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Abstract

Phosphorylation is an important event in cell signaling that is modulated by kinases and phosphatases. In Trypanosoma cruzi, the
etiological agent of Chagas disease, approximately 2% of the protein-coding genes encode for protein kinases. This parasite has a
heteroxenic life cycle with four different development stages. In the midgut of invertebrate vector, epimastigotes differentiate into
metacyclic trypomastigotes in a process known as metacyclogenesis. This process can be reproduced in vitro by submitting
parasites to nutritional stress (NS). Aiming to contribute to the elucidation of mechanisms that trigger metacyclogenesis, we
applied super-SILAC (super-stable isotope labeling by amino acids in cell culture) and LC-MS/MS to analyze different points
during NS. This analysis resulted in the identification of 4205 protein groups and 3643 phosphopeptides with the location of 4846
phosphorylation sites. Several phosphosites were considered modulated along NS and are present in proteins associated with
various functions, such as fatty acid synthesis and the regulation of protein expression, reinforcing the importance of phosphor-
ylation and signaling events to the parasite. These modulated sites may be triggers of metacyclogenesis.
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Introduction

Reversible protein phosphorylation plays an important role in
the regulation of cellular behaviors, such as proliferation, dif-
ferentiation, migration, and apoptosis, in response to extracel-
lular and intracellular stimuli (Tan 2011). This mechanism is
regulated by the action of protein kinases and phosphatases. In
Trypanosoma cruzi, the etiological agent of Chagas disease
(Chagas 1909), the protein-coding genes encode for protein
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kinases (Parsons et al. 2005), and there are 86 protein phos-
phatases, among which the majority are serine/threonine phos-
phatases (Brenchley et al. 2007). In this parasite, the regula-
tion of gene expression occurs mainly at the posttranscription-
al level, involving translation control, trans-splicing, mRNA
stability, and posttranslational modifications, such as phos-
phorylation (Martinez-Calvillo et al. 2010; De Gaudenzi
et al. 2011; Smircich et al. 2015).

1. cruzi has a heteroxenic life cycle and presents multiple
morphological forms, among them epimastigotes (Epi) and
metacyclic trypomastigotes (Meta) in the triatomine vector
and amastigotes and trypomastigotes in the human host
(Tyler and Engman 2001). Therefore, during its life cycle,
the parasite is submitted to different microenvironments and
receives several external stimuli that can lead to parasite dif-
ferentiation. The signaling by phosphorylation may modulate
this process. In the midgut of invertebrate host, Epi differen-
tiate into Meta in a process known as metacyclogenesis. The
increase in the cell population and the low nutrient availability
are associated with the differentiation of the parasite (Kollien
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and Schaub 2000; Figueiredo et al. 2000). This process can be
reproduced in vitro by submitting Epi to NS through incuba-
tion in TAU (triatomine artificial urine) medium (Contreras
et al. 1985), which mimics the urine of the invertebrate host,
followed by incubation in TAU3AAG medium, which allows
the adhesion of the parasites to the substrate and the subse-
quent release of Meta (Bonaldo et al. 1988).

NS has been proposed to trigger substrate adhesion and
metacyclogenesis (Figueiredo et al. 2000). The glucose deple-
tion in medium leads to the elongation of Epi flagella (Tyler
and Engman 2000), which may be a prestage to adhesion or an
adaptation that allows greater capture of nutrients from the
medium by increasing the membrane area (Hernandez et al.
2012). In addition, the reservosome, a structure where lipids
and proteins are stored, decreases in size, indicating that this
stored content is consumed during differentiation (Soares
1999). A more recent study has shown ultrastructural changes
in parasites subjected to NS, with a slimmer appearance, al-
terations in the location and structure of mitochondrion-kinet-
oplast, and the accumulation of vesicles in the cytoplasm of
the parasites (Pérez-Morales et al. 2017).

The lipid content of Epi subjected to NS is more similar to
that of Meta when compared with Epi, with a degree of
unsaturation, influencing the membrane permeability of the
parasite (Esteves et al. 1989). Autophagy is another mecha-
nism related to NS, as the degradation of proteins and organ-
elles is important for remodeling during development and cell
differentiation (Alvarez et al. 2008; Schoijet et al. 2017). The
involvement of phosphorylation in 7. cruzi differentiation has
also been described: the increase in eukaryotic initiation factor
2 phosphorylation during NS culminates in the reduction of
protein synthesis (Tonelli et al. 2011), and cAMP-PKA sig-
naling stimulates differentiation when cAMP levels are ele-
vated (Gonzales-Perdomo et al. 1988; Bao et al. 2008), in
addition to other possible targets of the PKA, such as trans-
sialidases and the proteins involved in the adhesion and inva-
sion of host cells (Bao et al. 2010).

Many efforts have been made to understand the differenti-
ation of the parasite as well as the role of phosphorylation in
this process (Nakayasu et al. 2009; Marchini et al. 2011;
Queiroz et al. 2014; Amorim et al. 2017), but none of these
studies have conducted the analyses focusing on different
points during the NS stage, an essential step in the process
of parasite differentiation. The super-SILAC strategy (Geiger
et al. 2010), employed in the present study, allows the quan-
tification of the proteins and phosphosites by spiking each
sample with a labeled reference, allowing the indirect compar-
ison of intensities in the different experimental conditions.

Due to the importance of NS for differentiation and be-
cause it is a process of short duration, with the receipt of
several external stimuli, the present study is a proteomics
and phosphoproteomics analysis of the different experimental
points along NS. By using mass spectrometry (MS)-based
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proteomics and the super-SILAC quantitative methodology,
we aimed to identify proteins involved in metacyclogenesis
and possible phosphosites that play roles as triggers of differ-
entiation, contributing to the elucidation of the mechanisms
involved in metacyclogenesis.

Methods

Sample preparation for proteome
and phosphoproteome analyses

Each experiment was performed in two biological replicates.
T cruzi Dm28c (Contreras et al. 1988) epimastigotes were
cultured in liver infusion tryptose medium (LITB) (Camargo
and Silva 1964) supplemented with 10% fetal bovine serum
without agitation at 28 °C. The parasites were collected after
5 days of culture in the early stationary phase (ST-Omin). To
obtain parasites in different times of stress, the parasites were
harvested after 5 days of culture by centrifugation at 7000xg
for 5 min at 20 °C, washed once with TAU medium (2 mM
CaCl,, 17 mM KCI, 2 mM MgCl,, 190 mM NaCl, 8 mM
phosphate buffer, pH 6.0), resuspended in TAU at a final con-
centration of 5 x 10® parasites/mL and incubated for 5 min
(ST-5min), 15 min (ST-15min), 1 h (ST-1h), and 2 h (ST-2h).

For the super-SILAC standard, 7. cruzi Dm28c¢
epimastigotes were cultured in LM-14B medium (De Paula
Lima et al. 2014), replacing lysine and arginine with lysine
BN, (Lys-8) and arginine BNy, (Arg-10) (Cambridge
Isotope Laboratories), without agitation at 28 °C. Then, 3 x
10 cells were collected after 3 and 5 days of culture and at
different times (5 min, 15 min, 1 h, and 2 h) of NS in vitro,
which were mixed in the same proportion, generating the
super-SILAC standard.

Then, 1.5 x 10° cells from the super-SILAC standard were
combined with 1.5 x 10° cells from each experimental time
point (ST-Omin, ST-5min, ST-15min, ST-1h, ST-2h). The cells
were washed twice with phosphate-buffered saline (PBS;
137 mM NaCl, 4.3 mM Na,HPOy, 2.7 mM KCI, 1.5 mM
KH,HPOy, pH 7.2), centrifuged at 7000xg for 5 min at
20 °C, resuspended in 1.95 mL lysis buffer (4% SDS,
100 mM Tris-HCI pH 7.5, 100 mM DTT), vortexed, incubat-
ed at 95 °C for 5 min, and sonicated for approximately 1 h to
remove viscosity. The cell lysates were then centrifuged at
20,000xg for 10 min at 20 °C, and the supernatants were
transferred to new tubes and stored at — 80 °C until use. The
cell lysates were digested using the filter-aided sample prepa-
ration (FASP) method (Wisniewski et al. 2009) with some
modifications, as previously described (Amorim et al. 2017).

After protein digestion, the peptides were fractionated by
high pH reversed-phase chromatography using Sep Pack C18
130 mg columns (Waters) as previously described (Amorim
et al. 2017). After each elution, the peptides were acidified
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with 0.5% trifluoroacetic acid (TFA). Approximately 50 pg of
peptides was separated for the proteomics analysis, dried in a
vacuum centrifuge, desalted, and stored in C18 Stage-Tips
(Rappsilber et al. 2003) at 4 °C until analysis. The remaining
volume was dried and processed for phosphopeptide enrich-
ment. Fractions were resuspended in 1 mL of 80% MeCN,
2.5% TFA, and 70 mg/mL phthalic acid (Sigma) and incubat-
ed for 1 h by end-over-end rotation with 100 pL of microbead
solution (80% MeCN, 2.5% TFA, 40 mg/mL TiO,
microbeads—GL Sciences), following a previously published
protocol (Batista et al. 2017). After incubation, microbeads
were spun down and washed twice with 500 uL of wash
buffer 1 (80% MeCN, 2.5% TFA, and 70 mg/mL phthalic
acid), twice with 500 pL of wash buffer 2 (80% MeCN,
0.1% TFA) and twice with 500 uL of wash buffer 3 (0.1%
TFA). For peptide elution, the microbeads were incubated for
5 min with 50 puL of 0.3 M ammonium hydroxide followed by
centrifugation at 1000xg for 1 min, and the supernatants were
recovered into a fresh tube. This elution process was repeated
three times, and the combined eluates were fully dried in a
vacuum centrifuge, desalted, and stored in C18 Stage-Tips
(Rappsilber et al. 2003).

Nano-LC-MS/MS analysis

After elution from C18 Stage-Tips, the peptide mixtures
were separated by online C18 reversed-phase (RP) nano-
scale capillary liquid chromatography (nano-UPLC) and
analyzed by nanoelectrospray tandem mass spectrometry
(nano-ESI MS/MS) in duplicate. The experiments were
performed with an EASY-nLC 1000 chromatograph
(Thermo Scientific) coupled to an LTQ Orbitrap XL ETD
(Thermo Scientific) mass spectrometer (mass spectrometry
facility RPT02H/Carlos Chagas Institute — Fiocruz
Parana). Separation of the peptides was performed at a
flow rate of 250 nL/min of the mobile phase (MeCN,
0.1% formic acid, 5% DMSO) with a linear gradient from
5 to 40% MeCN in 120 min for phosphoproteomics. For
proteomics, the gradient ranged from 5 to 28% MeCN in
214 min followed by 28-40% MeCN in 26 min (total of
240 min), and two technical replicates were performed.
The chromatography was performed on an analytical silica
column of 30 cm, 75 um ID and C18 particles with a
diameter of 1.9 uM and heated to 60 °C. The peptides were
ionized by nanoelectrospray (voltage 2.7 kV) and injected
into the MS. The mode of acquisition was data-dependent
analysis (DDA) conducted as follows: a preview full scan
was acquired on the Orbitrap with a resolution of 15,000,
followed by a selection of the 10 most intense ions, which
were fragmented by CID and analyzed in the lon trap.
Parallel to the MS/MS, a full scan was acquired on the
Orbitrap with a resolution of 60,000. When selecting ions
for MS2, a dynamic exclusion list of 90 s was used. In

phosphoproteomics runs, the isolation and fragmentation
of the precursors containing phosphate groups were per-
formed using the methods of neutral loss and multistage
activation. The lock mass option was used at 401.922718
m/z to obtain better accuracy—error below 0.5 ppm—on a
mass of tryptic peptides detected by MS. The mass spec-
trometry (phospho) proteomics data were deposited in the
ProteomeXchange Consortium via the PRIDE (Vizcaino
et al. 2016) partner repository with the dataset identifier
PDXDO012113.

Data analysis

The comparison of data obtained in MS and MS/MS with
database identification and quantification of peptides, pro-
teins, and phosphorylation sites were carried out in
MaxQuant [32] software version 1.5.2.8. For identification,
we used the 7. cruzi Dm28c database of the UniProt (www.
UniProt.org), downloaded on April 3, 2016, containing
11,346 sequences. A decoy database containing the reverse
protein sequence of each entry was also used to estimate the
false discovery rate (FDR). The MaxQuant software was set
with parameters: for MS spectra accuracy of 20 ppm (first
search) and 4.5 ppm (second search); for MS/MS spectra
accuracy of 0.5 Da; the options “match between runs” and
“requantify” were enabled. In searches related to the
phosphoproteomics analysis, the phosphorylation of serine,
threonine, and tyrosine (STY) was included as a variable mod-
ification. For identification, peptides with at least 7 amino
acids were required. An FDR of 1% for peptide and protein
identification was independently applied. Similar protein se-
quences that did not permit distinction were clustered in
groups of proteins. The proteins and phosphorylation sites
were quantified by the difference in ratios between the pairs
of “light” and “heavy” peptides. The tables generated by
MaxQuant were analyzed by Perseus software version 1.5.3.
2. The contaminants and reverse sequences were removed,
and the normalized ratio of intensity heavy/light was convert-
ed to a —log2(x) scale. The Benjamini—Hochberg test
(Benjamini and Hochberg 1995) and a g value <0.2
Student’s ¢ test were applied as cutoffs to select the modulated
proteins and phosphorylation sites. For phosphoproteomics
data, we normalized the intensity heavy/light of phosphoryla-
tion sites containing 1, 2, or 3 phospho groups for each bio-
logical replicate by subtracting the heavy/light value of pro-
teins (obtained in the proteomics analysis) from the heavy/
light value of the corresponding phosphosites. The normalized
phosphosite intensities resulted in modulation of the phos-
phorylation sites, regardless of the protein variation. The
enriched GO terms were obtained from the TriTrypDB online
tool at http://tritrypdb.org/tritrypdb/. The search for molecular
function terms was performed in the 7. cruzi background.
Terms with p values < 0.02 were considered significant.
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Results
Profile of the proteomics data

In this study, we applied LC-MS/MS associated with super-
SILAC methodology to identify proteins and phosphosites
regulated during NS that can play roles as triggers of differ-
entiation. For this purpose, parasites were cultured in LIT-B
complex medium and LM-14B defined medium containing
lysine and arginine with heavy isotopes and then submitted
to NS for different times. The super-SILAC standard showed
enough labeled proteins (96.3%) to perform this experiment.

A total of 80 runs were performed and 2,873,119 MS/MS
spectra were acquired. These mass spectra were compared
with the database, and 35.5% were identified, corresponding
to 34,341 nonredundant peptide sequences that were grouped
into 4205 protein groups (Table A1), of which 98.7% could be
quantified. Approximately 2465 were annotated as
uncharacterized proteins (approximately 59% of total proteins
identified). This number represents how several proteins have
unknown functions in the 7. cruzi genome, reinforcing the
study and characterization of these proteins. The numbers of
proteins and peptides identified and quantified in the two bi-
ological replicates were similar (Fig. A1A), and the samples
showed a high correlation between biological replicates (Fig.
AlB).

Amorim et al. (2017) also analyzed the experimental point
ST-2h using another quantitative methodology, label-free
quantification (LFQ). Considering only the data obtained at
this experimental time point, 78% of the proteins were identi-
fied in both studies, with 392 identified only by Amorim et al.
(2017) and 586 identified exclusively in the current study
(Fig. A2). Regarding the quantification of these proteins, ap-
proximately 75% of the proteins were quantified in both stud-
ies, and the number of proteins quantified in the present study
was higher than that of Amorim et al. (2017). Tebbe et al.
(2015) demonstrates that LFQ allows greater coverage of the
proteome; however, super-SILAC is more accurate for protein
quantification.

Proteins differentially expressed during nutritional
stress

Using only proteins quantified at all experimental points
(2751 proteins), with p value and ¢ value < 0.2, few proteins
were differentially expressed along NS, as listed in Table A2.
Of these proteins, mitochondrial import inner membrane
translocase subunit (TIM17) was upregulated in the first
5 min of NS, while five other proteins (two calpain-like cys-
teine peptidases, paraflagellar rod protein 3, D-isomer-specific
2-hydroxy acid dehydrogenase protein, and the
uncharacterized protein VSB3E2) presented a downregulation
pattern in the final phase of NS, but with a small variation in
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expression (Fig. 1). In the GO enrichment analysis (Table A3),
the enrichment of terms associated with cysteine peptidases
was observed.

Outline of phosphoproteomics data

After 40 runs, a total of 458,884 MS/MS spectra were obtain-
ed. Excluding contaminants and reverse sequences, 6436 pep-
tides were identified, of which 3643 were phosphorylated.
Most of these peptides (approximately 61%) were
monophosphorylated (Fig. A3A), as expected based on the
enrichment method used. A total of 4846 phosphorylation
sites were located (Table A4), of which 3730 were located in
serine, 1034 were located in threonine, and 42 were located in
tyrosine (Fig. A3B). Among the phosphorylation sites located,
2685 showed more than 99% reliability in localization (Fig.
A3C).

Phosphosites modulated during nutritional stress

To evaluate the phosphosites that are differentially phosphor-
ylated along NS, we normalized the intensity of the phosphor-
ylation site by subtracting the protein intensity obtained from
the proteomics analysis, allowing the quantification of the
variation of phosphosites, independent of protein oscillation.
This approach has a limitation. In addition to the identification
and quantification of the phosphorylation sites, it was also
necessary for the identification and quantification of the pro-
tein in which this phosphosite is inserted in the proteomics
analysis. In this way, it was possible to normalize 593 phos-
phosites (approximately 12% of the total sites identified).
Among these phosphosites, using the p value and ¢ value <
0.2 as cutoffs, 93 phosphosites were considered modulated.
As normalization did not significantly alter most of the inten-
sities in phosphosites, and because of the technical limitation
of normalization, since not all phosphorylated peptides con-
tain corresponding identification in the proteomics data, were
obtained a low number of phosphosites to be analyzed. With
this, we opted to analyze the non-normalized phosphorylation
sites and created a final table containing all the phosphosites
modulated during NS (Table A5). The GO enrichment analy-
sis of proteins with modulated phosphosites is represented in
Table A6, and terms associated with the activity of peptidases
and phosphatases, among others, were enriched.

Figure 2a shows the phosphosites modulated more than
1.5-fold in the first 5 min of NS. The kinesin-like protein
(Fig. 2b) and acetyl-CoA carboxylase (ACC) (Fig. 2c) had
two phosphosites modulated in this first time point analyzed.
Kinesin is a microtubule-dependent motor protein involved in
microtubule dynamics. A decrease in phosphorylation was
observed in both phosphosites represented in the first 5 min,
while there was an increase in protein expression. ACC is
associated with fatty acid synthesis. Both phosphosites
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Fig. 1 Profile of the differentially 1.0
expressed proteins (DEPs) during

NS. Proteins were represented by

ratio of intensities during different

time points of NS. The proteins 0.5
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showed a decrease in phosphorylation in the first 5 min, and
phosphorylation increased again over time, whereas no signif-
icant change in the expression of the protein was observed.
The phosphosites represented in Fig. 2d showed the greatest
variation between ST-Omin and ST-5min, with a difference of
more than 2-fold. The phosphosite S-564 (uncharacterized
protein) showed an increase in phosphorylation, while the
phosphosites S-365 (uncharacterized protein), S-75
(uncharacterized protein), and S-1389 (acetyl-CoA

carboxylase) showed a decrease in phosphorylation. In addi-
tion, three different kinases had modulated sites in the first
5 min of NS (Fig. 2e), indicating that phosphorylation has
great relevance to this process.

At the next point along NS, 15 min, other phosphosites pre-
sented more than 1.5-fold variations (Fig. 3a). The phosphosites
S-166, S-404 (Fig. 3b), and S-365 (Fig. 2¢), all in uncharacterized
proteins, showed the highest variation between ST-5min and ST-
15min, with a difference of more than 2-fold. The heat-shock
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Fig. 2 Phosphosites modulated between ST-Omin and ST-5min. a Heat
map showing phosphosites with differences of more than 1.5-fold. Profile
of phosphorylation in modulated phosphosites in b kinesin-like (TCDM_
04106) and ¢ acetyl-CoA carboxylase protein (TCDM_08578). d
Phosphosites with greater alterations between the experimental points.
The proteins represented: Uncharacterized protein (TCDM_07592),
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map showing phosphosites with differences of more than 1.5-fold. b
Phosphosites with greater alterations between the experimental
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protein (HSP) is associated with the stress response, and HSP-85
had a phosphosite S-454 modulated in the initial moments of NS
(Fig. 2c). There was a decrease in phosphorylation at ST-5min,
which was increased at ST-15min and ST-2h.

Comparing the points ST-15min and ST-1h, other phospho-
sites presented more than 1.5-fold variations (Fig. 4a), with an
emphasis on the phosphosites S-706 (trans-sialidase), S-58
(myo-inositol-1(or 4)-monophosphatase-1), S-564
(uncharacterized protein), and T-124 (nascent polypeptide—
associated complex (NAC)), with a difference of more than
2-fold (Fig. 4b). Trans-sialidase is an enzyme that transfers
sialic acid from host glycoconjugates to the parasite; this
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Fig. 4 Phosphosites modulated between ST-15min and ST-1h. a Heat
map showing phosphosites with differences of more than 1.5-fold. b
Phosphosites with greater alteration between the experimental points.
The proteins represented: Trans-sialidase (TCDM_12217), Myo-inositol
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Fig. 5 Phosphosites modulated between ST-1h and ST-2h. a Heat map showing phosphosites with differences of more than 1.5-fold. b Profile of

phosphorylation in modulated phosphosite in calmodulin (TCDM_02086)

ST-1h and ST-2h (Fig. 5a). A decrease in phosphorylation
in the phosphosite S-582 in calmodulin was observed
(Fig. 5b).

Discussion

In this study, we applied LC-MS/MS associated with a
super-SILAC methodology to evaluate proteins and
phosphorylation sites modulated during the nutritional
stress of T. cruzi. NS is the initial stage of in vitro
metacyclogenesis and has been proposed as the trigger
that leads to the differentiation of the parasite
(Figueiredo et al. 2000). The SILAC methodology was
first employed in 7. cruzi in 2016, using a semidefined
medium for cultivation to identify the N-myristoylome
of the parasite (Roberts and Fairlamb 2016). Under our
conditions, continuous growth and sufficient metabolic
protein labeling by SILAC of the parasite were only
possible using the defined medium LM-14B (De Paula
Lima et al. 2014).

Few proteins were considered modulated along NS and
showed small variations in their expression. Significant
changes were observed in the expression profile of the
proteins in the adhesion phase, the step subsequent to
NS, during in vitro metacyclogenesis (Amorim et al.
2017), a more extensive process, which compared inter-
mediate points of the adhesion process, in addition to two
very different morphological forms of 7. cruzi, Epi under
NS and Meta. TIM17 is upregulated in the first 5 min of
NS. This protein is part of a complex associated with the
translocation of mitochondrial proteins synthesized in the
cytosol. TbTIM17 is essential to procyclic forms of
T. brucei, and its knockout reduces several nuclear-
encoded mitochondrial proteins (Singha et al. 2008). In
addition, the mitochondrial genome of 7. cruzi has the
potential to change gene expression in response to differ-
ent stimuli, such as NS (Shaw et al. 2016). The

upregulation of this protein may represent an initial mito-
chondrial response to NS stimulation.

Two calpain-like cysteine peptidases were downregulated
in the final moments of NS. Proteinases play a key role in the
differentiation of the parasite since proteases and proteinase
blockers disrupt this process (Cardoso et al. 2008; Goldenberg
and Avila 2011). The calpain-like cysteine-peptidase
(TCDM_09423), named Tecalpx11, has already been charac-
terized in 7' cruzi (Giese et al. 2008). Tccalpx11 mRNA was
2.5 times more abundant in parasites under NS compared with
Epi in culture (Giese et al. 2008), where it has been observed
that this protein is downregulated in the final moments of NS,
perhaps because culture does not encompass the Epi point.
Additionally, Tccalpx11 was not expressed in Meta and
amastigotes (Giese et al. 2008), indicating that this protein
plays a fundamental role in differentiation.

Despite the small number of regulated proteins, several
phosphosites were considered modulated along NS. ACC is
associated with fatty acid synthesis, and the catalytic activ-
ity of this protein is regulated by phosphorylation. In this
study, we identified a decrease in phosphorylation at sites
S-1389 and S-1338 during the first 5 min of NS, and phos-
phorylation increased again at both sites during NS. In
humans, phosphorylation at site S-80 of ACC alters its con-
formation and is not compatible with dimerization, which
inactivates the catalytic domain of this protein (Cho et al.
2010). In Saccharomyces cerevisiae, substitution with ala-
nine at another phosphorylation site in ACC, S-1157, re-
sulted in increased catalytic activity (Wei et al. 2016). In
T. brucei, ACC RNAI reduced fatty acid biosynthesis,
resulting in growth inhibition (Vigueira and Paul 2011).
Therefore, the decrease in phosphorylation identified in this
study may result in altered protein activity and consequent-
ly stop cell growth. In addition, changes in fatty acid com-
position were observed in Epi and Meta, with Epi subjected
to NS being more similar to Meta when compared with Epi,
influencing the membrane permeability of the parasite
(Esteves et al. 1989).
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During differentiation, parasites undergo morphological
changes. Paraflagellar rod protein 3 is located in the flagellum
and is regulated during NS, showing a great increase in Meta
(Amorim et al. 2017). These data suggest that flagellum struc-
ture modulation occurs throughout differentiation. In addition,
two phosphosites were modulated in kinesin-like proteins.
While there was a decrease in phosphorylation at both sites
in ST-5min, an increase in protein expression was observed.
The kinesin is a microtubule-dependent motor protein that
participates in intracellular transport and the regulation of mi-
crotubule dynamics. TbKIN-D is required for maintaining the
cell morphology of T brucei (Hu et al. 2012). The RNAi of
this protein disrupts the organization of the subpellicular mi-
crotubule and affects the cell morphology. Protein phosphor-
ylation may represent a stimulus for a change in the organiza-
tion of the microtubules, leading to the morphological changes
observed in the differentiation. In fact, several kinesin-like
proteins and other cytoskeletal proteins are regulated during
metacyclogenesis (Amorim et al. 2017).

HSPs have several functions, including the stress response
(Feder and Hofmann 1999; Urményi et al. 2014). HSPS85 is
differentially expressed and has a phosphosite modulated dur-
ing NS. In T brucei, the HSP85 mRNA levels increase at
41.5°C, but at 42.5 °C, there is a decrease in these transcripts,
and it is suggested that there is a disruption of trans-splicing in
these transcripts under severe heat shock conditions (Muhich
etal. 1989). The modulation of HSP expression is the result of
the activation of various intracellular signaling pathways
(Feder and Hofmann 1999). We detected a decreasing peak
in phosphorylation in phosphosite S-454 at ST-5min, which
may be a factor that influences the expression of this protein.
During metacyclogenesis, a decrease in the levels of this pro-
tein was observed at the end of adhesion and in Meta (Amorim
et al. 2017). Another important heat shock protein for proto-
zoa is HSP90, which has already been associated with the
process of differentiation and invasion of host cells, and is
modulated by posttranslational modifications (Roy et al.
2012; Schopf et al. 2017). In Toxoplasma gondii, HSP90 is
associated with bradyzoite differentiation, host-cell invasion,
and growth and virulence (Sun et al. 2017). The inactivation
of HSP90 for drug geldanamycin or radicicol in Leishmania
donovani leads to the differentiation of the promastigote form
into the amastigote (Wiesgigl and Clos 2001). In T. cruzi, the
use of geldanamycin does not lead to differentiation, but an
increase in the level of other heat-shock proteins is observed
(Graefe et al. 2002).

The phosphosite T-124 was modulated in the NAC. This
complex interacts with ribosomes, promotes translation, and
assists in the folding of nascent polypeptides (Kirstein-Miles
et al. 2013). Under stress conditions, this protein forms aggre-
gates, reducing the number of proteins available in the cytosol
for translation (Kirstein-Miles et al. 2013). Also associated
with protein synthesis, the phosphosite S-237 in protein

@ Springer

elF4A showed a decrease in phosphorylation. This protein is
an RNA helicase and plays a role in the initiation of translation
by unwinding secondary structure in the 5'-untranslated re-
gion of mRNA, which contributes to ribosomal subunit bind-
ing to mRNA and scanning of the initiation codon (Rogers
et al. 2001).

A decrease in the S-706 phosphosite of a trans-sialidase
was observed at ST-1h. Trans-sialidase family members are
substrates of TcPKA and regulate intracellular trafficking, pro-
tein turnover, or enzymatic activities (Bao et al. 2010). In
addition, trans-sialidase is a membrane-anchored enzyme that
catalyzes the transfer of sialic acid from the host to a parasite,
allowing the parasite to evade the host immune system (Miller
IIT and Roitberg 2013). Additionally, a decrease in
phosphosite S-58 of myo-inositol-1(or 4)-monophosphatase
was observed in the final moments of NS. This enzyme par-
ticipates in myo-inositol de novo synthesis, dephosphorylat-
ing the inositol 1-phosphatase produced by myo-inositol-1-
phosphate (Martin and Smith 2005). Myo-inositol-1-
phosphate is essential to the bloodstream form of 7. brucei
(Martin and Smith 2005). Myo-inositol can then be incorpo-
rated into phosphatidylinositol (PI), which is utilized in a va-
riety of cellular functions, including the biosynthesis of GPI
(glycosylphosphatidylinositol) anchors. In 7' cruzi, d-myo-
inositol-1,4,5-trisphosphate (IP5) is associated with Ca2t sig-
naling (Hashimoto et al. 2013). The phosphoinositide phos-
pholipase C (PI-PLC) is involved in amastigogenesis, and the
modulation mediated by IP; contributes to differentiation
(Okura et al. 2005). In addition, high levels of Ca’* are re-
quired for efficient cell invasion (Hashimoto et al. 2013).
Furthermore, the regulation of Ca®* is involved in the
metacyclogenesis and multiplication of Epi (Lammel et al.
1996). A decrease in the phosphorylation of phosphosite S-
582 of calmodulin was also observed in the final stress stage.
Calmodulin is an intracellular acceptor of Ca2+; therefore, it is
also associated with Ca”* signaling (Ogueta et al. 1996). The
regulation of the proteins associated with Ca>* signaling rein-
forces the importance of this process for the differentiation
events in this parasite, as previously reported in both
amastigogenesis (Okura et al. 2005) and metacyclogenesis
(Lammel et al. 1996).

Conclusion

In the current study, we evaluated (phospho) proteomic regu-
lation during NS using LC-MS/MS and super-SILAC ap-
proaches. This is a first approach that aims at a survey of
possible targets significantly expressed and modulated by
phosphorylation during NS, and other experiments are neces-
sary to reinforce the results presented here, since the differ-
ences observed among the experimental points do not have
high levels of statistical significance. Despite the large number
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of proteins identified during NS, few were considered regu-
lated among the five experimental time points analyzed in the
present study. In contrast, among the identified phosphoryla-
tion sites, several were considered to be modulated along NS.
Regulated phosphosites are present in proteins associated with
various functions, such as fatty acid synthesis and the regula-
tion of protein expression, structural components, stress re-
sponse, and intracellular signaling, indicating that several pro-
teins are phosphorylated or dephosphorylated along NS,
which is the beginning of the stimulus that leads to differenti-
ation. Many of these sites are present in proteins with no
unknown function, reinforcing the importance of the study
and characterization of hypothetical 7. cruzi proteins. Lastly,
possible phosphosites that trigger metacyclogenesis were
identified, and it is necessary to characterize these sites and
these proteins to determine their functions.
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