parasites, it is notable the finding of eight proteins exclusively

430  expressed in those S mansoni worms. From those eight proteins, dopamine transporter, twister

431  (putative), ubiquitin-specific peptidase 30 (C19 family), and uncharacterized protein smp_162220
432 are not present in S, mansoni PZQ-exposed worms. However, galactokinase, ornithine

433 aminotransferase, Rab6-interacting protein 2 (ERC protein 1) and transducin beta-like remained
434  after drug exposure. Dopamine/norepinephrine transporter (SmMDAT) gene transcript, characterized
435 in S mansoni, is essential for the survival of the parasite as it causes muscular relaxation and a

436 lengthening in the parasite, controlling movement (Larsen et al., 2011). Galactokinase catalyzes the
437  second step of the Leloir pathway, a metabolic pathway found in most organisms for the catabolism
438  of B-D-galactose to glucose 1-phosphate (Frey, 1996). Galactokinase and hexokinase have similar
439  enzymatic function on sugar phosphorylation (Bork et al., 1993), and characterization of

440  schistosome hexokinase has been described as pertinent to understanding the metabolic response of
441 S mansoni cercariae to an increased glucose availability (Tielens et al., 1994). Ornithine

442  aminotransferase was already identified in S. mansoni (Roger et al., 2008) and it has been

443  characterized as playing a central role in ornithine biosynthesis (Gafan et al., 2001). It seems

444  responsible for catalyzing the transfer of the delta-amino group of L-ornithine to 2-oxoglutarate,
445  producing L-glutamate-gamma-semialdehyde, that in turn spontaneously cyclizes to pyrroline-5-
446  carboxylate, and L-glutamate (Haslett et al., 2004). Rab6-interacting protein 2 is a member of a
447  family of RIM-binding proteins, which are presynaptic active zone proteins that regulate

448  neurotransmitter release (Wang et al., 2002). Ubiquitin-specific peptidase 30 (C19 family) belongs
449  to a metabolic pathway that had previously been associated to development of artemisinin and

450  artesunate-resistance in Plasmodium chabaudi (Hunt et al., 2007), which is a very interesting result.
451  All those proteins specifically found in the resistant strain should be further studied to better

452  understand if they could possibly have a fundamental role in PZQ-resistance development.

453

454  Yet, for the resistant strain parasites, there are three proteins, beta 1,3-galactosyltransferase,

455  cathepsin L, and receptor for activated Protein Kinase C (PKC) that are exclusive to resistant

456  females, even after exposure to PZQ. Beta 1,3-galactosyltransferase has previously been identified
457  in Schistosoma genome and transcriptome (Protasio et al., 2012). Cathepsin L activity is believed to
458  be involved in hemoglobin digestion by adult schistosomes (Dalton et al., 1996), and these authors
459  suggested the involvement of cathepsin proteinases in several key functions render them as

460  potential targets to novel antiparasitic chemotherapy and immunoprophylaxis. Putative PKC exists
461 in kinomes of the blood flukes S. mansoni (Berriman et al., 2009; Andrade et al., 2011), S.

462  japonicum (Zhou et al., 2009) and S. haematobium (Young et al., 2012), and regulates movement,
463  attachment, pairing, and egg release in S. mansoni, being considered a potential target for

464  chemotherapeutic treatment against schistosomiasis (Ressurreicéo et al., 2014). These results really
465  suggest a possible relationship between those proteins and PZQ-resistance in S. mansoni females,
466  possibly being responsible for the exacerbated resistance demonstrated by those females in previous
467  work (Pinto-Almeida et al., 2015). Concerning the PZQ-susceptible strain, it was noted eight
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468  proteins that only appeared in this strain. Phosphopyruvate hydratase (enolase), an important

469  glycolytic enzyme that has the functions of activating the plasminogen, involving in the processes
470  of infection and migration of parasites, reducing the immune function of the host as well as

471  preventing parasites from the immune attack of the host (Gao and Yu, 2014), is the only protein

472 from those eight proteins that continued to be expressed after PZQ exposure. This possibly suggests
473 arelationship of this protein with the PZQ-susceptibility/resistance. However, more studies are

474  necessary to investigate this hypothesis.

475  All those results together represent an important finding for the study of PZQ-

476  resistance/susceptibility in S. mansoni, since they allow comparing directly the proteome under both
477  conditions. We believe that the most promising candidates are proteins that appeared associated

478  only to one of the strains, especially those with functions possibly related with the phenotypic

479  alterations observed in (Pinto-Almeida et al., 2016), or previously associated with resistance by

480  others parasites to different drugs. These candidates require special attention in more studies,

481  assessing for instance the level of protection induced by these proteins in animal models infected by
482  both S mansoni strains, as they may have some involvement on PZQ-resistance phenomenon.

483

484  Here, we studied for the first time the proteome of a PZQ-resistant S. mansoni strain and the

485  respective isogenic susceptible strain, a very important step towards understanding PZQ-resistance.
486  This allowed us to identify proteins possibly associated with PZQ-resistance. These are proteins that
487  were found to be differentially expressed between the strains. Since these proteins may be related
488  with the PZQ-resistance phenomenon their functional characterization should pursue in future

489  studies aimed at identifying new drug targets for schistosomiasis control. The identification of the
490  proteins putatively associated with PZQ-resistance in S. mansoni permits also to investigate the

491  possibility of developing a diagnosis test to distinguish patients carrying PZQ-resistant strains from
492  those with PZQ-susceptible S mansoni. The development of such a test would constitute a major
493  step towards schistosomiasis control as it would render possible to adjust drug administration in

494  order to increase treatment efficacy, perhaps even by combining PZQ with efflux pumps inhibitors
495  as suggested previously (Pinto-Almeida et al., 2015). The proteome analysis made it also possible
496  to identify proteins that were present only in females, being these good targets to identify the

497  mechanisms underlying the decreased PZQ-susceptibility of females, when compared to males.

498  Furthermore, some of these proteins may constitute targets, for schistosomiasis control. They

499  should, therefore, be object of further analysis. In this context, the development and use of other
500 techniques, such as genetic manipulation methods, will be crucial to further unravel the

501  phenomenon/problem of PZQ-resistance/tolerance/loss of susceptibility. Therefore, this work opens
502  doors to other PZQ-resistance studies, and could possibly represent a basis to find a solution to the
503 PZQ-resistance problem in a disease that affects millions of people worldwide.

504
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787
788  Table 1. Summary comparison of the number of protein spotsin the 2-DE mapsfor the eight
789  different protein samples analyzed.
790
Not exposed to PZQ Exposed to PZQ
(NEPZQ) (EPZQ)
RM RF SM SF RM RF SM SF

Replica 1 145 243 151 150 215 124 242 80

Replica 2 135 270 138 200 188 135 181 99

Replica 3 118 281 136 215 207 141 237 117

Mean + 133+14 265+20 142+8 188+34 203+14 133+9 220+£34 99z%19

SD

791
792  Table2. Specific proteinsidentified in each group analyzed.
793
Not exposed to PZQ (NEPZQ) Exposed to PZQ (EPZQ)
Worms Resistant Susceptible Resistant Susceptible
strain strain strain strain
Males -Serine / threonine -Serine / threonine
phosphatase; phosphatase;
-Troponin . -Troponin I.

Females  -Collagen alpha -Collagen alpha -Cytosol
chain; chain; -Cytosol aminopeptidase;
-Cytosol -Cytosol aminopeptidase; -Inosine-5'-
aminopeptidase; aminopeptidase; -Inosine-5'- monophosphate
-Inosine-5'- -Inosine-5'- monophosphate dehydrogenase;
monophosphate monophosphate dehydrogenase; -Ubiquitin protein
dehydrogenase; dehydrogenase; -Ubiquitin protein ligase E3a;
-Ubiquitin protein -Ubiquitin protein ligase E3a;
ligase E3a; ligase E3a;

*- Beta 1,3- *- Beta 1,3-
galactosyltransferase; galactosyltransferase;
*- Cathepsin L; *- Cathepsin L;

*- Receptor for *- Receptor for
activated Protein activated Protein
Kinase C (PKC). Kinase C (PKC).

Both -Galactokinase; -ATP-dependent -Galactokinase; -Phosphopyruvate
-Ornithine transporter; -Ornithine hydratase.
aminotransferase; -Lysine tRNA ligase;  aminotransferase;

-Rab6-interacting -Phosphopyruvate -Rab6-interacting
protein 2 (ERC hydratase; protein 2 (ERC
protein 1); -Protein kinase; protein 1);
-Transducin beta- -RNA mb5u -Transducin beta-like.
like; methyltransferase;
-Dopamine -Suppressor of actin
transporter; (Sac);
-Twister, putative; -Smp_018790;
-Ubiquitin-specific -Smp_161260.
peptidase 30 (C19
family);
-Smp_162220.

794  *Proteins present only in resistant females.

795

796

797

798
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Table 3. Proteinsidentified by their MSM Sand categorized by their molecular function
accor ding to information obtained from GO database.

Molecular  Protein name Biological Process Subcellular
function localization
Binding -14-3-3 epsilon - -Cytosol
1 .
(19) -14-3-3 protein homolog 1 - -Cytosol
-14-3-3 protein homolog 2 - -Cytosol
-Actin-1 (Motor, structural) - -Cytoskeleton
-Actin-2 (Motor, structural) - -Cytoskeleton
-Calponin -Actomyosin structure -Cytosol
organization
-Cytosol aminopeptidase -Metabolic process; -Cytosol
proteolysis
-DNA helicase -DNA replication -Nucleus
-Dopamine transporter (Transport) -Transport -Membrane
-Gelsolin - -Cytoskeleton
-Heat shock 70 kDa protein homolog -Stress response -Cytosol
(Chaper one)
-Heat shock protein 70 (HSP 70) (Chaper one) -Stress response -Cytosol
-Myosin regulatory light chain -Muscle contraction -Cytoskeleton
-Receptor for activated Protein Kinase C (PKC) - -
-Sortingnexin-related -Endocytosis -Membrane
-Tegument antigen (Antigen SmA22.6) -Microtubule-based -Membrane
process
-Troponin | - -Cytosol
-Uncharacterized protein, Smp_162220 (88% - -
identity with SJICHGC07938 protein - S.
japonicum)
-Uncharacterized protein, Smp_171780 (95,2% -Signal transduction -Extracellular matrix
identity with SPARC protein - S, haematobium)
Catalytic -Aldehyde dehydrogenase -Metabolic process -Cytosol
a(clté\)nty -Beta 1,3-galactosyltransferase -Protein glycosylation -Membrane
-Cathepsin L -Proteolysis -
-Fructose bisphosphate aldolase -Glycolysis -Cytosol
-Glutathione S-transferase 28 kDa -Detoxification -Cytosol
-Malate dehydrogenase -Metabolic process -Cytosol
-Phosphoglycerate mutase -Glycolysis -Cytosol
-Protein disulfide-isomerase ER-60 -Metabolic process -Cytosol
-RNA m5u methyltransferase -Methylation -Cytosol
-Suppressor of actin (Sac) -Metabolic process -Membrane
-Transducin beta-like -Regulation of -Cytosol
transcription
-Triosephosphate isomerase -Glycolysis -Cytosol
-Ubiquitin protein ligase E3a -Protein ubiquitination -Cytosol
-Ubiquitin-specific peptidase 30 (C19 family) -Protein ubiquitination -Cytosol
-Uncharacterized protein, Smp_018790 (91,6% -Metabolic process -Cytosol

identity with PP2C-like domain-containing
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Binding -Alpha tubulin -Microtubule-based -Cytoskeleton

and process

Catalytic -ATP-dependent transporter (Transport) -Metabolic process -Membrane

?f(t;)v ity -Cell polarity protein -Metabolic process -Membrane
-Elongation factor 1-alpha -Protein biosynthesis -Cytosol
-Enolase -Glycolysis -Cytosol
-Galactokinase -Metabolic process -Cytosol
-Glyceraldehyde-3-phosphate dehydrogenase -Glycolysis -Cytosol
-Inosine-5'-monophosphate dehydrogenase -Protein biosynthesis -Cytosol
-Lysine tRNA ligase -Protein biosynthesis -Cytosol
-Ornithine aminotransferase -Metabolic process -Cytosol
-Phosphoglycerate kinase -Glycolysis -Cytosol
-Phosphopyruvate hydratase -Glycolysis -Cytosol
-Protein kinase -Phosphorylation -Cytosol
-Serine/threonine kinase -Phosphorylation -Cytosol
-Serine/threonine phosphatase -Metabolic process and -Cytosol

dephosphorylation
-Tubulin beta chain -Microtubule-based -Cytoskeleton
process

Transport  -Albumin -Transport -Extracellular matrix

“) -Rab6-interacting protein 2 (ERC protein 1) - -

Regulation  -Tropomyosin-1 -Muscle contraction -Cytosol

of muscle -Tropomyosin-2 -Muscle contraction -Cytosol

contraction pomy yt

4 -Troponin | - -Cytosol
-Troponin T - -Cytosol

Chaperone  -Major egg antigen (p40) - -Cytosol

©)

Motor (3)  -Paramyosin -Muscle contraction -Cytoskeleton

Structural ~ -Collagen alpha chain - -

@)

Unknown  -Twister (putative) - -

@)

-Uncharacterized protein, Smp_161260 (63,4%

identity with SICHGCO05745 protein - S,
japonicum)

802  *Numbers in brackets indicate the amount of proteins with those certain functions.
803

804  Figurelegends

805

806 Figurel. SDS-PAGE gel of the protein preparations, confirming the quality of the protein
807  extractsstudied. RM — Resistant males; SM — Susceptible males; RF — Resistant females; SF —
808  Susceptible females; Mr — Molecular reference.

809

810 Figure 2. Two-dimensional gel electrophoresis of protein samplesfrom S. mansoni adult

811 wormsnot exposed to PZQ using 13 cm, pH 3-10NL strips and SDS-PAGE 12%, stained by
812 CoomassieBlue. (A) SM-NEPZQ; (B) RM-NEPZQ; (C) SF-NEPZQ; (D) RF-NEPZQ. Numbers
813  identify the spots, which were analyzed and identified by MS. All the identified proteins are listed
814  in Supplementary material 1. The figure shows one representative experiment of three replicates.
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Figure 3. Two-dimensional gel electrophoresis of protein samplesfrom S. mansoni adult

wor ms exposed to PZQ using 13 cm, pH 3-10NL stripsand SDS-PAGE 12%, stained by
Coomassie Blue. (A) SM-EPZQ); (B) RM-EPZQ); (C) SF-EPZQ; (D) RF-EPZQ. Numbers identify
the spots, which were analyzed and identified by MS. All the identified proteins are listed in
Supplementary material 1. The figure shows one representative experiment of three replicates.

Figure 4. Number of shared proteinsidentified between and among the protein preparations
from parasites not exposed and exposed to PZQ.

Figureb5. Venn diagram showing the number of shared proteinsidentified between and
among the protein preparations from parasites. (A) Not exposed to PZQ (NEPZQ); (B) Exposed
to PZQ. RS-J: resistant strain males; RS-Q: resistant strain females; SS-J': susceptible strain
males; SS-Q: susceptible strain females. Common spots identified between and among the samples
are represented overlapped by the circles.

Supplementary materials

Supplementary material 1. Proteins and spots identified in the samples from parasites not exposed
and exposed to PZQ.

Supplementary material 2. Data related with protein and peptide identification.
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Not Exposed to PZQ (NEPZQ) Exposed to PZQ (EPZQ)

60 total proteins 55 total proteins
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