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Inorganic pyrophosphate (PPi) is a key metabolite in cellular bioenergetics under
chronic stress conditions in prokaryotes, protists and plants. Inorganic pyrophosphatases
(PPases) are essential enzymes controlling the cellular concentration of PPi and
mediating intracellular pH and Ca+2 homeostasis. We report the effects of the
antimalarial drugs chloroquine (CQ) and artemisinin (ART) on the in vitro growth of
Philasterides dicentrarchi, a scuticociliate parasite of turbot; we also evaluated the
action of these drugs on soluble (sPPases) and vacuolar H+-PPases (H+-PPases). CQ
and ART inhibited the in vitro growth of ciliates with IC50 values of respectively 74 + 9
uM and 80 + 8 uM. CQ inhibits the H+ translocation (with an IC50 of 13.4 + 0.2 uM),
while ART increased translocation of H+ and acidification. However, both drugs caused
a decrease in gene expression of H+-PPases. CQ significantly inhibited the enzymatic
activity of sPPases, decreasing the consumption of intracellular PPi. ART inhibited
intracellular accumulation of Ca+2 induced by ATP, indicating an effect on the Ca2+-
ATPase. The results suggest that CQ and ART deregulate enzymes associated with PPi
and Ca2+ metabolism, altering the intracellular pH homeostasis vital for parasite
survival and providing a target for the development of new drugs against

scuticociliatosis.

Keywords: Philasterides dicentrarchi; inorganic pyrophosphatases; chloroquine;

artemisinin; calcium; intracellular pH.

INTRODUCTION
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Inorganic pyrophosphate (PPi) and ATP perform similar functions in terms of
energy (Baltscheffsky and Baltscheffsky, 1996). It is believed that the use of PPi as an
energy source was acquired earlier in evolution than ATP and that it may be present in
cells as PPi or polyphosphate (Kajander et al., 2013). PPi, which is mainly generated
during biosynthesis of macromolecules, is essential for cellular metabolism, acting as an
energy donor and allosteric regulator in many routes and molecular reactions, such as
the PPi-dependent phosphorylation of Fru-6-P, catalyzed by phosphofructokinase (PPi-
PFK), and PPi-driven proton translocation mediated by H* pyrophosphatase (H*-PPase)
(Theodoru and Plaxton, 1993; Pace et al., 2011). Two main different types of PPase
have been described: membrane integral H* translocating PPase (H*-PPase) and soluble
or cytosolic PPase (sPPase). The latter of these is further classified, on a structural basis,
into 3 subtypes: | 1l and Il (Kornberg et al, 1962; Pérez-Castifieira et al., 2002b).
PPases differ greatly in both sequence and in structure: sPPases are ubiquitous enzymes
that hydrolyze PPi to provide the energy to drive biosynthetic reactions, while
membrane PPases use energy produced from the hydrolysis of PPi to move H* across
the membrane to generate an electrochemical H* gradient (Baltscheffsky et al., 1999;
Pérez-Castifieira et al., 2002a). PPases can also be classified by their responses to
inhibitors such as sodium fluoride (NaF) and bisphosphonates and by the divalent cation
required for activity (Mg*2 or Mn*2) (Drodowitz et al., 1999; Kajander et al., 2013;
Gajadeera et al., 2015). The main similarity between soluble PPases and H*-PPases is
catalytic site structure (Kajander et al., 2013). Both types of PPases have been found in
a broad range of organisms including protozoan parasites such as Trypanosoma,
Toxoplasma, Plasmodium and Leishmania (Luo et al., 1999; Mclntosh et al., 2001,
Pérez Castifieira et al., 2002b; Gémez-Garcia et al., 2004; Lemercier et al., 2004;

Espiau et al., 2006; Sen et al, 2009; Pace et al., 2011). An H*-PPase has recently been



72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

identified in the ciliate parasite Philasterides dicentrarchi, the etiological agent of
scuticociliatosis in cultured turbot (Mallo et al., 2015). Although type 1 Mg?*-dependent
sPPases are present in all organisms, H*-PPases have not been identified in mammals;
they therefore represent a potential therapeutic target for developing new antiprotozoal
drugs (Freitas-Mesquita et al., 2014).

Trypanosomatid and apicomplexan parasites possess acidic Ca* storage
organelles, designated acidocalcisomes, with a high PPi content. In association with
their membranes, these organelles have several proton-ion exchanger and proton- and
Ca*?-pumping ATPases and H*-PPases that are involved in regulation of intracellular
pH and osmolarity (Docampo et al., 2013). Disruption of intracellular pH homeostasis
has therefore been proposed as a possible route for the development of antiparasitic
agents (Jiang et al., 2002). One of the most common antiparasitic compounds is the
antimalarial chloroquine (CQ), a weak diprotic base derivative of quinine, which has
long been used to prevent malaria (Ponnampalam, 1981). CQ is accumulated in acidic
compartments, preferentially in the lysosome and in acidic vacuoles and
acidocalcisomes, and the pH level is an essential factor for its accumulation (Bray et al.,
2002; Spiller et al., 2002). CQ enters these compartments passively by simple diffusion
and once inside is protonated (CQ*?) and trapped, thus enabling it to interfere with
processes essential to parasite survival, by releasing ROS (L6pez and Segura Latorre,

2008; Li et al., 2014).

Another chemotherapeutic agent against malaria, artemisinin (ART), a
secondary metabolite of the plant Artemisia annua L., is a known inactivator of channel
proteins and causes changes in membrane potential (Golenser et al., 2006; Kim et al.,
2015) at endoplasmic reticulum and vacuolar membrane levels (Crespo et al., 2008; Liu

et al., 2010). Artemisinin has been identified as a Ca?*-ATPase inhibitor, producing
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alterations in cellular Ca** homeostasis (Ekstein-Ludwig et al., 2003; Golenser et al.,
2006; Shandilya et al., 2013); this phenomenon has also been described in other

parasites such as Toxoplasma gondii (Nagamune et al., 2007).

No effective treatment has yet been developed against the scuticociliate
Philasterides dicentrarchi, which causes serious mortalities in cultured turbot (Iglesias
et al., 2001). In this study we evaluated the in vitro antiparasitic effects of CQ and ART
on this ciliate. We also investigated the role of these agents in the activity of enzymes
involved in PPi metabolism and in the regulation of intracellular levels of PPi,

osmoregulation, intracellular pH and Ca 2* homeostasis.

MATERIAL AND METHODS
Experimental animals

Specimens of the turbot Scophthalmus maximus, of approximately 50 g body
weight, were obtained from a fish farm in Galicia. The fish were held in 250 L tanks
with aerated recirculating seawater maintained at 17-18°C and under a photoperiod of
12h light/dark. The fish were fed daily with commercial pellets (Skretting, Burgos,
Spain) and acclimatized to the aquarium conditions for at least 2 weeks before the start

of the experiments.

Parasites and culture

Specimens of the ciliate P. dicentrarchi (isolated 11; Budifio et al., 2011) were
isolated from naturally infected turbot showing signs of scuticociliatosis. The fish were
obtained from a fish farm in Galicia, Spain. The ciliates were aseptically isolated from

peritoneal fluid of the turbot, as previously described (Iglesias et al., 2001). The isolated
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ciliates were grown at 21° C in complete sterile L-15 medium (Leibovitz, GE
HealthCare Europe GmbH, Barcelona, Spain; 10% salinity, pH 7.2) containing 90 mg/L
each of adenosine, cytidine and uridine, 150 mg/L of guanosine, 5 g/L of glucose, 400
mg/L of L-a-phosphatidylcholine, 200 mg/L of Tween 80, 10% heat-inactivated foetal
bovine serum (FBS) and 10 mL/L of 100X of an antibiotic/antimycotic solution (100
units/ml penicillin G, 0.1 mg/mL streptomycin sulphate and 0.25 mg/mL amphotericin
B; Sigma-Aldrich, Madrid, Spain), as previously described (lglesias et al., 2003). In
order to maintain the virulence of the ciliates, fish were experimentally infected every 6
months by intraperitoneal injection of 200 uL of sterile physiological saline solution
(PSS; 0.15M NaCl) containing 5 x 10° ciliates, and ciliates were subsequently obtained

from the fish on about the fifth day post infection.

Anti-ciliate activity

The anti-ciliate activity was assayed, as previously described (Mallo et al,.
2014). The antimalarial agents CQ and ART (Sigma-Aldrich) were prepared in 100 mM
stock solutions, in dimethylsulphoxide (DMSO), and maintained at —20 °C in the dark
until use. To investigate the anti-ciliate effects, the antimalarial agents were added to a
96-well sterile culture plate (Corning, Fisher Scientific, Madrid, Spain) containing 15x
10° ciliates/mL, to final concentrations between 1 and 100 pM. The plates were then
incubated for 3 days at 21 °C. Aliquots (15 pL) of the different treatments/ciliates were
removed from each of five replicate wells. After the ciliates were inactivated with
0-25% glutaraldehyde, they were quantified using a haemocytometer (Iglesias et al.,
2002). To rule out possible effects of DMSO, L-15 medium containing the highest
concentration of DMSO used (100 uM) was added to five replicate wells. The in vitro

inhibitory concentrations (ICso) of the antimalarial agents were calculated using Excel
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(Microsoft Office; Microsoft, Madrid, Spain), by plotting the dose response data and
applying linear regression (y= mx+b) to fit the data: the values were then calculated
from the equation 1Cso = (0.5-b) x log dose / m, where m is the slope y1-y2 / X1-X2 and

b is the intercept of the line.

Measurement of PPi-driven H*-transport

The assay was carried out using acridine orange (a cationic fluorescent dye that
is accumulated in acidic compartments) as an indicator of transmembrane pH difference
in permeabilized ciliates (Rohloff and Docampo, 2006). The assay was performed as
previously described (Mallo et al., 2015), with minor modifications. Briefly, 2.5 x 10°
ciliate cells were collected, permeabilized with digitonin (DIG) to a final concentration
of 6.6 uM, and washed twice with PBS. After washing, the pellet was resuspended in
assay buffer containing 100 mM KCI, 0.4 M glycerol, 1 mM Tris-EGTA, and 5mM
Tris-HCI, 1 mM PMSF and 1 ug/ml leupeptin, pH 8, containing 2.5 pUM acridine
orange. The reaction was initiated by the addition of Tris-PPi (1 mM) to the medium
containing 1.3 mM MgSOa4. The kinetics of fluorescence was measured at 485/530
excitation /emission in a fluorimeter (Fluox800, BioTek Instruments, Winooski, VT,
USA) (Rodrigues et al., 2000; Mallo et al., 2015). A negative control experiment
without pyrophosphate was established. Antimalarial agents were added from stock
solutions prepared in reaction buffer (Moreno et al., 2011). Assays were performed at

room temperature.

PPi assay
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The PPi assay was carried out with lysates of ciliates cultured for 3 days with
different treatments. Briefly, 2 x 10° ciliates/mL were washed twice with PBS by
centrifugation at 700 x g for 5 min and at 4 °C. The pellet was then resuspended in 1
mL of cold distilled water containing 1 mM PMSF and incubated for 15 min on ice. The
sample was then sonicated to disrupt the cells (10 cycles of 5 pulses in a W-250 sonifier
(Branson Ultrasonic, Danbury, CT, USA) and subsequently centrifuged at 10000 x g for
10 min at 4 °C to eliminate cellular debris. The protein concentration in the lysates was
determined by the Bradford method, with BSA as standard. 10 pl of concentrated (10X)
sample buffer (30 mM MgClz2, 2 mM EDTA, 2% BSA) was added to the protein
solution, which was then filtered through a 10kDa pore filter, Amicon Ultra-0.5 mL

(Merck-Millipore, Darmstadt, Germany) to remove endogenous PPi.

PPi was determined with a pyrophosphate reagent kit (Sigma-Aldrich, Madrid,
Spain), following the manufacturer’s instructions. The test is based on the principle that
two moles of NADH are oxidized to NAD, per mole of PPi consumed, by the activity of
PPi-dependent fructose 6-phosphate kinase (PFK-PPi). To test the effects of the
antimalarial agents, ciliates were incubate for 3 days with 100 uM of CQ, ART and the
PPi analogue risdronate (RIS) that was used as a control, and the lysates were obtained
as described above. 22 ug of protein per sample of each of three replicates was added to
each well of a 96-well UV transparent microplate (Corning, Fisher Scientific, Madrid,
Spain); the pyrophosphate reagent was then added, and the reaction was monitored at
340 nm for 10 min in a microplate reader (Biotek EL808, BioTek Instruments,
Winooski, VT, US). The final reaction volume was 100 pL and a standard was used at a

concentration of 1 mM PPi (O'Brien et al., 1976).

Acridine orange staining
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Aliquots of 5x10° ciliates were cultured with the different treatments for 30 min
and then centrifuged at 700 x g for 5 min and washed twice with PBS before being
stained (10 min) with a solution of 3 pM acridine orange (Sigma-Aldrich, Madrid,
Spain), a fluorophore that selectively accumulates in acidic compartments. The stained
ciliates were observed in a fluorescence microscope fitted with an excitation BP

450/490 nm dichroic mirror filter and FT 510 nm LP emission 520 nm filter.

Reverse transcription and real-time polymerase chain reaction (RT-gPCR)

Ciliates were incubated for 24 hours with CQ and ART at the concentrations
indicated in the graphs. The total RNA was isolated from 107 cells/sample with the
NucleoSpin RNA isolation kit (Macherey-Nagel, Diren, Germany) and treated with
DNase | (RNase free, Thermo Fisher Scientific, Waltham, MA, USA) before the final
concentration and purity were estimated in a NanoDrop ND-1000 spectrophotometer.
cDNA synthesis (25 pl/reaction) was performed by a reverse transcription reaction with
random primers (1.25 mM) (Roche Custom Biotech, Indianapolis, IN, USA), 250 uM of
deoxynucleoside triphosphate (dNTP), 10 mM dithiothreitol (DTT), 20U of RNase
inhibitor, 2.3 mM MgCl2 and 200U of reverse transcriptase of Moloney murine
leukemia virus (MMLYV) (Promega Biotech Ibérica, Madrid, Spain) in buffer containing
30 mM Tris, 20 mM KCI (pH 8.3). The cDNA was generated with 2 ug RNA samples
(Mallo et al., 2013).

The gPCR reaction was performed using a reaction mixture already containing
the assay buffer and dNTPs, Maxima SYBR Green qPCR Master Mix (Thermo Fisher
Scientific, Waltham, MA, USA). Primer pairs were used at a final concentration of 300
nM and 1ul of cDNA was added per well. The final volume of 10 pL/well was

completed with RNase free distilled H20. The reaction was executed at 95 °C for 5 min,
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followed by 40 cycles of 10s at 95 °C and 30s at 60 °C. At the end of this process,
melting curve analysis was carried out at 95 °C for 15s, 55 °C for 15 s, and 95 °C for 15
s. The specificity and the size of the PCR products obtained were confirmed by 2%
agarose gel electrophoresis. All reactions were carried out in an Eco Real-time PCR
system (Illumina, San Diego, CA, USA). The relative quantification of gene expression
was determined by the 2244 method (Livak and Schmittgen, 2001) following minimum
information guidelines for publishing real-time quantitative PCR experiments (MIQE)
(Bustin et al., 2009). The following primer sequences of H*-PPase gene were used:
Forward/reverse, 5’-GCCTACGAAATGGTCGAAGA-3’/5’-
GCATCGGTGTATTGTCCAGA-3’. Gene expression was normalized with the
reference gene B-tubulin of P. dicentrarchi (forward/reverse primer sequence, 5'-
ACCGGGGAATCTTAAACAGG-3'/5'-GCCACCTTATCCGTCCACTA-3'), and the
normalized data were expressed in relative arbitrary units. The values show the mean +
the standard error (SE) of three trials.

Primer pairs were designed and optimized with the Primer 3 Plus program
(http://www.bioinformatics.nl/cgibin/primer3plus/primer3plus.cgi) with a Tm of 60 °C.

(Mallo et al., 2013)

Intracellular Ca?* determination

The ciliates were washed twice, by centrifugation at 700 xg for 5 min, and
resuspended in assay medium (1X HBSS without Ca?*, 20 mM HEPES and 2.5 mM
probenecid) to a final concentration of 1.25 x 10° ciliates/mL. The ciliates were then
incubated with different treatments for 1 hour in a 96-well plate at 21° C and at the
concentrations indicated in the graphs. After incubation, the ciliates were then washed

twice with assay medium and the Ca?" probe, Fluo-4 NW (No Wash, Fluo-4 NW

10
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calcium assay kit, Life Technologies) was added, following manufacturer's instructions,
and fluorescence (Ex: 494nm, Em: 516nm) was measured in a fluorimeter (FLx800,
BioTek Instruments, Winooski, VT, USA). Negative controls without the Ca?* probe

Fluo-4 NW were established (Paredes et al., 2008).

Statistical analysis

Results shown in the figures are expressed as means + standard error. Significant
differences (P = 0.05) were determined by analysis of variance (ANOVA) followed by

Tukey - Kramer multiple comparison tests.

RESULTS
In vitro effect on ciliate growth

Both CQ (Fig. 1A) and ART (Fig. 1B) treatments significantly inhibited in vitro
growth of P. dicentrarchi in L-15 medium supplemented with 10% FBS for 3 days,
indicating antiparasitic effects. The inhibitory effect of CQ and ART on growth of the
ciliates was significantly different from that of controls after day 2 of culture
(logarithmic growth phase of the culture): ICso = 55.14 + 4.59 uM for CQ (Fig. 1A),
and ICsp = 61.10 + 5.12 uM for ART (Fig. 1B). On day 3 of culture, i.e. when
trophozoites were about to enter the stationary phase of growth, the inhibitory activity
of both drugs decreased and the ICso values increased (74.36 + 9.42 uM for CQ and
80.41 £ 7.9 for ART); the latter value is significantly different from that obtained for

the first day of culture (Figs. 1A, B).

Effect on PPi-driven H* translocating activity and intracellular pH

11
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The effects of CQ (1, 5 and 25 uM) and of ART (25, 50 and 100 uM) on H*
translocation induced by PPi and intracellular pH are shown in Fig. 2A. CQ
significantly inhibited H* translocation at all concentrations tested, with a ICso of 13.4 +
0.2 uM (Fig. 2A), and ART produced a significant increase in the translocation of H* at
concentrations above 25 uM (Fig. 2B).

Acridine orange staining revealed that the antimalarials had contrasting effects,
which also differed from the effects observed in controls (ciliates not treated with
antimalarials) (Fig. 2C). Thus, 25 uM CQ caused alkalinization of the ciliates (all
endocytic vacuoles stained green); decreasing the concentration of CQ caused an
increase in intracellular acidification and yellow-stained endocytic vacuoles were
observed (Fig. 3C; upper images in the panel). The ciliates treated with ART at 25 and
100 uM showed a clear increase in intracellular acidification relative to controls, with
numerous endocytic vacuoles stained bright red/orange. Acidification levels in

endocytic vacuoles decreased at lower doses of ART (Fig. 3C, lower panel images).

Effect of H*-PPase gene expression

Ciliates cultured for 24 hours with different concentrations (25-100 uM) of both
antimalarial agents showed a decrease in H*-PPase gene expression, relative to the -
tubulin gene, as determined by RT-gPCR (Fig. 3). Both CQ (Fig. 3A) and ART (Fig.
3B) were effective at doses of 50 uM, with ICso values of 44.34 uM (CQ) and 57.3 uM

(ART).

Effect of antimalarial agents on PPi levels and role of the PPi analogue risedronate
(RIS) on H*-PPase enzyme activity, gene expression and in vitro growth of the

parasite

12
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PPi levels were tested after 3 days of treatment of the ciliates with CQ and
ART and with the PPi analogue RIS as an inhibitor control. CQ and RIS significantly
decreased PPi levels, while ART did not produce any variation in PPi levels, indicating
that PPi had not been consumed and that this compound does not affect the sPPases of
the parasite (Fig. 4A). The bisphosphonate RIS, at a concentration of 100 uM, also
significantly inhibited H™-PPase activity (Fig. 4B), gene expression (Fig. 4C) and in
vitro growth of the parasite from the first day of culture (initiation of the logarithmic
phase of growth) until day 3 (entry into the stationary phase of growth); however, the
IC50 values decreases between day 1 (51.25 + 5.07 uM) and day 3 (37.29 = 5.87 uM)

(Fig. 4D).

Effect on levels of intracellular Ca?* induced by ATP

Regulation of intracellular Ca?* was studied by the addition of ATP, which is
thought to act on the Ca?*-dependent enzyme Ca?*-ATPase. ART is a known inhibitor
of this enzyme in apicomplexan and kinetoplastid parasites (Nagamune et al., 2007,
Mishina et al., 2007; Tanabe et al.,, 2011). To study the effect of ART on the
scuticociliate P. dicentrarchi, Ca?* and ATP (the enzyme substrate) were added to the
cultures. In the assay, ciliates were incubated with the different treatments for 1 hour
before the Ca?* probe (Fluo-4 NW) was added, and fluorescence was measured 1 hour
later. The intracellular Ca?* levels increased significantly in ciliates incubated with ATP
and CaClz (Fig. 5). Treatment with ART decreased the levels of intracellular Ca®* (Fig.
5B). However, treatment with CQ did not have any effect on the increased intracellular
Ca?* levels induced by CaCl2 and ATP (Fig. 5A), indicating that this antimalarial agent

does not act at the Ca?*-ATPase level.
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DISCUSSION

The antimalarial agents CQ and ART inhibited P. dicentrarchi growth,
indicating the potential usefulness of these drugs in treating scuticociliatosis. The
antiparasitic potential of ART has previously been described in ciliates such as
Tetrahymena thermophila, in which growth was modulated (Shen et al., 2010). The
effect of antimalarial drugs on P. dicentrarchi may occur at the levels of pH
homeostasis, as CQ has been described as an alkalinizing agent in several parasites
(Gazarini et al., 2007). Addition of cationic drugs such as CQ causes rapid alkalization
of acidocalcisomes and acidic vacuoles, which will lead to deregulation of the activity
of enzymes present in these compartments (Vercesi and Docampo, 1996; Dzekunov et
al, 2000; Vercesi et al., 2000). The enzymes located in these compartments could
therefore be targets for the antimalarial drug. Although some studies suggest that CQ
may activate the membrane transporter Na*/H*, this hypothesis is very controversial

(Wunsch et al., 1998; Bray et al., 1999; Vercesi et al., 2000).

There is evidence that ART exerts its antimalarial activity at least partly by
generating oxidative stress (Krungkrai and Yuthavong, 1987; Klonis et al., 2011).
Addition of H202 to parasites leads to acidification of the parasite cytosol and
alkalinization of the digestive vacuole by direct inhibition of the H™-pumping V-type
H*-ATPase, but does not affect the activity of the H"-pumping PPase (van Schalwyk et
al., 2013). However, ART increased the PPi-driven translocation activity in P.
dicentrarchi, which may also deregulate pH but with further vacuolar acidification, as
observed in the acridine orange assay, in which ciliates treated with ART contained
more acidic vacuoles than the control, in contrast with CQ, which has formerly been
described to discharge acridine orange from acidic stores in other parasites such as

Plasmodium chabaudi (Gazarini et al., 2007).
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Malarian parasites have been described to have an H*-PPase and an H"-ATPase
that affect pH control in both the cytosol and the internal digestive vacuole (Marchesini
et al.,, 2000). When parasites are exposed to CQ, H* extrusion interferes in pH
regulation so that the expression of enzymes involved in pH maintenance may be
modulated (Saliba et al.,, 2003). Thus, P. falciparum treated with sublethal
concentrations of CQ for 3 days showed upregulation of the expression of two genes
involved in vacuolar acidification: H*-ATPase and an K*-independent H*-PPase PfVp2
(Mclintosh et al., 2001; Mwai et al., 2012). Nevertheless, H"-ATPase has not yet been
identified in P. dicentrarchi, and the H*-PPase, after treatment for 24h with CQ, was
downregulated. Altogether the results obtained with P. dicentrarchi seem to indicate
this enzyme as a potential CQ target, as CQ inhibits PPi-driven H*-translocation and
downregulates H*-PPase expression. In a recent study, H*-PPase enzyme has been
suggested to be involved in CQ resistance (Jovel et al., 2014). Our results indicate, for
the first time, the involvement of this enzyme in CQ mechanism of action in the ciliate
P. dicentrarchi.

The inhibitory effect of ART on the gene expression of P. dicentrarchi H™-PPase
could be explained as a defence mechanism of the ciliate to prevent upregulation of
intravacuolar pH generated by the enzyme. However, as discussed below, the
deregulation is probably indirect due to the effect of ART on other enzymes present in
endocytic vacuoles and not on H*-PPase (van Schalwyk et al., 2013).

sPPases have been suggested as potential chemotherapeutic targets as they are
involved in growth and infection in parasites such as T. gondii, Leishmania and T.
brucei (Lemercier et al., 2004; Espiau et al., 2006; Pace et al., 2011). However, as
sPPase sequences have not been characterized in P. dicentrarchi, further sequencing

studies are required. H™-PPase inhibitors, such as PPi analogues (bisphosphonates) have
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been shown to exert antiprotozoal effects and they are thus being investigated as
possible targets for future development of chemotherapeutic treatments (Docampo and
Moreno, 2008; Sen et al., 2009). Bisphosphanates may act as inhibitors of enzymes that
use PPi as a substrate, and several studies have demonstrated the action of PPi in
inhibiting H™-PPase in protozoa such as T. gondii (Zhen et al., 1994; Docampo and
Moreno, 2001; Szabo et al., 2001; Drosdowicz et al., 2003; Kotsikorou et al., 2005).
This has also recently been described in the H*-PPase of P. dicentrarchi (Mallo et al.,
2015). Our data also shows the ability of bisphosphonates to inhibit sPPases, triggering
a decrease in the levels of PPi consumed in cells incubated in the presence of
bisphosphonate risedronate (RIS), a phenomenon also described in T. gondii (Rodrigues
et al., 2000). Addition of CQ, which inhibits PPi-driven H* transport, has also been
found to cause a decrease in PPi consumption in the ciliate.

Maintenance of pH homeostasis is important for parasite survival (Glaser et al.,
1988; Gazarine et al., 2007). Our data show the ability of both antimalarial agents to
modify the dynamics of PPi metabolism in P. dicentrarchi, indicating a broad effect on
ion homeostasis in parasites, including that of Ca?*, which regulates a wide range of
functions. The antimalarial agents CQ and ART may exert their antiparasitic effects at
this level, modifying pH by regulating enzymes involved in the maintenance and
interfering in Ca?* homeostasis. ART has been described as an inhibitor of Ca?*-ATPase
(Uhlemann et al., 2005; Nagamune et al., 2007), which controls Ca?* levels, and among
many other activities, exo and endocytosis (Plattner, 2014; Docampo and Huang, 2015).
In Paramecium, Ca?*-ATPase has been described in the endoplasmic reticulum and in
the alveolar sacs, and in E. histolytica it has been found in membranes and internal
vesicles (Hauser et al.,, 1998; Kissmehl et al., 1998; Plattner and Klauker, 2001,

Nagamune et al., 2007; Plattner et al., 2012). At the membrane level, the Ca?*-ATPase
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of Paramecium is activated to remove Ca?" when the concentration is relatively high
(Stelly et al., 1995). In animals and plants, high concentrations of extracellular ATP
increase cytoplasmic Ca?* concentrations. Extracellular ATP can also induce ROS
production and increase mRNA levels in genes regulated by Ca?* stress (Jeter and Roux,
2006). Although the Ca?*-ATPase enzyme has not been described in P. dicentrarchi, the
addition of ART has been found to prevent an increase in intracellular Ca?* levels when
ATP and Ca?* are added to the medium, suggesting that the enzyme may be present in
the ciliate. Previous results obtained in P. dicentrarchi indicate that Ca?* is mainly
stored in alveolar sacs and acidic vacuoles (results not shown), suggesting that Ca®*
uptake in acidic vesicles may be mediated by a Ca?*-ATPase. This enzyme has been
reported to interfere with virulence in other parasites (Luo et al., 2004; Galizzi et al.,
2013). As demonstrated in other parasites, Ca?* may be also modulated by a Ca*/H*
counter-transporter located in the membrane of the acidocalcisomes (Rohloff et al.,

2011), but at the moment this has not been described in P. dicentrarchi.

Increased H*-translocation brought about by ART may be related to its role as a
Ca?*-ATPase inhibitor, which cannot release H* outside vacuoles after being
inactivated. This may be why H*-PPase is downregulated, as it would be not necessary
to maintain vacuolar pH levels under such conditions; H*-PPase may therefore be
secondarily regulated. On the other hand, CQ also downregulates H*-PPase expression,
but alkalinizes the internal vesicles, showing that it acts at a different level than ART in
H*-PPase regulation. CQ may act directly on H*-PPase but not on Ca?*-ATPase,
inducing alkalinization of the vesicles. Ca?*-ATPase may be associated with Na*/H* and
Ca?*/H* transporters, as previously described in acidocalcisomes (Docampo et al.,
2005); however, as already mentioned, these enzymes have not been described in P.

dicentrarchi.
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In conclusion, this study shows that the antimalarial drugs CQ and ART exert an
antiparasitic effect in vitro on the scuticociliate parasite P. dicentrarchi, which is at least
partly related to their ability to deregulate enzyme activity associated with PPi and Ca*?
metabolism. This alters both Ca?* and intracellular pH homeostasis in the ciliate and
negatively affects growth. The present findings also suggest the potential role of these

enzymes as chemotherapeutic targets for developing new drugs against scuticociliatosis.
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Figure 1: In vitro growth of P. dicentrarchi in L-15 supplemented with 10% FBS and
with the antimalarial agents A) chloroquine (CQ) and B) artemisinin (ART). To
determine the effect of drugs on the growth of ciliates (lines) and to calculate the 1Cso
values (bars), ciliates were incubated for three days with five concentrations of the
drugs (1-100 uM). Each point on the graph (symbols and bars) represents the mean +
standard error. *P<0.05, **P<0.01 relative to untreated controls (n= 5); ?P <0.05

relative to 1Cso on first day.

Figure 2: Effects of (A) chloroquine (CQ) at concentrations of 1, 5 and 25 uM and (B)
artemisinin (ART) at concentrations of 25, 50 and 100 uM on PPi-driven H*
translocation. A represents the change in fluorescence, calculated in arbitrary units/sec
(mean % standard error; n = 5) from the time that the antimalarial agent was added until
the end of the assay. The mean values + standard error of the ICso obtained in this assay
are shown in the top right box in Figure A. *P<0.05, **P<0.01 relative to the control in
each case. C) Photomicrographs of trophozoites of P. dicentrarchi stained with the pH
sensitive fluorescent dye acridine orange and incubated with 1 and 25 uM CQ (upper
panel) and 25 and 100 uM ART (lower panel). Acidic intracellular compartments are
stained in colours ranging from yellow (less acidic) to orange / red (more acid), while

alkaline compartments are stained green.

Figure 3: Effect of the antimalarial agents (A) chloroquine (CQ) and (B) artemisinin
(ART) on relative gene expression of H*-PPase enzyme. Ciliate cultures were incubated
for 24 h with different doses of CQ and ART (25, 50 and 100 uM). Data are expressed
in arbitrary units standardized to the B-tubulin reference gene as the mean + standard

error (n = 3). ** P < 0.01 relative to each of the controls.
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Figure 4: A) Concentration of PPi consumed, determined using PPi reagent (SIGMA)
and spectrophotometric measurement for 10 min of lysates obtained from ciliates
cultivated during 3 days with 100 uM of chloroquine (CQ), artemisinin (ART) or
risedronate (RIS). B) Effect of the PPi analogue RIS, at a concentration of 100 uM, on
PPi-driven H* translocation. A represents the change in fluorescence, calculated in
arbitrary units/sec. C) Effect of RIS (100 uM) on relative gene expression of H*-PPase.
Data are expressed in arbitrary units standardized to the B-tubulin reference gene. D)
Effect of RIS, at concentrations between 1-100 uM, on trophozoite growth (line graph)
during three days. The ICso values obtained are indicated on the bars in the graph. Data
are mean values * standard error (n = 5), and asterisks indicate the statistical

significance: *P <0.05 and **P< 0.01 relative to the untreated control.

Figure 5: Intracellular Ca?* levels obtained with the Fluo-4 NW probe. Effects of A)
Artemisinin (ART) and B) chloroquine (CQ) on ciliates cultivated for 1 hour with 100
uM of the antimalarial agents and 1 mM ATP. Bars represent the mean values *

standard error (n=5) of fluorescence in arbitrary units. ** P <0.01
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