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Susceptibility of Phytomonas serpens to calpain inhibitors in vitro:
interference on the proliferation, ultrastructure, cysteine peptidase
expression and interaction with the invertebrate host
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A pleiotropic response to the calpain inhibitor MDL28170 was detected in the tomato parasite Phytomonas serpens.
Ultrastructural studies revealed that MDL28170 caused mitochondrial swelling, shortening of flagellum and disruption
of trans Golgi network. This effect was correlated to the inhibition in processing of cruzipain-like molecules, which pre-
sented an increase in expression paralleled by decreased proteolytic activity. Concomitantly, a calcium-dependent cyste-
ine peptidase was detected in the parasite extract, the activity of which was repressed by pre-incubation of parasites with
MDL28170. Flow cytometry and Western blotting analyses revealed the differential expression of calpain-like proteins
(CALPs) in response to the pre-incubation of parasites with the MDL28170, and confocal fluorescence microscopy con-
firmed their surface location. The interaction of promastigotes with explanted salivary glands of the insect Oncopeltus
fasciatus was reduced when parasites were pre-treated with MDL28170, which was correlated to reduced levels of surface
cruzipain-like and gp63-like molecules. Treatment of parasites with anti-Drosophila melanogaster (Dm) calpain antibody
also decreased the adhesion process. Additionally, parasites recovered from the interaction process presented higher
levels of surface cruzipain-like and gp63-like molecules, with similar levels of CALPs cross-reactive to anti-Dm-calpain
antibody. The results confirm the importance of exploring the use of calpain inhibitors in studying parasites’ physiology.
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The genus Phytomonas comprises trypanosomatids
found in latex, phloem, fruits and seeds of different plant
species with a wide geographical distribution (Camargo
1999, Jaskowska et al. 2015). Some species are etiologi-
cal agents of diseases that affect economically important
plants, including coffee, corn, manioc and palms (Jas-
kowska et al. 2015). Phytomonas serpens was isolated for
the first time from the sap of tomatoes, but there is no
precise information available about its pathogenicity in
the fruit, since promastigotes remain compressed around
the point of inoculation; however, a loss in both nutri-
tional quality and in economic value added to the prod-
uct were well documented (Camargo 1999). Due to the
facility of in vitro cultivation of this tomato isolate (Ca-
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margo 1999), some characteristics of Phyfomonas physi-
ological properties and the impact of the parasite on the
host have been investigated in detail for this species. The
transmission of P. serpens into tomatoes by Phthia picta
(Hemiptera: Coreidade) and Nezara viridula (Hemiptera:
Pentatomidae) and vice versa has been proved, which is
difficult to verify experimentally in other phytomonads
(Camargo 1999). The phytophagous insect Oncopeltus
fasciatus is also able to host P. serpens, as determined
by experimental infection, allowing its use in distinct ap-
proaches concerning the interaction of the phytomonad
with the salivary gland of the insect before its transmis-
sion (Camargo 1999, Jaskowska et al. 2015).

Another aspect that deserves attention in the many
studies employing P. serpens is the humoral and cellu-
lar cross-immunity of this parasite against 7rypanosoma
cruzi and Leishmania spp., the causative agents of Cha-
gas’ disease and leishmaniases in humans, respectively,
which suggests similarities among their structural com-
ponents (Bregané et al. 2003, Pinge-Filho et al. 2005,
Santos et al. 2007, de Souza et al. 2010). Our group has
previously shown that P. serpens synthesises metallo-
and cysteine-peptidases that are related to leishmanial
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gp63 and T cruzi cruzipain, respectively, both peptidas-
es displaying virulence-related functions in these patho-
genic species (Santos et al. 2007).

Many experimental evidences have demonstrated the
important roles that calpain-like proteins (CALPs) may
play in trypanosomatids, such as the stage-specific ex-
pression in distinct parasites and the differential expres-
sion of CALPs in drug-resistant strains (Branquinha et al.
2013). Calpains are neutral, calcium-dependent cysteine
peptidases that form one of the most important proteo-
lytic systems of mammalian cells (Goll et al. 2003, Ono
& Sorimachi 2012). Numerous functions related to signal
transduction, cell motility, differentiation, proliferation,
gene expression and apoptosis have been postulated for
calpains in the human body (Goll et al. 2003, Ono & So-
rimachi 2012). The large and diverse family of CALPs
detected in trypanosomatids (Ersfeld et al. 2005) was
categorised into five groups, based on their structural
features, but the absence of amino acid residues essential
for catalytic activity and the moderate overall degree of
sequence identity with human calpains suggest that most
of these CALPs do not have proteolytic activity (Ers-
feld et al. 2005, Branquinha et al. 2013). Non-proteolytic
CALPs are likely to function as structural elements and
in regulatory processes, and as such a universal function
of calpains and CALPs appears to be that of a scaffold
by interacting with various molecules, as shown by their
wide range of substrate specificity (Tonami et al. 2007).

Some studies from our group using immunoblotting
analysis showed that the anti-Dm-calpain antibody, spe-
cific against Drosophila melanogaster calpain (Emori
& Saigo 1994), strongly recognised a polypeptide of
approximately 80 kDa in the spent culture medium of
the insect trypanosomatid Angomonas deanei (formely
Crithidia deanei), in Leishmania amazonensis pro-
mastigotes, in Herpetomonas samuelpessoai promasti-
gotes and paramastigotes as well as in 7. cruzi epimas-
tigotes (Branquinha et al. 2013). The calpain inhibitor
MDL28170, which is a potent and cell-permeable inhibi-
tor, was able to arrest the growth of L. amazonensis and
T’ cruzi in a dose-dependent manner (Branquinha et al.
2013). In addition, we also reported that MDL28170 was
able to interfere in many aspects of 7. cruzi life cycle,
which includes the reduction of the viability of infective
trypomastigote forms and their interaction with macro-
phages, besides the inhibition of epimastigotes adhesion
to the insect midgut and the differentiation process into
metacyclic trypomastigotes (Branquinha et al. 2013).
These data point to the importance of the studies con-
cerning the effects of calpain inhibitors in different stag-
es of the parasites’ metabolism.

In the present study, we expanded these findings ini-
tially investigating the effects of distinct calpain inhibi-
tors on P. serpens growth rate. In addition, the influence
of MDL28170 on the ultrastructure of the parasite and on
the detection of distinct cysteine peptidase activities was
evaluated. We also report the effects of MDL28170 on
the expression of CALPs, gp63-like and cruzipain-like
proteins in P. serpens and the role of these molecules on
the interaction with O. fasciatus salivary glands.

MATERIALS AND METHODS

Parasite and cultivation - Phytomonas serpens
(isolate 9T), isolated from tomato (Lycopersicon escu-
lentum), is deposited under the accession number COL-
PROT 189 at Protozoa Collection, Instituto Oswaldo
Cruz - Fundacdo Oswaldo Cruz, Rio de Janeiro, Brazil.
The plant flagellate was grown in Warren medium (3.7%
brain heart infusion medium supplemented with folic
acid 10 pg/L and hemin 1 mg/L) containing 5% (v/v)
heat-inactivated fetal bovine serum at 28°C for two days.

Measurement of cell growth and light microscopy -
The action of three cell-permeable calpain inhibitors was
evaluated upon the growth rate of P. serpens promastigote
forms: MDL28170 (a reversible peptidomimetic inhibitor,
also known as calpain inhibitor I1I; Z-Val-Phe-CHO; Z =
N-benzyloxycarbonyl); calpain inhibitor V (an irrevers-
ible peptidomimetic inhibitor; Mu-Val-HPh-FMK; Mu
= morpholinoureidyl; HPh = homophenylalanyl; FMK =
fluoromethylketone); and PD150606 (3-(4-lodophenyl)-
2-mercapto-(Z)-2-propenoic acid, a non-competitive cal-
pain inhibitor directed towards the calcium-binding sites
of calpain). These compounds (Calbiochem, San Diego,
CA, USA) were dissolved in dimethylsulfoxide (DMSO;
Sigma-Aldrich, Saint Louis, MO, USA) at 5 uM.

Briefly, promastigotes were counted using a Neubau-
er chamber and resuspended in fresh medium to a final
concentration of 10° viable promastigotes per milliliter.
The viability was assessed by mobility and lack of stain-
ing after challenging with Trypan blue (D’Avila-Levy et
al. 2006). Each calpain inhibitor was added to the cul-
ture at final concentrations in the 10-70 uM range. A
dilution of DMSO corresponding to that used to prepare
the highest drug concentration was assessed in parallel.
After 24, 48, 72 and 96 h of incubation at 28°C, the num-
ber of viable, motile promastigotes was quantified. Al-
ternatively, parasites grown for 72 h in the absence and
in the presence of each calpain inhibitor were washed
five times in cold phosphate-buffered saline (PBS; 150
uM NaCl, 20 uM phosphate buffer, pH 7.2) prior to re-
suspension in a drug-free fresh medium and allowed to
grow for another 72 h, in order to evaluate the cytocidal
or cytostatic effect. The number of live promastigotes
was evaluated under optical microscopy at 24 h intervals
and the 50% inhibitory concentration (IC,)) was evalu-
ated after 48 h (mid-log phase growth). This value was
determined by linear regression analysis, by plotting the
log number of viable promastigotes versus drug concen-
tration by use of Origin Pro 7.5 computer software.

Light microscopy evaluation was performed in order
to detect some possible alterations on parasite morphol-
ogy after treatment with MDL28170 at /2 x IC, , IC, or 2
x IC, values for 48 h. In this context, the parasites were
stained with Giemsa and then observed under a Zeiss
microscope (Axioplan, Oberkochen, Germany).

Scanning and transmission electron microcopy -
Promastigote forms of P. serpens (10° cells/mL) were
cultured in Warren medium for 48 h supplemented or not
with the calpain inhibitor MDL28170 at the IC, value.
For the observation of the ultrastructure modifications
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by scanning electron microscopy, promastigotes were
fixed for 40 min at 25°C with 2.5% glutaraldehyde in 0.1
M cacodylate buffer, pH 7.2. After fixation, cells were
washed in cacodylate buffer and post-fixed with a solu-
tion of 1% Os0O,, 0.8% potassium ferrocyanide and 5 uM
CaCl, in the same buffer 20 min at 25°C. Cells were de-
hydrated in graded series of acetone (30-100%) and then
dried by the critical point method, mounted on stubs,
coated with gold (20-30 nm) and observed in a Jeol JSM
6490LV scanning electron microscope (Massachusets,
USA) (Portes et al. 2012). For transmission electron mi-
croscopy observation, cells over coverslips were fixed
and post-fixed after 48 h of drug treatment as described
above, dehydrated in an ascending acetone series and
embedded in PolyBed 812 resin. Ultrathin sections were
stained with uranyl acetate and lead citrate and exam-
ined in Jeol JEMI1011 transmission electron microscope
(Tokyo, Japan) at Plataforma de Microscopia Eletronica,
10C, FIOCRUZ (Salomao et al. 2013).

Flow cytometry analysis - Promastigotes of P. ser-
pens (10° cells) were incubated or not with MDL28170
at the IC, value for 24 h at 28°C. Viability of cells was
confirmed by mobility and lack of staining after chal-
lenging with Trypan blue. Thereafter, cells were fixed
for 15 min in 0.4% paraformaldehyde in PBS (pH 7.2)
at room temperature, followed by extensive washing in
the same buffer. Alternatively, fixed cells were permea-
bilised by 0.01% Triton X-100 in PBS for 15 min at room
temperature and then washed twice in PBS. The fixed
and permeabilised cells maintained their morphological
integrity, as verified by optical microscopic observation.
Cells were then incubated for 1 h at room temperature
with a 1:250 dilution of the following rabbit antibodies:
anti-Dm-calpain (polyclonal, raised against the 70-kDa
C-terminal region of calpain from Drosophila melano-
gaster and kindly donated by Dr Yasufumi Emori - De-
partment of Biophysics and Biochemistry, Faculty of
Sciences, University of Tokyo, Japan) (Emori & Saigo
1994); anti-CAPS.5 (monoclonal, raised against the cy-
toskeleton-associated protein from 7. brucei and kindly
provided by Dr. Keith Gull - Sir William Dunn School of
Pathology, University of Oxford, England) (Hertz-Fowl-
er et al. 2001); anti-CDPIIb (polyclonal, raised against
Homarus americanus calpains and kindly donated by Dr
Donald L Mykles - Colorado State University, USA); an-
ti-gp63 (raised against the recombinant gp63 molecule
from L. mexicana and kindly provided by Dr Peter Over-
ath - Max-Planck-Institut fiir Biologie, Abteilung Mem-
branbiochemie, Germany) and anti-cruzipain (raised
against cruzipain from 7. cruzi and kindly provided by
Dr Ana Paula Lima - Instituto Biofisica Carlos Chagas
Filho, Universidade Federal do Rio de Janeiro, Brazil).
Cells were then incubated for an additional hour with a
1:100 dilution of fluorescein isothiocyanate (FITC)-la-
beled goat anti-rabbit immunoglobulin G (IgG) (Sigma-
Aldrich). Finally, cells were washed three times in PBS
and analysed in a flow cytometry (FACSCalibur, BD
Bioscience, USA) equipped with a 15 mW argon laser
emitting at 488 nm. Non-treated cells and those treated
with the secondary antibody alone were run in parallel
as controls (D’Avila-Levy et al. 2006).

Western blotting - P. serpens promastigote forms
were subjected or not to MDL28170 treatment at the IC,
concentration for 24 h. Cells (2 x 10%) were then collected
by centrifugation at 3000 x g for 5 min at 4°C, washed
three times with cold PBS and lysed with 100 pL of so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) sample buffer (62 uM Tris-HCI, pH 6.8,
2% SDS, 25% glycerol, 0.01% bromophenol blue and 1
UM B-mercaptoethanol). Immunoblot analysis was per-
formed with total cellular extracts (equivalent to 5 x 10°
cells) as previously described (D’Avila-Levy et al. 2006).
Proteins were separated in 10% SDS-PAGE under reduc-
ing conditions and the polypeptides were electropho-
retically transferred at 4°C at 100 V/300 mA for 2 h to
nitrocellulose membranes. The membrane was blocked
in 10% low-fat dried milk dissolved in Tris-buffered sa-
line (TBS; 150 uM NaCl; 10 uM Tris, pH 7.4) containing
0.05% Tween 20 (TBS/Tween) for 1 h at room tempera-
ture. Membranes were washed three times (10 min each)
with the blocking solution and incubated for 2 h with the
primary antibodies anti-Dm-calpain, anti-CAP5.5 and
anti-CDPIIb at 1:1000 dilution. The secondary antibody
used was peroxidase-conjugated goat anti-rabbit IgG at
1:25,000 followed by chemiluminescence immunode-
tection after reaction with ECL reagents. An anti-alpha-
tubulin monoclonal antibody (Sigma-Aldrich) at 1:1000
dilution was also used as a control for sample loading in
the immunoblot. The relative molecular mass of the reac-
tive polypeptides was calculated by comparison with the
mobility of SDS-PAGE standards and the densitometric
analysis was performed using the ImageJ program.

Alternatively, P. serpens promastigote forms were
subjected or not to MDL28170 treatment at the /2 x IC,,
IC,, or 2 x IC, values of MDL28170 for 4 h. Cells (2
x 10%) were collected and processed as described above
and subjected to immunoblot analysis using anti-cruz-
ipain as the primary antibody.

Sequence data analysis - A search for Dm-calpain,
CAP5.5 and CDPIIb homologous proteins in the stream-
lined genome of Phytomonas sp. isolate EM1 was con-
ducted using the BlastP algorithm and the nr database at
National Center for Biotechnology Information (NCBI,
GenBank). The following queries were compared in a
BlastP analysis against Phytomonas sp. isolate EM1 pro-
teins found in GenBank database: the fragment of the
AHNS56408.1 protein used to generate the Dm-calpain
antibody (Emori & Saigo 1994), AAG48626.1 protein
for T. brucei anti-CAPS.5 calpain and AAMS88579.1 for
anti-CDPIIb lobster calpain. The theoretical molecular
masses of homologous proteins were calculated using
the ExPASy Server facilities (http:/expasy.org). Identi-
fication of conserved domains was performed using the
CDD tool at NCBI (Marchler-Bauer et al. 2015). More-
over, an additional search for the total number of cys-
teine peptidases from Phytomonas sp. isolate EM1 was
conducted using “cysteine-type endopeptidase activity”
as query on the UniProt Knowledgebase (UniProtKB).
Blast analysis for all queries was performed on Uni-
ProtKB to search similarities with 7. cruzi cruzipain.
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Confocal fluorescence microscopy - In this set of
experiments, promastigotes of P. serpens (10° cells) pre-
treated or not with the calpain inhibitor at the IC, value
were fixed, permeabilised and processed as described
for the flow cytometry analysis using a 1:250 dilution
of the anti-cruzipain antibody. For anti-Dm-calpain an-
tibody, cells were not permeabilised. Subsequently, cells
were incubated with the FITC-labeled anti-IgG second-
ary antibody as well as with 4°,6-diamidino-2-phenylin-
dole (DAPI) at 10 pg/uL for 15 min to stain nucleus and
kinetoplast. Cells were then washed three times in PBS
and observed in a Leica TCS SP5 confocal microscope.

Cysteine peptidase assays - Calcium-dependent
cysteine peptidase activity over two fluorogenic sub-
strates was determined using P. serpens promasti-
gotes that were cultured in the absence (control) or in
the presence of the /2 x IC,, IC, or 2 x IC, values of
MDL28170 for 4 h. Whole parasite cellular extracts
were obtained by repeated freeze-thawing cycles of 107
viable cells in a buffer containing 70 uM imidazole, 2
uM dithiotreitol (DTT), 1% CHAPS (3-[(3-cholamido-
propyl)dimethylammonio]-1-propanesulfonate), pH 7.0.
Then, the cellular extract was centrifuged at 10,000 x
g for 30 min at 4°C, and the supernatant immediately
used to determine the protein content and the proteolytic
activity. The protein concentration was determined by
the method described by Lowry and co-workers (Low-
ry et al. 1951), using bovine serum albumin (BSA) as
standard. The cleavage of the fluorogenic substrates
Z-Leu-Tyr-AMC (AMC = amidomethylcoumarin) and
Z-Leu-Leu-Val-Tyr-AMC (Sigma-Aldrich), commonly
used to measure calpain activity (Atsma et al. 1995), was
monitored continuously in a spectrofluorometer (Spec-
traMax Gemini XPS, Molecular Devices, CA, USA) us-
ing an excitation wavelength of 380 nm and an emission
wavelength of 460 nm. A 5-uM stock solution of each
fluorogenic substrate was prepared in DMSO. The re-
action was started by the addition of each substrate (20
uM) to the parasite extract (10 pg protein) in a total vol-
ume of 60 uL of a buffer containing 70 uM imidazol, 2
uM DTT, 1% CHAPS, pH 7.0, in the presence or in the
absence of 100 pM calcium chloride, the selective and
irreversible cysteine peptidase inhibitor trans-epoxy-
succinyl L-leucylamido-(4-guanidino) butane (E-64) at
10 uM, and the calcium chelator ethylene glycol-bis(p-
aminoethyl ether)-N,N,N’,N'-tetraacetic acid (EGTA) at
1 uM. The reaction mixture was incubated at 37°C for 1
h. The assays were controlled for self-liberation of the
fluorophore over the same time interval.

In parallel, the hydrolysis of the fluorogenic substrate
Z-Phe-Arg-AMC (Sigma-Aldrich), commonly used to
detect cathepsin B and L acitivities, including cathep-
sin L-like cruzipain (Cazzulo et al. 1990), was measured
using P. serpens promastigotes that were cultured in
the same conditions, i.e., in the absence (control) or in
the presence of the 2 x IC,, IC,; or 2 x IC, values of
MDL28170 for 4 h. Whole parasite cellular extracts were
obtained as described above. The reaction was started by
the addition of the fluorogenic substrate (20 pM, start-
ing from a 5-uM stock solution in DMSO) to the parasite

extract (10 pg protein) in a total volume of 60 pL of 50
UM sodium phosphate buffer, pH 5.0, containing 2 pM
DTT, in the absence or in the presence of 10 uM E-64.
The reaction mixture was incubated at 37°C for 1 h. The
assays were also controlled for self-liberation of the flu-
orophore over the same time interval.

Cysteine peptidase activities were also assayed in
gelatin-containing SDS-PAGE (Heussen & Dowdle
1980). After incubation of P. serpens promastigotes
with the 2 x IC,, IC, or 2 x IC, values of MDL28170
for 4 h, cells were washed three times in PBS and then
lysed by the addition of 0.1% SDS. Cells were broken in
a vortex by alternating 1-min shaking and 2-min cool-
ing intervals, followed by centrifugation at 10,000 x g
for 30 min at 4°C, in order to obtain the whole parasite
cellular extracts. Samples containing 50 pg of protein
of each system were resuspended in SDS-PAGE sample
buffer (125 uM Tris, pH 6.8, 4% SDS, 20% glycerol and
0.002% bromophenol blue). Peptidases were assayed
and characterised by 10% SDS-PAGE with 0.1% co-po-
lymerised gelatin as substrate. After electrophoresis at a
constant voltage of 120 V at 4°C, SDS was removed by
incubation with 10 volumes of 2.5% Triton X-100 for | h
at room temperature under constant agitation. Then, the
gels were incubated at 37°C in 50 uM sodium phosphate
buffer supplemented with 2 uM DTT, pH 5.0, for 48 h,
to promote the proteolysis. The gels were stained for 2
h with 0.2% Coomassie brilliant blue R-250 in metha-
nol-acetic acid-water (50:10:40) and destained overnight
in a solution containing methanol-acetic acid- water
(5:10:85), to intensify the digestion halos. The molecular
masses of the peptidases were estimated by comparison
with the mobility of low molecular mass standards.

Interaction with Oncopeltus fasciatus salivary
glands - A milkweed bug (O. fasciatus) culture kit
was purchased from Carolina Biological Supply Com-
pany, Burlington, North Carolina, USA. These insects
originated the colony maintained at Laboratdrio de Bio-
quimica de Microrganismos (Instituto de Microbiologia
Paulo de Goes, UFRJ, Brazil). Adult O. fasciatus insects
(Hemiptera: Lygaeidae) were kept in plastic pitchers un-
der a 12 h light/dark cycle at 28°C with 70-80% rela-
tive humidity and fed with peeled and toasted sunflower
seeds and distilled water (Romeiro et al. 2000).

P. serpens (107 cells) was cultured in Warren medi-
um in the absence (control) or the presence of /2 x IC,
IC,, or 2 x IC,, values of MDL28170 for 4 h. A dilution
of DMSO corresponding to that used to prepare the high-
est drug concentration was assessed in parallel. Alterna-
tively, parasites were cultured in the presence of the IC,
value of MDL28170 for 24 h. The viability of the organ-
isms throughout the experiment was assessed by mobility
and Trypan blue dye exclusion (D’Avila-Levy et al. 2006).
MDL28170-treated and control cells were then washed
three times in cold PBS, resuspended in PBS (5.0 x 10°
cells in 100 pL) and added to dissected salivary glands
(five per group). The parasites were allowed to bind for 1 h
at room temperature in PBS. After the interaction period,
the salivary glands were extensively washed with PBS,
individually transferred to microcentrifuge tubes contain-
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ing 50 uL. of PBS and homogenised (D’Avila-Levy et al.
20006). The released trypanosomatids were counted in a
Neubauer chamber. The results are shown as the mean =
standard error of the mean of three experiments.

In order to evaluate the capacity of anti-Dm-calpain
antibody to interfere in the interaction of promastigotes
with the salivary glands, an agglutination assay was per-
formed by incubating 100 puL of a suspension containing
10® parasites/mL with different dilutions (1:125, 1:250,
1:500, 1:1000) of anti-Dm-calpain antibody. The agglu-
tination was evaluated after 1 h at room temperature by
comparison with untreated parasites observed in a Zeiss
Axiovert light inverted microscope. After this step, 107
cells were treated with anti-Dm-calpain antibody at di-
lutions that did not promote agglutination (1:250, 1:500
and 1:1000 dilutions) or with a rabbit non-immune IgG
antibody (1:250 dilution) for 1 h at room temperature.
Cells were then allowed to interact with O. fasciatus
salivary glands as described in the previous paragraph.

In order to analyse the possible modulation on the ex-
pression of surface gp63-like, cruzipain-like and CALPs
cross-reactive to anti-Dm-calpain antibody in P. ser-
pens after in vitro interaction with O. fasciatus salivary
glands, the parasite cells released after the interaction
step were washed in PBS, fixed and processed for flow
cytometry, as described above, using anti-gp63, anti-
cruzipain and anti-Dm-calpain antibodies.

Statistical analysis - All experiments were performed
in triplicate, in three independent experimental sets. The
data were analysed statistically by means of Student’s ¢
test using EPI-INFO 6.04 (Database and Statistics Pro-
gram for Public Health) computer software. P values of
0.05 or less were considered statistically significant.

RESULTS AND DISCUSSION

Effects of calpain inhibitors on the growth rate of
P. serpens - The first step of this study was to evaluate
the efficacy of calpain inhibitors in arresting P. serpens
growth. The reversible and competitive calpain inhibi-
tor MDL28170 at 30, 50 and 70 uM promoted reduced
levels of growth that were statistically significant after
48 h (Supplementary data, Fig. 1). The IC, value deter-
mined after 48 h of cultivation was 30.9 uM. Compar-
ing the results for MDL28170 in the present paper with
those published previously by our group, the parasite
presented susceptibility similar to that of 7. cruzi (IC,,
value 31.7 uM), while for L. amazonensis the activity of
MDL28170 was much more pronounced (IC,, value 19
uM) (Branquinha et al. 2013).

Although MDL28170 is a prototypical calpain inhibi-
tor (Branquinha et al. 2013), its possible action against cys-
teine peptidases other than calpains, such as cathepsin B,
cannot be completely ruled out due to the similarity of the
active site among different classes of cysteine peptidases
(Donkor 2015). Several calpain inhibitors were reported
in the last years, and their potential therapeutic use is ex-
plored for the treatment of several human pathophysiologi-
cal events in which calpains have been implicated (Don-
kor 2015). To further substantiate the inhibitory effect of
MDL28170 on P. serpens promastigotes growth, the ac-

Fig. 1: scanning electron microscopy (SEM, A-G) and transmission
electron microscopy (TEM, H-L) of Phytomonas serpens after treat-
ment with MDL28170. In untreated, control promastigotes (A), note
the elongated body and emerging flagellum in SEM. Treatment with
the IC,; value of MDL28170 for 48 h (B-G) caused rounding of the
parasite body (B, C), shortening (thin arrows) or complete loss (stars)
of the flagellum, cell surface discontinuity (circles) and appearance of
cells with bizarre shape (diamonds) and with flagellum contorting the
cell body (thick arrows). Control parasites in TEM (H, I) showed typi-
cal morphology of nucleus (N), mitochondrion (M), kinetoplast (K)
and flagellar pocket (FP). The treatment of promastigotes with the IC
value of MDL28170 for 48 h (J-L) led to the mitochondrial swelling
(white star) with membranes in the organelle matrix (black arrows),
the disruption of trans-Golgi (G) with peripheral dilation of cisternae
(white asterisks), as well as the dilation of flagellar pocket (black star)
presenting microvesicules (MV) inside. Bars in TEM: 0.5 uM.

tion of two additional calpain inhibitors was investigated
against this parasite: the non-competitive calpain inhibitor
PDI150606 and the irreversible calpain inhibitor V.

In this comparative analysis, MDL28170 inhibited P.
serpens growth at rates that are not significantly differ-
ent from calpain inhibitor V (IC,; value 32.3 uM) but
different from that found to PD150606 (IC,; value 42.8
uM) (Supplementary data, Fig. 1). Differences in the de-
gree of inhibition of calpain activity might be explained
by differences in the chemical structure, mechanisms of
action or specificity of calpain inhibitors for a particular
calpain structure (Donkor 2015). This is an important
issue, especially for invertebrates and lower eukaryotes
displaying non-typical calpains, many of them prob-
ably with no proteolytic activity (Ersfeld et al. 2005).
However, even not displaying proteolytic activity, the
detection of their expression may point to organism-
specific functions for these proteins (Goll et al. 2003),
and it has been speculated that calpains devoid of enzy-
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matic activity are involved in regulatory processes and
as structural elements (Ersfeld et al. 2005, Tonami et al.
2007). In this sense, the similarity in IC, values for the
active site-directed calpain inhibitors MDL28170 and
calpain inhibitor V is suggestive of the action of both
compounds against similar targets in the parasite. On the
other hand, PD150606 selectively inhibits mammalian
calpains relative to other peptidases, such as cathepsin
B and cathepsin L, since it targets the calcium-binding
domains in both calpain subunits that are essential for
enzymatic activity and not found in cathepsins (Donkor
2015). However, these calcium-binding motifs are absent
in trypanosomatid CALPs, although amino acid residues
that are critical for binding of calcium in mammalian
calpains are partially conserved in some kinetoplastid
sequences (Ersfeld et al. 2005). In addition, it was re-
cently proven that PD150606 must be also acting at a
site on the peptidase core domain of calpains to perform
its inhibition (Low et al. 2014). These aspects could ex-
plain the differences between the inhibitory effects of
MDL28170 and calpain inhibitor V on P. serpens growth
in comparison to PD150606. The answer to this question
demands further experiments in order to exclude off-
target effects of calpain inhibitors.

DMSO, the solvent used to dissolve the calpain in-
hibitors, had no effect on the parasite multiplication
when added in the volume corresponding to the highest
concentration of each inhibitor (data not shown). In ad-
dition, the anti-phytomonad activity of the calpain in-
hibitors was cytostatic, since P. serpens cells pre-treated
for 72 h with each calpain inhibitor at 70 pM resumed
growth when subcultured in a drug-free fresh medium
(data not shown). The comparison between the growth
rates of P. serpens control cells and those cells that re-
sumed growth after the 72 h contact with MDL28170 at
70 uM demonstrated that the latter had a much lower
growth rate in drug-free fresh medium, with reduced
values varying from 52.9% after 24 h of incubation to
71.7% after 96 h of incubation, when compared to con-
trol cells (data not shown).

Based on the strongest effect of MDL28170 in dimin-
ishing the growth of P. serpens in comparison to calpain
inhibitor V and PD150606, we decided to investigate the
effects of MDL28170 on the ultrastructure as well as on
different aspects of the parasite’s physiology.

Effects of MDL28170 on P. serpens morphology
and ultrastructure - Light microscopy analysis of P.
serpens cells treated with MDL28170 at the IC, and 2
x IC,, values revealed some morphological alterations
in comparison to the typical promastigote appearance:
parasites became round in shape, with reduced cell size
and swollen of the cellular body, as well as shortening
and loss of the flagellum (Supplementary data, Fig. 1).
These morphological alterations were not observed after
treatment of parasite cells with the /2 x IC value of the
calpain inhibitor (Supplementary data, Fig. 1).

Ultrastructure of non-treated cells was initially com-
pared by scanning electron microscopy with the ultra-
structure of parasites treated for 48 h with the IC,  value
of MDL28170 (Fig. 1A-G). The results showed that con-

trol, non-treated parasites, retained their normal features,
like a stable and regular cell surface, the typical elongated
promastigote shape and a long flagellum (Fig. 1A). The
treatment of P. serpens promastigotes with MDL28170
led to several morphological changes, such as rounding
of the parasite cell body and cell shrinkage (Fig. 1B-C),
possibly due to osmotic stress, as previously observed in
P. serpens after treatment with cysteine peptidase inhibi-
tors such as cystatin, antipain and iodoacetamide (Santos
et al. 2006). Promastigotes exposed to the calpain inhibi-
tor also presented complete loss or shortening of the fla-
gellum (Fig. 1B, D, G), cell surface discontinuity (Fig.
1C) and appearance of cells with bizarre shape and with
flagellum contorting the cell body (Fig. 1B-G).

Transmission electron microscopy analysis point-
ed to ultrastructural changes after 48 h of incubation
with the calpain inhibitor at the IC,  value (Fig. 1J-L)
in comparison to the typical morphology of non-treated
parasites (Fig. 1H-I). MDL28170-treated cells showed
mitochondrial swelling with membranar structures and
scarce cristae in the organelle matrix (Fig. 1J). In addi-
tion, the calpain inhibitor also induced frans Golgi dis-
ruption with peripheral dilation of cisternae (Fig. 1K), as
well as the appearance of the dilation of flagellar pocket,
where several microvesicules were found (Fig. 1L).

The disruption of trans Golgi cisternae in P. serpens
is consistent with the reported effect of this calpain in-
hibitor in 7" cruzi epimastigotes (Branquinha et al. 2013),
where it was postulated that Golgi alterations could be
correlated to the inhibition of metacyclogenesis, in which
trypomastigote-specific proteins must be synthesised.
Engel et al. (1998) have previously shown that peptidomi-
metic cysteine peptidase inhibitors were able to prevent
the normal autocatalytic processing and trafficking of
cruzipain, the major cysteine peptidase of 7. cruzi, within
the Golgi apparatus, which led to massive accumulation
of the precursor protein in the Golgi complex, culminat-
ing with peripheral distention of cisternae. In this way, a
possible explanation to the alterations in Golgi cisternae
previously observed by our group would also be the non-
specific action of MDL28170 in the intracellular traffick-
ing of 7' cruzi cruzipain, and it is possible to speculate
that the same happens to the cruzipain-like molecules
detected in P. serpens. The possible broad spectrum of
activity of the calpain inhibitor precluded the identifi-
cation of the primary target of this compound at the ul-
trastructural level, and demanded further experiments,
which were performed in this work.

Effects of MDL28170 on the expression of cyste-
ine peptidases in P. serpens - We next decided to in-
vestigate the possible role of MDL28170 in processing
cruzipain-like peptidases in phytomonads. In the flow
cytometry analysis, cells pre-treated with the calpain in-
hibitor at the IC, value for 24 h presented a significantly
increased MFI (mean of fluorescence intensity) level
(approximately 30%) of intracellular cruzipain-like pro-
teins in comparison to control cells, but no significant
difference in the percentage of fluorescent cells (Fig.
2A). The higher expression of these proteins was con-
firmed by Western blotting analysis, in which cells that
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Fig. 2: effect of MDL28170 on the expression of intracellular cruzipain-like molecules and cysteine peptidase activity by Phytomonas serpens.
(A) Promastigotes were cultured in the absence (control) or the presence of the IC, value of MDL28170 for 24 h and then fixed, permeabilised
cells were processed for flow cytometry analysis using anti-cruzipain antibody. Data are expressed as the percentage of fluorescent cells (% FC)
and also the mean of fluorescence intensity (MFI) levels. Representative data of the analysis of 10,000 cells from three experiments are shown.
The star highlights significant different value for MFI level between MDL28170-treated and control cells (p < 0.05). (B-D) Promastigotes were
cultured in the absence (control) or the presence of the /2 x IC, IC, or 2 x IC, values of MDL28170 for 4 h. Western blotting (B) shows the
proteins recognised in the whole cellular extract by the anti-cruzipain antibody (lower panel). Anti-tubulin monoclonal antibody was also used
as a control for sample loading in the blots, revealing a protein band of 50 kDa, detected in all strains (upper panel). The peptidase profiles in cell
extracts were analysed by means of gelatin-SDS-PAGE (C); gel strips were incubated at 37°C in phosphate buffer, pH 5.0, supplemented with
DTT. Molecular masses of the proteins (B) and peptidases (C), expressed in kDa, are represented on the left. The enzymatic activity in parasite
lysates was assessed by measuring the hydrolysis of Z-Phe-Arg-AMC (D) in the absence (- E-64) or the presence of 10 uM E-64 (+ E-64). Results
are expressed as arbitrary fluorescence units (AFU) and the values represent the mean + standard deviation of three independent experiments
performed in triplicate. The stars highlight significant different values in the hydrolytic activity in the absence or the presence of E-64, while dia-
monds denote significant differences between MDL28170-treated and control cells in the absence of E-64 (p <0.05). (E) Differential interference
contrast microscopy (DIC) and confocal scanning images showing the double labeling of P. serpens cells for anti-cruzipain antibody (green label-
ing) and DAPI (blue labeling). The labeling in permeabilised cells suggests the distribution of cruzipain-like proteins throughout the intracellular
region, and DAPI stained the nucleus (n) and the kinetoplast (k). At bottom, the overlay of anti-cruzipain antibody and DAPI labeling. Bars: 5 uM.

were pre-treated with /2 x IC, IC, jand 2 x IC, values of 2 x IC,, IC, and 2 x IC, values of MDL28170 for 4 h

MDL28170 for 4 h presented a progressively increased
amount of two proteins at 38 kDa and 40 kDa that cross-
reacted with anti-cruzipain antibody (Fig. 2B).

When the cell-associated proteolytic profile of P.
serpens was checked in gelatin-containing SDS-PAGE
under conditions that favor classical cysteine peptidase
activity such as cruzipain, as pH 5.0 and in the presence
of the reducing agent DTT, two major bands were detect-
ed at 38 kDa and 40 kDa as well as a minor doublet band
at 45 kDa (Fig. 2C). However, pre-treatment of cells with

induced an apparent reduction in the proteolytic activ-
ity of all the bands detected, which could not be quan-
tified by this technique due to its qualitative approach.
Since calpains display neutral pH optimum, these bands
must not correspond to calpain activity. Subsequently,
the quantification of the proteolytic activity against Z-
Phe-Arg-AMC, a fluorogenic substrate commonly used
to detect cathepsin B and L cysteine peptidase activity,
including cruzipain (Cazzulo et al. 1990), but not hydro-
lysed by calpains (Edelstein et al. 1996), was tested. Pre-
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treatment of promastigotes with MDL28170 in the same
conditions described above promoted a reduction in the
hydrolysis of the fluorogenic substrate when compared
to non-treated cells, with a clear dose-dependent effect
(Fig. 2D). The addition of the cysteine peptidase inhibi-
tor E-64 in the reaction mixture diminished significantly
the hydrolytic activity both in control and MDL28170-
treated cells, corroborating the predominance of cyste-
ine peptidase activities (Fig. 2D).

The lower proteolytic activity of cruzipain-like mol-
ecules, as detected by gelatin-SDS-PAGE and by the hy-
drolysis of a cathepsin B- and L-specific fluorogenic sub-
strate, implies that pre-treatment of P. serpens with the
calpain inhibitor induces the expression of higher levels
of cruzipain-like molecules devoid of proteolytic activity,
and the ultrastructural alterations detected in MDL28170-
treated promastigotes may indicate the accumulation of
these molecules, in an unprocessed form, within the Golgi
apparatus. These results are consistent to that described
for T. cruzi after treatment with cysteine peptidase inhibi-
tors (Engel et al. 1998). However, cruzipain-like proteins
gene expression or protein translation must be employed
in order to a proper response to this possibility.

Additionally, cells pre-treated or not with the IC,  val-
ue of the calpain inhibitor for 24 h and incubated with an-
ti-cruzipain antibody were analysed by confocal micros-
copy. As visualised in the flow cytometry (Fig. 2A) and
Western blotting (Fig. 2B) analyses, immunofluorescence
images also confirmed the increase in the expression of
cruzipain-like proteins after treatment with the IC, value
of MDL28170 in comparison to control cells, with a ho-
mogenous distribution throughout the cell body (Fig. 2E).

Detection of calcium-dependent cysteine pepti-
dase activity in P. serpens extracts and influence of
MDL28170 on the proteolytic activity - Once the presence
of cruzipain-like proteins was confirmed in P. serpens
extracts and their expression and activity was affected
by the pre-treatment of parasite cells with the calpain in-
hibitor (Fig. 2), we decided to check whether the parasite
soluble extract was able to hydrolyse two fluorogenic
substrates under conditions that favor the proteolytic ac-
tivity of calcium-dependent cysteine peptidases, i.e., in
the presence of calcium ions at pH 7.0. The proteolytic
activity present in the whole cellular extract was able
to cleave both peptide substrates under these conditions,
with best hydrolysis rates for Z-Leu-Tyr-AMC (Supple-
mentary data, Fig. 2). However, the absence of calcium
reduced the proteolytic activity by approximately 61%
for the Z-Leu-Tyr-AMC substrate and by approximately
48% for the Z-Leu-Leu-Val-Tyr-AMC substrate (Supple-
mentary data, Fig. 2). In addition, the presence of the
cysteine peptidase inhibitor E-64 powerfully inhibited
the hydrolytic activity on both substrates irrespective of
the presence of calcium, suggesting the involvement of
cysteine peptidases in this process. Concomitantly, the
calcium chelator EGTA promoted a 40% inhibition of
the proteolytic activity on both substrates in the absence
of calcium. In this case, the highest percentages of inhi-
bition were found when calcium was added to the reac-
tion mixture: a 56% reduction for the Z-Leu-Tyr-AMC

substrate and a 70% reduction for the Z-Leu-Leu-Val-
Tyr-AMC substrate (Supplementary data, Fig. 2).

When P. serpens cells were pre-treated with /2 x IC,,
IC,,and 2 x IC,  values of MDL28170 for 4 h and then the
soluble extract was prepared, hydrolysis of the Z-Leu-Tyr-
AMC substrate in the presence of calcium was lowered
by approximately 57.7%, 63.5% and 75.2%, respectively
(Supplementary data, Fig. 2). A similar result was found
with the Z-Leu-Leu-Val-Tyr-AMC substrate, for which a
reduction in the release of AMC of approximately 33.2%,
50.7% and 64.3% was detected, respectively. The results
also showed that when calcium was removed from the
reaction mixture, the hydrolysis of both substrates was
similar to control cells, except for the pre-treatment of
cells with 2 x IC, | values of MDL28170, for which a sig-
nificant reduction in the hydrolysis of both substrates was
detected (Supplementary data, Fig. 2).

These data encouraged us to postulate that probably
two distinct cysteine peptidase activities were detected
in these experimental conditions: one that is calcium-
dependent and affected by the pre-treatment with the
calpain inhibitor, and a residual hydrolytic activity that
is calcium-independent, only affected by the previous
incubation in higher concentrations of MDL28170. The
latter can be probably associated to the 40-kDa and 38-
kDa cruzipain-like cysteine peptidases previously de-
tected by our group in P. serpens (Santos et al. 20006,
2007) and also detected in the present paper.

Effects of MDL28170 on the expression of calpain-
like molecules in P. serpens - Flow cytometry and West-
ern blotting analyses were used to study the presence
of CALPs in P. serpens and to evaluate the effect of
MDL28170 on the expression of these CALPs. Flow cy-
tometry analysis of P. serpens promastigote cells treated
or not with the IC, value of the calpain inhibitor was per-
formed using three anti-calpain antibodies from distinct
origins and different specificities. In this analysis, the
binding of the three anti-calpain antibodies was signifi-
cantly enhanced when control, fixed cells were permea-
bilised, which indicates that CALPs are located mainly in
intracellular compartments: more than 70% of cells were
labeled with each antibody (Supplementary data, Table
I). In non-permeabilised cells, the anti-CAP5.5 and anti-
CDPIIB antibodies binding was drastically diminished,
but 39% of cells were positively labeled with anti-Dm-
calpain antibody. The latter antibody also displayed a
significant much higher MFI value (191.2) in the intracel-
lular milieu and on the cell surface (MFI 37.1), in com-
parison to anti-CAP5.5 (MFI 26.4 and 15.2, respectively)
and anti-CDPIIb (MFI 34.4 and 15.5, respectively) an-
tibodies. Anti-calpain antibodies were already found to
react with the cell surface of 7. cruzi epimastigotes and L.
amazonensis promastigotes, although the antibody bind-
ing was stronger intracellularly (Branquinha et al. 2013).

When P. serpens cells were treated with MDL28170,
there were no significant differences in labeling to control,
non-permeabilised cells. However, a significant reduction
was detected in MFI levels to anti-Dm-calpain antibody
between control cells (MFI 37.1) and MDL28170-treated
cells (MFI29.8) (Supplementary data, Table I). The perme-
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abilization with Triton X-100 led to a significant decrease
in MFI levels in MDL28170-treated cells in comparison
to control cells: when anti-Dm-calpain antibody was em-
ployed, MFI was reduced from 191.2 to 110.9, while for
anti-CAP5.5 antibody MFI levels decreased from 26.4 to
17.8 and for anti-CDPIIb antibody the MFI levels varied
from 34.4 to 21.4. Conversely, the binding capacity of the
three antibodies was also reduced in permeabilised cells
after treatment with MDL28170, with significantly differ-
ent values detected for anti-Dm-calpain and anti-CDPIIb
antibodies (Supplementary data, Table I).

After investigating changes in levels of CALPs ex-
pression by flow cytometry, we aimed to detect cal-
pain-like molecules in P. serpens by Western blotting
using the same set of anti-calpain antibodies employed
above. Anti-Dm-calpain antibody reacted with three
polypeptide bands migrating at approximately 80 kDa,
70 kDa and 50 kDa (Supplementary data, Fig. 3). When
anti-CAP5.5 and anti-CDPIIb antibodies were used, a
single 50-kDa polypeptide was detected in both strains
(Supplementary data, Fig. 3). The fact that P. serpens
possesses molecules that share antigens with calpain-
related enzymes is suggestive of these CALPs as be-
ing one of the targets of MDL28170. After MDL28170
treatment, the same polypeptide bands were detected
for each antibody tested. However, the three bands de-
tected with anti-Dm-calpain antibody and the 50-kDa
band cross-reactive to anti-CAP5.5 antibody had their
expression significantly reduced in MDL28170-treated
cells (Supplementary data, Fig. 3). With this technique,
we have already shown that MDL28170-treated T cruzi
epimastigotes had a decreased expression of CALPs
cross-reactive to anti-Dm-calpain antibody (Branquinha
et al. 2013), which may lead to the conclusion that the re-
duction in the expression of CALPs in trypanosomatids
may prevail after treatment with the calpain inhibitor.

The presence of a 50-kDa CALP that cross-reacted
with anti-CAP5.5 antibody (Supplementary data, Fig.
3) is an interesting topic, since CAP5.5 protein was the
first characterised member of calpain-related genes in a
trypanosomatid, specifically in 7. brucei (Hertz-Fowler
et al. 2001). CAPS5.5 is characterised by the similarity to
the catalytic region of calpain-type peptidases and it has
been shown to be both myristoylated and palmitoylated,
suggesting a stable interaction with the cell membrane
through interactions with the underlying microtubule
cytoskeleton as well. The presence of CALPs that cross-
react with anti-CAPS5.5 antibody was already observed
in T. cruzi epimastigote forms by flow cytometry on the
cell surface but mainly in the intracellular milieu (Bran-
quinha et al. 2013), in a similar pattern of distribution
detected in the present work.

Another aspect that deserves consideration in the
results presented herein is that a polypeptide band mi-
grating at 80 kDa was also detected in P. serpens by
cross-reactivity with the anti-Dm-calpain antibody
(Supplementary data, Fig. 3), which was previously ob-
served in different trypanosomatids (Branquinha et al.
2013). We postulate that the detection of the same pro-
tein band in trypanosomatids from different genera may
suggest that these parasites share the same antigen with

invertebrate calpain-related enzymes (Branquinha et al.
2013). Posteriorly, immunoprecipitation of this protein
from the parasite lysate by anti Dm-calpain antibody fol-
lowed by mass spectrometry analysis could be employed
to definitely identify this 80-kDa protein.

Ersfeld et al. (2005) employed whole genome analy-
sis and showed the presence of a large and diverse family
of CALPs in the trypanosomatids 7. brucei (14 mem-
bers), T cruzi (15 members) and Leishmania spp. (17
members). A search on the updated databases reveals
that the actual number of CALPs is almost three times
greater. However, since many of the CALPs present in
trypanosomatids have amino acid substitutions in the
well-conserved active site triad residues, it strongly sug-
gests functions unrelated to proteolysis (Ersfeld et al.
2005, Branquinha et al. 2013).

Protein sequence analysis - Since we cannot exclude
the possibility that the three anti-calpain antibodies used
here may cross-react with proteins unrelated to CALPs
in P. serpens, and once there is no P. serpens genome
available, we performed a search in Phytomonas sp. iso-
late EM1 database of predicted proteins for homologues
of the calpains from D. melanogaster, T. brucei CAP5.5
and lobster CDPIIb. There are evidences that the genus
form a monophyletic group, being the EM1 isolate a sis-
ter group of P. serpens (Maslov et al. 2001). Hits corre-
sponding to homologues with e-value ranging from le-83
to le-04, all corresponded to calcium-dependent cysteine
peptidases homologous, had their theoretical molecular
mass determined (data not shown). Among these hits, we
selected those that presented a molecular mass compati-
ble with the cross-reactivity detected in the Western blot-
ting analysis. It is worth mentioning that typical calcium-
binding domains from calpains were not found in these
hits, as previously demonstrated by Ersfeld et al. (2005)
that these domains are absent in trypanosomatids.

For D. melanogaster calpain, two homologues pre-
sented molecular masses around 80-70 kDa. For . brucei
calpain, only one homologue presented a molecular mass
around 50 kDa, while for lobster calpain, no homologue
was found with the molecular mass identified by Western
blotting analysis (Supplementary data, Table II). At least
one of the calpain domains cd00044 and pfam09149 was
presented in the homologous sequences (Supplementary
data, Table II). In this sense, cd00044 (or CysPc domain)
corresponds to the domains Ila and IIb of the catalytic site
of calpains, whereas pfam09149 (DUF1935 superfamily)
is found in hypothetical proteins and calpains, with un-
known function (Goll et al. 2003). The presence of at least
one calpain-conserved domain as well as the theoretical
molecular mass were consistent with the recognition by
each antibody (Supplementary data, Table II).

When we performed a search for proteins, from
Phytomonas sp. isolate EMI, containing homologues
of CysPc domain from the 7. brucei sequence, only six
proteins were identified (sequence coverage range from
48 to 99%, and e-value from 5e-05 to 2e-126) using the
Blastp algorithm at NCBI. This diminished number of
calpains homologues could be related to the absence of
identification of calpains that do not present this domain.
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Fig. 3: effect of MDL28170 and anti-Dm-calpain antibody in the in-
teraction process of Phytomonas serpens with the explanted salivary
glands of Oncopeltus fasciatus. (A) Agglutination of parasites with
anti-Dm-calpain antibody, which was only achieved up to 1:125 dilu-
tion. (B) Differential interference contrast microscopy (DIC) and con-
focal scanning images showing the double labeling of P. serpens cells
for calpain-like proteins (CALPs) cross-reactive to anti-Dm-calpain
antibody (green labeling) and DAPI (blue labeling). The labeling in
non-permeabilised cells suggests the location of CALPs in the mem-
brane and in the flagellum, and DAPI stained the nucleus (n) and the
kinetoplast (k). At right, the overlay of anti-Dm-calpain and DAPI la-
beling. Bars: 5 uM. (C) Parasites (107 cells) were either pre-treated or
not (control) with DMSO (diluent of the drug) or with the /2 x IC,, IC,
or 2 x IC,; values of MDL28170 for 4 h at 28°C. In parallel, cells were
pre-incubated with the anti-Dm-calpain (at 1:250, 1:500 and 1:1000
dilutions) or with a non-immune IgG antibody for 1 h. The parasite
viability of the parasites was not affected by the treatments used in this
set of experiments. Following interaction for 1 h, the salivary glands
were washed and homogenised, and the released trypanosomatids
were counted in a Neubauer chamber. The results are shown as the
mean + standard deviation of three independent experiments and the
asterisks denote significant differences compared to control (p <0.05).

Interestingly, the other three proteins categorised by gene
ontology with “cysteine-type endopeptidase activity” af-
ter Blast analysis in UniProtKB, returned one protein
(CCW64732.1) that shares similarities with cruzipain
from 7. cruzi (AAA30181.1), with an e-value of 20e-93
and 49% identity. Taken together, these data confirm the
results shown in the present paper and previously pub-
lished by our group (Santos et al. 2006, 2007) concerning
the expression of cruzipain-like molecules in P. serpens.
Some of the proteins identified by Western blotting
analysis were not found as calpain homologues in the
predicted proteins from Phytomonas sp. isolate EMI,
based on sequence similarities and molecular masses.
The lack of identification could be related with post-
translational modifications combined, or not, with the
use of a set of predicted proteins obtained from a stream-
lined genome, not annotated, but the only one available
at the moment of the analysis (Porcel et al. 2014).
Although we cannot state that the proteolytic activity
identified in this paper is a true calpain family member

at the present moment, we provided the first insights into
the presence of a calcium-dependent cysteine peptidase
activity in P. serpens promastigotes soluble extracts.
Our group has previously demonstrated the purifica-
tion and biochemical characterisation of a calcium-de-
pendent cysteine peptidase from the culture supernatant
of the insect trypanosomatid A. deanei (Branquinha et
al. 2013). Among the many features in common with
calpains, it highlights the absolute requirement of cal-
cium for proteolytic activity and the cross-reaction with
anti-Dm-calpain antibody. It is interesting to note that
no proteolytic activity consistent with calpains has been
described in 7. cruzi or L. amazonensis (Branquinha et
al., unpublished observations), which raises the question
as to whether the retaining of its catalytic properties is a
feature shared among non-mammalian parasites.

Effects of MDL28170 and anti-Dm-calpain antibody
on the interaction of P. serpens with O. fasciatus salivary
glands - We decided to test the influence of the calpain
inhibitor and anti-Dm-calpain antibody on the interaction
of P. serpens with explanted O. fasciatus salivary glands
ex vivo. At first, we showed that live P. serpens pro-
mastigotes were agglutinated only when incubated with
anti-Dm-calpain antibody up to 1:125 antibody dilution,
suggesting that CALPs cross-reactive to this antibody are
present at the parasite’s surface (Fig. 3A). Confocal im-
munofluorescence images corroborated the surface loca-
tion of CALPs cross-reactive to anti-Dm-calpain antibody
and also in the flagellum (Fig. 3B) in non-permeabilised
cells, as previously detected in the flow cytometry analy-
sis (Supplementary data, Table I). Pre-treatment of para-
sites with anti-Dm-calpain antibody at 1:250 and 1:500
dilutions also considerably impaired the parasite-salivary
gland binding (64.5% and 43.3%, respectively), in com-
parison to control (Fig. 3C). When cells were either pre-
treated with the anti-Dm-calpain antibody at 1:1000 di-
lution or with an irrelevant (non-immune) IgG (at 1:250
dilution), the interaction process was very similar to that
obtained with non-treated parasites, confirming the anti-
Dm-calpain antibody specificity (Fig. 3C).

The blockage of surface CALPs recognised by this
antibody leading to a significant reduction on the capac-
ity of adhesion to the salivary glands supports the notion
that surface-located CALPs are important to this step of
the life cycle. In a previous work from our group, we
have also demonstrated the role of CALPs located at 7.
cruzi epimastigotes cell surface on the capacity to ad-
here to R. prolixus insect midgut by the pre-incubation
with anti-Dm-calpain antibody, which reinforces the role
of these molecules in the interaction of trypanosomatids
with the invertebrate host (Branquinha et al. 2013). The
mechanisms and factors underlying this phenomenon
may reside in the less explored interactions governing
parasite-host interplay.

We also aimed to assess the influence of the pre-treat-
ment of parasite cells with MDL28170 in the interaction
process. Parasites pre-treated with the IC, and 2 x IC val-
ues of MDL28170 for 4 h showed a significant reduction
(51.4% and 70%, respectively) in their capacity to adhere
to the salivary glands (Fig. 3C). No significant change was
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observed when cells were pre-treated with the 2 x IC,,
value of MDL28170. When cells were pre-incubated with
DMSO (the solvent of the drug) in the volume correspond-
ing to the highest concentration of the inhibitor, the inter-
action process was very similar to that obtained with non-
treated parasites (Fig. 3C). In addition, the pre-treatment of
parasites with MDL28170 or anti-Dm-calpain did not alter
the parasite viability under the employed conditions used
in this set of experiments (data not shown).

The significant reduction detected in the ability of
promastigotes pre-treated with the IC, and 2 x IC, val-
ues of MDL28170 for 4 h to interact with O. fasciatus
salivary gland can be correlated to the lower amount of
anti-Dm-calpain cross-reactive CALPs. These results
are consistent with the reported effect of the pre-treat-
ment of 7. cruzi epimastigote forms with MDL28170,
which led to a reduction in CALPs expression and a sig-
nificant reduction in the parasite binding to Rhodnius
prolixus insect midgut (Branquinha et al. 2013).

Effects of MDL28170 on the expression of surface
gp63-like and cruzipain-like molecules and on the in-
teraction of P. serpens with O. fasciatus salivary glands
- In this set of experiments, the expression of gp63-like
and cruzipain-like molecules at P. serpens cell sur-
face was evaluated by flow cytometry in untreated and
MDL28170-treated promastigotes, since both molecules
were already described as potential adhesins expressed by
the parasite to bind to salivary gland (Santos et al. 2007).
This analysis revealed that both proteins had their expres-
sion significantly altered when parasites were subjected
to the treatment with the calpain inhibitor at the IC, value
for 24 h (Fig. 4A). The percentage of cells labeled by anti-
gp63 antibody was found to be decreased in the cell sur-
face by 44% after MDL28170 treatment, while labeling
of anti-cruzipain antibodies was reduced by 58%. In ad-
dition, a significant reduction in the MFI level of surface
gp63-like molecules was detected after treatment with the
calpain inhibitor, but no significant change in the MFI
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Fig. 4: correlation between the expression of surface gp63-like and cruzipain-like molecules and the interaction of Phytomonas serpens with sali-
vary glands of Oncopeltus fasciatus. (A) Promastigotes were pre-treated or not (control) with the IC value of the calpain inhibitor MDL28170 for
24 h; then, paraformaldehyde-fixed cells were incubated in the presence of anti-gp63 and anti-cruzipain antibodies and analysed by flow cytometry.
(B) Parasites were pre-treated or not (control) with the IC, value of MDL28170 for 24 h. Following interaction for 1 h, the salivary glands were
washed and homogenised, and the released trypanosomatids were counted in a Neubauer chamber. The results are shown as the mean + standard
deviation of three independent experiments. (C) Flow cytometry analysis showing calpain-like proteins (CALPs) cross-reactive to anti-Dm-calpain
antibody, the gp63-like and cruzipain-like proteins expressed in P. serpens cultured in Warren medium and in parasites recovered from the interac-
tion process with the salivary glands. In (A) and (C), data are expressed as the percentage of fluorescent cells (% FC) and also the mean of fluo-
rescence intensity (MFI) levels. Representative data of the analysis of 10,000 cells from three experiments are shown. The stars and the asterisks
highlight significant different values for % FC and MFI levels, respectively, compared to control in each system (p < 0.05). In (B), the results are
shown as the mean + standard deviation of three independent experiments and the star denotes significant difference compared to control (p <0.05).
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level of cruzipain-like molecules was found in the surface
of MDL28170-treated parasites (Fig. 4A).

The influence of MDL28170 on the interaction of
P. serpens with O. fasciatus salivary glands was pre-
viously tested when the calpain inhibitor was used at
the IC, | value for 4 h (Fig. 3). Since a reduction in cell
surface labeling with anti-gp63 and anti-cruzipain an-
tibodies was detected after the 24 h treatment with the
calpain inhibitor, this time interval was then used in the
pre-treatment of cells with MDL28170 for the analysis
of the interaction of P. serpens with O. fasciatus sali-
vary glands. When compared to the 51.4% reduction in
the capacity to adhere to salivary glands after treatment
with MDL28170 for 4 h, as previously shown (Fig. 3), the
24 h treatment showed a 73.3% reduction in the capacity
to adhere to O. fasciatus salivary glands (Fig. 4B). The
significant reduction in gp63-like and cruzipain-like
molecules detected in the P. serpens cell surface after
a 24 h treatment with the IC, value of MDI28170 with
the concomitant greater reduction in the parasite adhe-
sion to the salivary glands reinforces the role of these
molecules in parasite adhesion. It is possible to postulate
that MDL28170 treatment must affect biological events
that depend on the surface exposition of certain proteins.
In this context, our group has already demonstrated that
gp63-like and cruzipain-like molecules found in P. ser-
pens participate in several biological processes including
adhesion to the salivary glands of O. fasciatus, a phy-
tophagous insect experimental model (Santos et al. 2007).

Finally, promastigotes recovered from the interaction
process with the salivary glands were processed for flow
cytometry analysis in order to compare the expression
of surface gp63-like and cruzipain-like molecules with
parasites grown in Warren medium. This experiment
revealed a significant increase in MFI levels both for
surface gp63-like molecules (approximately 200%) and
surface cruzipain-like molecules (approximately 250%)
in parasites released from the salivary glands, which was
paralleled by the significant increase in the labeling of
these cells with anti-gp63 and anti-cruzipain antibodies.
These data suggest an increased expression of surface
gp63-like and cruzipain-like molecules in comparison to
promastigote cells grown in Warren medium (Fig. 4C).
However, the expression of CALPs cross-reactive to anti-
Dm-calpain antibody was not significantly affected (Fig.
4C). The data presented in this study confirmed previ-
ous results from our group that correlated the interaction
of trypanosomatids with the invertebrate hosts and the
increased expression of molecules with roles in the inter-
action process. The expression of surface gp63-like mol-
ecules in the insect trypanosomatid Herpetomonas sam-
uelpessoai was drastically enhanced after passage in the
insect host model Aedes aegypti gut (Branquinha et al.
2013). In addition, 7. cruzi cells isolated after passage in
the insect vector R. prolixus presented a drastic increase
in the expression of surface cruzipain (Uchara et al.
2012). Although the interaction step was not performed
in vivo, our results revealed that a significant increase
in the surface gp63-like and cruzipain-like expression
was detected, which is very suggestive of their involve-
ment in the interaction process of the parasite with the

invertebrate vector. A possible explanation for this result
is the selection of cells that naturally express higher lev-
els of surface gp63-like and cruzipain-like proteins and
that consequently display a better interaction with sali-
vary glands of O. fasciatus. Although the relative levels
of CALPs cross-reactive to anti-Dm-calpain antibody
were not altered in P. serpens cells recovered from the
interaction with salivary glands, it is possible that these
molecules participate cooperatively in this process.

In conclusion, our results clearly showed that
MDL28170 treatment of P. serpens promastigotes caused
a pleiotropic response and revealed important functions
in regulating parasite ultrastructure, the differential ex-
pression of proteins such as gp63-like, cruzipain-like,
CALPs and calcium-dependent cysteine peptidases as
well as the interaction of the parasite with the inverte-
brate host. However, the possible mechanisms underly-
ing the effects of calpain inhibitors in trypanosomatids
as well as the expression of distinct CALPs are still
poorly understood. The findings of the present study
underscore the potential of calpain inhibitors in the con-
trol of trypanosomatids infections and suggest studying
their action on the parasites’ physiology in order to vali-
date their potential contribution against these infections.
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