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Chagas disease is a tropical neglected disease endemic
in Latin America caused by the protozoan Trypanosoma
cruzi. The parasite has four major life stages: epimasti-
gote, metacyclic trypomastigote, bloodstream trypomas-
tigote, and amastigote. The differentiation from infective
trypomastigotes into replicative amastigotes, called amas-
tigogenesis, takes place in vivo inside mammalian host
cells after a period of incubation in an acidic phagolyso-
some. This differentiation process can be mimicked in vitro
by incubating tissue-culture-derived trypomastigotes in
acidic DMEM. Here we used this well-established differen-
tiation protocol to perform a comprehensive quantitative
proteomic and phosphoproteomic analysis of T. cruzi
amastigogenesis. Samples from fully differentiated forms
and two biologically relevant intermediate time points were
Lys-C/trypsin digested, iTRAQ-labeled, and multiplexed.
Subsequently, phosphopeptides were enriched using a TiO,,
matrix. Non-phosphorylated peptides were fractionated via
hydrophilic interaction liquid chromatography prior to LC-
MS/MS analysis. LC-MS/MS and bioinformatics procedures
were used for protein and phosphopeptide quantitation,
identification, and phosphorylation site assignment. We
were able to identify regulated proteins and pathways in-
volved in coordinating amastigogenesis. We also observed
that a significant proportion of the regulated proteins were
membrane proteins. Modulated phosphorylation events co-
ordinated by protein kinases and phosphatases that are
part of the signaling cascade induced by incubation in
acidic medium were also evinced. To our knowledge, this
work is the most comprehensive quantitative proteomics
study of T. cruzi amastigogenesis, and these data will serve
as a trustworthy basis for future studies, and possibly for
new potential drug targets. Molecular & Cellular Pro-
teomics 13: 10.1074/mcp.M114.040329, 3457-3472, 2014.
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More than 100 years after its initial description, Chagas
disease remains a neglected tropical disease affecting almost
8 million people worldwide (1). The iliness is endemic in Latin
America, but an increasing number of cases are being re-
ported in non-endemic regions, including the United States
and Europe (1-5). The infection is caused by the protozoan
Trypanosoma cruzi, a single-cell parasite that undergoes dif-
ferentiation events throughout its life cycle to adapt to a
variety of environments inside mammalian hosts and triato-
mine bug vectors. The parasite has four major life stages:
epimastigote and metacyclic trypomastigote in the insect
vector and bloodstream trypomastigote and amastigote in
mammalian hosts (6, 7). So far, there is no vaccine or effective
chemotherapeutic treatment; the drugs commonly used to
treat human infection, nifurtimox and benznidazol, are highly
toxic and do not prevent the progression of the chronic form
of the illness (8).

Among the differentiation processes that T. cruzi undergoes
during its lifecycle, metacyclogenesis (differentiation from epi-
mastigotes to metacyclic trypomastigotes) and amastigogen-
esis (from trypomastigotes to amastigotes) have been more
deeply studied (9). Metacyclogenesis occurs naturally inside
the triatomine vector’s gut, probably in response to environ-
mental changes such as a decline in available nutrients. The
molecular mechanisms involved in triggering this process re-
main unknown. However, metacyclogenesis can be mimicked
in vitro using well-defined media that stimulate the differenti-
ation process by simulating the vector’s gut physicochemical
conditions (10). This process results in important changes that
have been studied intensively through proteomic approaches
(11, 12).

Parasite differentiation, as well as host-cell infection, in-
volves the intracellular release of Ca®* in the coordination of
molecular events involved in those processes. However, the
precise molecular mechanisms responsible for controlling
Ca?" release are not fully known. Two pathways related to
this event have already been identified: (i) the engagement of
gp82 with an unknown ligand, which triggers a signaling cas-
cade in metacyclic trypomastigotes that involves the phos-
phorylation of PKC and a 175-kDa protein (13); and (ii) the
release of Ca®* reservoirs from the endoplasmatic reticulum
mediated by inositol-3-phosphate (14).
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Amastigogenesis occurs when metacyclic trypomastigotes
turn into amastigotes inside mammalian nucleated host cells
(first amastigogenesis) or after infection by tissue-derived
bloodstream trypomastigotes, when the so-called second
amastigogenesis is observed, also inside host cells (15). This
process, which is not completely understood at the molecular
level, takes place preferably inside host cells, although extra-
cellular amastigotes may be observed during the infection’s
acute phase (16).

The study of T. cruzi differentiation strongly relies on in vitro
assays. For instance, Contreras and collaborators developed
a protocol in which metacyclic trypomastigotes can be differ-
entiated to amastigotes by means of incubation in MEMTAU
media, a combination of MEM and TAU3AAA medium, en-
riched with FBS at 37 °C (17). In fact, the production of axenic
amastigotes by means of incubation of tissue-culture-derived
trypomastigotes in acidic media has been widely employed
since the first report by Kanbara and collaborators (18). An-
other study, carried out by Tomlinson and collaborators, dem-
onstrated that axenic amastigotes not only resemble intracel-
lular amastigotes morphologically, but also share several
biochemical features, stage-specific surface antigens, and
replicative capability, an attribute essential for fulfilling the life
cycle (19). This study also showed that the acidic incubation
accelerates the morphological differentiation, and also
seems to be a key factor in triggering DNA replication.
Overall, the axenic differentiation systems yield relatively
large quantities of parasites, free of host-cell contamina-
tions, and allow the collection of samples at defined time
points during the differentiation.

In order to unravel the mechanisms that mediate T. cruzi
differentiation, it is essential to identify the molecules respon-
sible for the intracellular signaling mechanisms that trigger the
process in response to environmental changes (20). For in-
stance, little is known about how cAMP molecules are in-
volved in amastigogenesis; however, several studies have
reported the involvement of this ubiquitous intracellular sec-
ond messenger in the control of metacyclic trypomastigote
differentiation in vitro (21). It has been demonstrated that
intracellular cAMP levels are higher in metacyclic trypomas-
tigotes than in epimastigotes (22), and also that the addition of
exogenous cAMP or its analogs accelerates metacyclogen-
esis in vitro (23). The elevated cAMP levels strongly suggest a
role for cAMP in the coordination of metacyclic T. cruzi
differentiation.

In trypanosomatids and most eukaryotes, cCAMP is synthe-
sized by adenylate cyclases and degraded by phosphodies-
terases (24). Numerous physiological processes are regulated
through cAMP-dependent protein kinases (PKAs)' that are

' The abbreviations used are: PK, protein kinase; DMEM, Dulbecco’s
modified Eagle’s medium; FBS, fetal bovine serum; GO, gene ontology;
HILIC, hydrophilic interaction liquid chromatography; MAPK, mitogen-
activated protein kinase; PCA, principal component analysis.

activated upon cAMP binding to the PKA regulatory subunit
and release of its active catalytic subunit (25).

Grellier and collaborators have shown that tissue-culture-
derived trypomastigotes that are exposed to phosphatase
inhibitors, such as calyculin A, start to differentiate into
rounded, extracellular amastigote-like cells even at a physiolog-
ical pH (26). Furthermore, okadaic acid, another phosphatase
inhibitor, represses axenic acidic-pH-induced amastigogenesis,
strengthening the hypothesis that phosphorylation/dephosphor-
ylation events are implicated in T. cruzi amastigogenesis (27).

Approximately 2% of the T. cruzi genome encodes protein
kinases, suggesting that these enzymes play a major regula-
tory role in the parasite (28). A comparative survey of the
kinomes (kinase repertoire) from trypanosomatids showed
that Trypanosoma brucei, T. cruzi, and Leishmania major have
176, 190, and 199 protein kinases, respectively, with ~12% of
them being unique from trypanosomatids (28, 29). In fact,
phosphorylation is among the most widespread post-transla-
tional modifications in nature. For example, it is estimated that
over 30% of the protein repertoire in a mammalian cell is
phosphorylated at some point during expression (30). This
post-translational modification also regulates a number of
biological processes involving signal transduction (31), recog-
nition and molecular interactions, and other cellular events.
With the current interest in protein kinases as molecular tar-
gets for treating a variety of diseases (32, 33), the possibility
that kinase inhibitors could represent new anti-parasitic
agents is being explored (34). Hence, studies regarding the
dynamics of protein phosphorylation during cell differentiation
in human-hosted T. cruzi life stages become particularly
relevant.

This work aimed at performing the first large-scale quanti-
tative proteome and phosphoproteome analysis of T. cruzi
amastigogenesis. For that, the differentiation of cell-culture-
derived trypomastigotes to axenic amastigotes was induced
in vitro, and parasite protein samples from initial, intermediate,
and final points of the differentiation process were subjected
to iTRAQ labeling and mass spectrometric analysis.

MATERIALS AND METHODS

FBS was purchased from Sorali Biotecnologia (Campo Grande,
Brazil). GeLoader tips were from Eppendorf (Hamburg, Germany).
Modified trypsin was obtained from Promega (Madison, WI). Lysyl
endopeptidase (Lys-C) was purchased from Wako Pure Chemical
Industries (Osaka, Japan). A TSKGel Amide-80 2-mm, 3-um particle
size HILIC column was obtained from Tosoh Bioscience (Stuttgart,
Germany). PorosOligoR3 reversed phase material was acquired from
PerSeptive Biosystems (Framingham, MA). StageTips were obtained
from Thermo Scientific (Odense, Denmark). Titanium dioxide Titan-
Sphere beads were from GL Sciences Inc. (Tokyo, Japan). iTRAQ
reagents were from Applied Biosystems (Foster City, CA). Complete
cocktails of protease and phosphatase inhibitors (Complete Mini and
PhosStop) were from Roche (Meylan, France). DMEM and all other
reagents were purchased from Sigma-Aldrich (St. Louis, MO). All
chemicals and solvents used were HPLC grade or higher, and all
sample preparation procedures were performed in low-binding poly-
propylene microtubes from Sorenson Bioscience (Salt Lake City, UT).
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Trypomastigote in Vitro Culture and Acidic pH-induced Axenic
Amastigogenesis Assay—Hela cell culture was maintained in DMEM,
pH 7.5, supplemented with 5% FBS and 100 ng/ml gentamicin at
37 °C under a 5% CO, atmosphere. Tissue-culture-derived trypo-
mastigotes (Y strain) were collected from infected Hela cell culture
monolayers (35) during the second day of outbreak, which was the
most abundant. The parasite population, which consisted of over
98% trypomastigotes, was washed three times with DMEM without
FBS prior to differentiation induction. Axenic amastigotes were gen-
erated by incubating trypomastigotes in DMEM, pH 5.0, without FBS
for 9 h at 37 °C under a 5% CO, atmosphere as previously described
(19, 36). Besides the trypomastigote and amastigote samples (corre-
sponding to 0 and 9 h of induction, respectively), intermediary sam-
ples were collected at 30 min and 2 h of induction. All samples were
prepared in biological triplicate.

Sample Preparation for LC-MS/MS—Each sample containing the
parasite life forms was lysed in 100 ul of 8 M urea containing a
complete mixture of protease and phosphatase inhibitors through
three rapid freeze-thaw cycles. After centrifugation at 14,000g at 4 °C
for 15 min, the supernatants were transferred to new tubes, diluted
four times with ice-cold ethanol, and vortexed. The same volume of
ice-cold acetone was added to the tubes, which were then vortexed
vigorously and incubated overnight at —20 °C. After incubation, the
material was centrifuged at 20,0009 at 4 °C for 15 min, and the
supernatant was discarded. The pellet was washed three times with
ice-cold 40% ethanol/40% acetone solution. Finally, the sample was
resuspended in 8 M urea in 20 mm triethylammonium bicarbonate,
reduced with 20 mm DTT at room temperature for 60 min, alkylated
with 40 mm iodoacetamide at room temperature in the dark for at least
60 min, and digested overnight at room temperature with Lys-C (0.05
U). After digestion, the solution was diluted to a final urea concentra-
tion of 1 m, 1 pug of modified trypsin was added (1:100 (w/w) trypsin:
substrate ratio), and the samples were incubated for 3 h at room
temperature. The peptide samples were acidified with TFA (0.1% (v/v)
final concentration) and desalted on homemade microcolumns of
Poros Oligo R3 packed resin (1 cm long) in p200 tips (adapted from
Ref. 37). Prior to lyophilization, the peptide concentration was deter-
mined by means of amino acid analysis using a Biochrom 30 amino
acid analyzer (Biochrom, Cambridge, UK) according to the manufa-
cturer’s protocol.

iTRAQ Labeling—Three biological replicates of each sample were
labeled with iTRAQ according to manufacturer’s specifications, with
minor modifications. Briefly, 100 ng of dried, desalted digest from
each sample was individually resuspended in 30 ul of 300 mm trieth-
ylammonium bicarbonate and added to an iTRAQ label vial already
resuspended with 70 ul of ethanol. The vials were briefly mixed and
incubated at room temperature for 1 to 2 h, and then all four labeled
samples were mixed in equal proportion (trypomastigotes were la-
beled with 114; 30 min of induction with 115; 2 h of induction with
116; and axenic amastigotes with 117).

HILIC Fractionation— Prior to LC-MS/MS analysis, around 20 png of
each multiplexed iTRAQ-labeled sample replicate was separated into
10 chromatographic fractions. For that, dried samples were resus-
pended in solvent B (90% acetonitrile, 0.1% TFA) and applied onto a
TSKGel Amide 80 HILIC HPLC column (length, 15 cm; diameter, 2
mm; particle size, 3 um) as described elsewhere (38, 39). Peptides
were eluted at 6 pl/min by decreasing solvent B in a linear manner
(100% to 60% solvent B) over 26 min and collected every 2 min. The
fractions were combined based on their intensities detected at a
216-nm wavelength to an average of 1200 au. All eluted fractions prior
to and after the elution of the 10 most intense fractions were added to
the first and last sample fractions, respectively, to avoid missing any
peptide.

Phosphopeptide Enrichment—Phosphopeptides were enriched in
batch via TiO, affinity as described elsewhere (40), with minor mod-
ifications. Briefly, iTRAQ-labeled multiplexed samples (around 380 ug
and 200 ng for the third replicate) were re-resuspended in 1 m glycolic
acid in 80% acetonitrile/5% TFA (v/v), and 0.6 mg of TiO, beads were
added per 100 pg of peptide sample before incubation under vigor-
ous shaking for 10 to 15 min. Beads were spun down, and the
supernatant was transferred to new microtubes. Addition of TiO,
beads to the supernatants (using 0.3 mg TiO, per 100 ug of peptide)
was repeated two more times. The TiO, beads from the three rounds
of enrichment were combined and washed first with 80% acetoni-
trile/1% TFA (v/v) and then with 10% acetonitrile/0.1% TFA (v/v) to
remove non-phosphorylated peptides bound to TiO, in a HILIC way.
Phosphopeptides were then eluted with ammonia solution (0.28%),
pH 11, and lyophilized.

LC-MS/MS—Samples (10 HILIC fractions and 1 phosphopeptide-
enriched fraction) were analyzed in biological triplicate, with two
technical repetitions each, using an EASY-nano LC system (Proxeon
Biosystems, Odense, Denmark) coupled online with an LTQ-Orbitrap
Velos mass spectrometer (Thermo Scientific, Waltham, MA). Each
fraction was loaded onto an 18-cm fused silica emitter (75-um inner
diameter) packed in-house with reverse phase capillary column
ResiproSil-Pur C18-AQ 3-um resin (Dr. Maisch GmbH, Ammerbuch,
Germany) and eluted using a gradient from 100% solvent A (0.1%
formic acid) to 26% solvent B (0.1% formic acid, 95% acetonitrile) for
77 min, 26% to 100% solvent B for 5 min, and 100% solvent B for 8
min (a total of 90 min at 200 nL/min) for HILIC fractions and 100%
solvent A to 26% solvent B for 180 min, 26% to 100% solvent B for
5 min, and 100% solvent B for 8 min (a total of 193 min at 200 nL/min)
for phosphopeptide-enriched fraction. After each run, the column was
washed with 90% solvent B and re-equilibrated with solvent A. Mass
spectra were acquired in positive ion mode applying data-dependent
automatic survey MS scan and tandem mass spectra (MS/MS) ac-
quisition modes. Each MS scan in the Orbitrap analyzer (mass
range = m/z 350-1800, resolution = 100,000) was followed by
MS/MS of the seven most intense ions in the LTQ. Fragmentation in
the LTQ was performed by high-energy collision-activated dissocia-
tion, and selected sequenced ions were dynamically excluded for
30 s. Raw data were viewed in Xcalibur v.2.1 (Thermo Scientific), and
data processing was performed using Proteome Discoverer v.1.3
beta (Thermo Scientific). The Raw files were submitted to a database
search using Proteome Discoverer with an in-house Mascot v.2.3
algorithm against the T. cruzi database, downloaded (in early 2012)
using the Database on Demand tool (41) containing the 12,574 pro-
teins of the parasite found in UniProt/Swiss-Prot and UniProt/
TrEMBL. Contaminant proteins (several types of human keratins,
BSA, and porcine trypsin) were also added to the database, and all
contaminant proteins identified were manually removed from the
result lists. The searches were performed with the following param-
eters: MS accuracy, 10 ppm; MS/MS accuracy, 0.05 Da; two missed
cleavage sites allowed; carbamidomethylation of cysteine as a fixed
modification; and oxidation of methionine, N-terminal iTRAQ tagging,
phosphorylation of S, T, and Y residues, and protein N-terminal
acetylation as variable modifications. The numbers of proteins, pro-
tein groups, and peptides were filtered for false discovery rates less
than 1% and only peptides with rank 1. A minimum of two peptides
per protein was accepted for identification using Proteome Discov-
erer. The identification lists from technical repetitions were merged,
and repeated protein groups were removed. Phosphopeptide identi-
fications with phosphorylation site probability scores less than 75%
were removed, as suggested by the software developer (42).

Data Analysis and Statistics —ProteinCenter software (Thermo Sci-
entific) was used to interpret the results at the protein level (e.g.
statistical GO classification and number of transmembrane domains).
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More detailed annotations of the identified proteins and enzyme
activity prediction and classification (Enzyme Commission numbers)
were acquired using Blast2GO software (43) with the default param-
eters, and predictions of kinase recognition sites on protein se-
quences were performed using iGPS software (44) with a low thresh-
old, Homo sapiens as the organism, and “all protein kinases”
prediction. Sequence motif enrichment analyses of phosphorylation
sites were performed using the MotifX algorithm (45) with windows of
13, 15, and 17 amino acids. The same T. cruzi database employed
previously for protein identification was used as a background file.

Statistical analysis was performed with R software. The data con-
sisted of three replicates containing normal fractions and fractions
enriched for phosphopeptides. The intensity values of each fraction
and each iTRAQ label were log-transformed and median-normalized.
Multiple measurements of the same peptide were merged using the
RRollup function of the DanteR package (46); we allowed only one
peptide measurement and chose the “mean” instead of the “median”
option. The values of non-phosphorylated peptides were converted
into protein quantitations (Rrollup, “mean”), and we modified the
original function to require a minimum of three peptides per protein.
Statistically significant regulations require more sophisticated tools
than just application of the standard t test. Limma (47) and rank
products (48) provide sufficient power to deal with low replicate
numbers and additional missing values (49). We therefore carried out
both statistical tests on all phosphopeptides and protein ratios
against label 114 and corrected them for multiple testing (50). All
phosphopeptides/proteins with smaller g-values (from both tests)
below 0.05 (5% false discovery rate) were considered regulated.

For the cluster analysis, we calculated the mean over all three
replicated values for each condition. Phosphopeptides and proteins
were merged into one dataset. Fuzzy c-means clustering (51, 52) was
applied after we determined the value of the fuzzifier and obtained the
number of clusters according to Schwammle and Jensen (53).

Data Availability—Mass spectrometer output files (Raw data), pep-
tide and protein identification files (MGF files), the reference protein
sequence database, and annotated spectra of bona fide phospho-
peptide identifications have been deposited in a public repository, the
PeptideAtlas database (www.peptideatlas.org/PASS/PASS00434),
under the dataset tag Tc Amastigogenesis and database identifier
PASS00434.

RESULTS AND DISCUSSION

Protein and Phosphopeptide Identification and Relative Ex-
pression Levels—In this large-scale proteome analysis of T.
cruzi amastigogenesis, parasite samples were collected in
four defined induction periods (Fig. 1): (i) trypomastigotes (0
min); (ii) 30 min after induction, where we expected to observe
the first changes in relevant biological processes; (iii) 2 h after
induction, corresponding to the average time that parasites
remain inside acidic phagolysosomes in vivo (54); and (iv)
axenic amastigotes (9 h of induction). Relative quantitation
was obtained through iTRAQ labeling, and samples were
analyzed in biological triplicate, with each replicate analyzed
twice to increase the number of protein groups identified.
High-confidence peptide and phosphopeptide identification
lists, with their respective iTRAQ reporter-ion intensities, were
analyzed with R software to identify significant changes in
protein and phosphorylation levels during the differentiation.

Mass spectrometric analysis of the iTRAQ-labeled peptide
samples provided a total of 1339 protein identifications

Tissue culture-derived
trypomastigotes
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Fic. 1. Experimental setup. Tissue-culture-derived trypomastig-
otes were harvested and washed before incubation in DMEM at pH
5.0 for 0 h, 0.5 h, 2 h, and 9 h. After incubation, the parasites were
lysed in 8 m urea. Following protein digestion, peptides were la-
beled with iTRAQ and combined in 1:1:1:1 ratio. Phosphopeptides
were enriched via TiO, chromatography, and non-modified pep-
tides (flow-through and washes) were pre-fractionated offline on a
TSKGel Amide 80 HILIC HPLC column and subjected to LC-MS/MS
analysis.

(supplemental Table S1). It was also observed that 551 of
them presented statistically significant expression regulation
throughout amastigogenesis (supplemental Table S2). Con-
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Fic. 2. Expression profile of regulated proteins and phosphopeptides during axenic amastigogenesis. Regulated proteins and
phosphopeptides were grouped in only four clusters: trypomastigotes (114), 30 min of induction (115), 2 h of induction (116), and axenic

amastigotes (117).

cerning protein phosphorylation, a total of 381 phosphopep-
tides (belonging to 225 proteins) were identified (supplemen-
tal Table S3), of which 183 phosphopeptides (132 proteins)
had regulated phosphorylation patterns during amastigogen-
esis (supplemental Table S4). We observed that all the phos-
phopeptide regulations were independent of the correspond-
ing protein expression profile.

The Principal Component Analysis plot showed that the
variability between replicates at each time point was less than
that between different time points, which means relatively
good reproducibility was achieved in each condition (supple-
mental Fig. S1).

Two validation indices (minimal centroid distance (53) and
Xie-Beni index (55)) showed that regulated proteins and

phosphopeptides could be grouped in only four clusters
(supplemental Fig. S1 and supplemental Table S5). The re-
sulting expression profiles potentially correlate to in vivo
events the parasite undergoes inside host cells. As Fig. 2
shows, most differences in abundance were found at inter-
mediate times of the process without large differences be-
tween trypomastigote and axenic amastigote life stages (clus-
ters 1 and 3). The other major changes occurred after 2 h of
acidic pH incubation, in a situation where the expression in
the first two time points (0 and 30 min) was significantly
different from that in the last two time points (2 h and 9 h)
(clusters 2 and 4). The latter protein expression changes were
in agreement with the average induction period of 2 h inside
phagolysosomes in vivo (54). Therefore, the results strongly
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suggest that the distribution of protein expression profiles
encompasses protein regulation and phosphorylation events
relevant to the major molecular processes involved in T. cruzi
amastigogenesis. It was also observed that most of the pro-
tein differential expression profiles were grouped in clusters 1
and 3, with 183 and 219 members, respectively, whereas
cluster 4 possessed 72 members and cluster 2 had 77 mem-
bers (supplemental Table S2).

Profiling Proteome Changes during Amastigogenesis— Fig.
3A shows the distribution of GO slim cellular component
terms; clusters 1 and 3 covered the greatest diversity of
terms. Most of the regulated proteins were annotated under
“membrane,” and this term was the most frequent in all clus-
ters. In fact, around 40% of regulated proteins (212 proteins)
possessed at least one predicted transmembrane domain
(supplemental Table S2). The comparison of the percentage
of membrane proteins between all identified proteins and all
regulated proteins showed no significant change when we
used Fisher’s exact text in ProteinCenter software. This indi-
cates that membrane proteins were not preferentially regu-
lated throughout amastigogenesis. Furthermore, the data
show that our sample preparation procedures were efficient in
recovering membrane proteins, which are prone to be lost in
proteomic sample preparations and/or not be well detected
in whole cell analysis because of their very low relative abun-
dance in the total cell extract.

Recently, two comprehensive proteomic surveys of T. cruzi
plasma membrane proteins have been reported (56, 57). We
observed that most of the 212 proteins regulated during
amastigogenesis with predicted transmembrane domains
were also detected in the reported plasma membrane sub-
proteome of trypomastigotes and axenic amastigotes. The
majority of them (143 proteins) were shared by both life forms;
5 and 34 were reported exclusively on the surface of trypo-
mastigotes and axenic amastigotes, respectively, and only 30
were not detected in the cell surface subproteome.

Proteins involved in metabolic processes were also the
most frequent in all clusters concerning biological process
(Fig. 3B), as well as proteins annotated with “catalytic activ-
ity,” regarding molecular function (Fig. 3C). This indicates
pronounced functional and metabolic reorganization through-
out the differentiation process, besides the already known
ultrastructural rearrangement, which is a consequence of pH
induction.

Enzymes—As mentioned before, in all clusters, proteins
annotated with “catalytic activity” were the most represented
among the molecular function terms (Fig. 3C). Fig. 4 depicts
the most represented enzyme activities predicted for proteins
in each cluster. Adenosinetriphosphatases (EC:3.6.1.3) had
representatives in all clusters. Among them, putative dynein
heavy chains reduced expression levels at intermediate points
of differentiation (clusters 1 and 4), as did putative protea-
some regulatory ATPase subunit 1 (gi 407861152), although
subunits 2 and 3 (gi 407849457 and gi 407844541) were over-

expressed at intermediate times. These proteasome subunits
are annotated under “reproduction.” Also grouped in cluster 3
was a putative transitional endoplasmic reticulum ATPase
(gi 322820539), a membrane protein necessary for Golgi
stack fragmentation during mitosis and reassembly afterward.
This protein is also involved in the formation of the transitional
endoplasmic reticulum, the ubiquitin conjugation pathway,
and the response to DNA damage (58-61). Furthermore, it
demonstrates a qualification for replication. After 2 h of induc-
tion, only two ATPases related to protein degradation were
overexpressed: the chaperone ClpB (caseinolytic peptidase
B), and the putative proteasome activator protein PA26
(gi 407848921). In T. brucei, PA26 was proposed to fulfill
regulatory functions in the control of proteasomal degradation
of peptides generated by unidentified protein degradation
machinery (62).

Membrane proteins with proton-exporting ATPase activity
(EC:3.6.3.6) were grouped in clusters 1 and 2. Among them,
those underexpressed at intermediate time points (cluster 1)
were the SERCA-type calcium-ATPase (gi 4165126) and pu-
tative calcium-translocating P-type ATPase (gi 322827561),
which also perform Ca?*-transporting activities (EC:3.6.3.8).
It is known that the increase in cytosolic Ca®* concentrations
is a key event in T. cruzi metacyclogenesis (63). Reported
experiments using fura 2-loaded T. cruzi trypomastigotes
upon myoblast cell infection showed that the increase in
parasite intracellular Ca®* concentration occurs after associ-
ation with the host cell, and after 1 to 2 h of contact, highly
fluorescent parasites could be detected inside host cells, as
their Ca®" content was three to five times greater than in
extracellular non-associated parasites (64). We might sup-
pose that Ca®* release is an early event occurring even before
30 min. Also, the acidic pH would repress the expression of
the Ca?* transporters, within at least 2 h, to maintain the
intracellular concentration of this second messenger and
thereby coordinate processes relevant to differentiation.

Noticeably, T. cruzi expressed a different set of protein
kinases at each time point during amastigogenesis. Enzymes
with Ser/Thr kinase activity (EC:2.7.11.0) were grouped only
in clusters 1 and 3. In cluster 3, NIMA-related kinase
(gi 322819192) and protein kinase A catalytic subunit isoform
1 (gi 407847507) are, respectively, known for regulating cru-
cial processes such as the cell cycle (65) and being part of
signaling pathways that regulate metabolic processes and
differentiation. Several reviews have mentioned the action of
PKAs in trypanosomatids (66-68). It has already been re-
ported that T. cruzi PKA regulatory subunits interact with
P-type ATPases and also act together with other parasite
membrane proteins such as TS family members (69, 70). In
cluster 1, the putative MAPK (gi 407831435) was identified.
Proteins from the MAPK family are known for regulating cel-
lular proliferation, gene expression, differentiation, mitosis,
apoptosis, and other functions (71).
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Fic. 4. Most represented enzyme activities predicted for proteins in each cluster of regulated proteins during axenic amastigogen-
esis. Y-axis represents the number of enzymes predicted with each activity.

Two transmembrane cyclic-nucleotide phosphodiesterases
(EC:3.1.4.17) (gi 55741314 and gi 37543960) were detected
only in cluster 4, meaning that their expression was down-
regulated during amastigogenesis. These enzymes regulate
the intracellular levels of cAMP and cGMP, intracellular sec-
ond messengers of pathways whose importance to T. cruzi
cell proliferation is already known (68, 72). The decrease in
their expression after the period during which the parasite
remains inside phagolysosomes in vivo reinforces the hypoth-
esis that key processes of induction/regulation of amastigo-
genesis are achieved within these 2 h. After that point, the
process may be irreversibly triggered, with the remaining time
possibly necessary for ultrastructural adjustments. Besides
that, in T. cruzi cAMP phosphodiesterases have been de-
scribed as associated with flagellum and seem to be impli-
cated in osmoregulation. Members of this class of enzymes,
together with others involved in cAMP signaling pathways, are
compartmentalized, and consequently there are microenvi-
ronments with distinct levels of this second messenger
(73-76).

Also underexpressed after 2 h (cluster 4) were surface
glycoproteins such as 85-kDa surface antigen (gi 544414),
surface glycoprotein Tc-85/16 (gi 37778153), and trans-siali-
dase (gi 642913), all of them presenting predicted exo-a-
sialidase activities (EC:3.2.1.18). These proteins are involved
in host-cell invasion processes and also facilitate escape from
the parasitophorous vacuole (77). Therefore, it was not sur-

prising to find a higher content of those proteins in trypomas-
tigotes (0 h) and a decrease in their expression after 2 h.
However, we also identified another member of this class of
enzyme, the putative trans-sialidase (gi 322826620), with the
opposite regulation profile, which possibly indicates another
role for this last protein.

Protein Kinases, Phosphatases, and Other Proteins Related to
Signal Transduction and Regulation of Metabolic Processes—
Among the proteins with regulated expression profiles during
amastigogenesis, 19 were annotated with biological functions
related to signal transduction, and 31 were involved with the
regulation of biological processes, comprising 44 distinct pro-
tein kinases, protein phosphatases, and other proteins related
to signal transduction and regulation of biological processes
(Table ).

In cluster 3 (overexpression at intermediate times of
differentiation), we found monomeric GTP-binding proteins
such as ADP-ribosylation factors 1 and 3 (gi 70867395
and @i 70883358); putative ADP-ribosylation factor-like
(gi 322823357), which regulates vesicle formation, intracellu-
lar vesicle traffic, actin remodeling, and phospholipase D ac-
tivation (78-83); and rab 11 proteins (gi 407853753 and
gi 407835694), which also have a role in intracellular vesicle
traffic, particularly in endosome recycling (84, 85). In contrast,
putative rab 7 (gi 407847514), commonly associated with late
endosomes (86), was overexpressed only after 2 h of induc-
tion (cluster 2), and a hypothetical protein (gi 407850451)
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TABLE |

Protein kinases, protein phosphatases, and other proteins related to signal transduction and regulation of biological processes with regulated

expression during amastigogenesis

I.D. (NCBI) Cluster Description (UniProt) Description (Blast2GO)
gi 407850988 1 Hypothetical protein TCSYLVIO_003802 Suppressive immunomodulating
gi 322820826 1 Isoleucine-tRNA ligase Isoleucyl-tRNA synthetase
gi 322819420 1 Mitochondrial RNA binding protein 1, putative Mitochondrial RNA binding protein 1
gi 322816735 1 Mitochondrial RNA-binding protein 2, putative Mitochondrial RNA binding protein 2
gi 407831435 1 Mitogen-activated protein kinase, putative Mitogen-activated protein
gi 407852188 1 Phosphatase 2C, putative Phosphatase 2C
gi 322828909 1 Phosphatase-like protein, putative Phosphatase-like protein
gi 407861152 1 Proteasome regulatory ATPase subunit 1, putative Proteasome regulatory ATPase subunit 1
gi 407835032 1 Protein kinase, putative, mitogen-activated protein Mitogen-activated protein kinase
kinase, putative
gi 322818689 1 Putative uncharacterized protein ADP-ribosylation factor GTPase activating
gi 407843924 1 Serine/threonine protein phosphatase 2A Serine threonine protein phosphatase 2A
regulatory subunit, putative regulatory subunit
gi 407847529 2 Poly(A)-binding protein, putative, polyadenylate- Poly(A)-binding protein
binding protein, putative
gi 407847514 2 rab7 GTP binding protein, putative rab7 GTP binding protein
gi 407859812 3 14-3-3 protein, putative 14-3-3 protein
gi 70867395 3 ADP-ribosylation factor 1, putative ADP-ribosylation factor
gi 70883358 3 ADP-ribosylation factor 3, putative ADP ribosylation factor 3
gi 322823357 3 ADP-ribosylation factor-like protein, putative ADP-ribosylation factor-like protein
gi 6166121 3 Dihydrolipoyl dehydrogenase Dihydrolipoamide dehydrogenase
gi 407848174
gi 70886939 3 Eukaryotic initiation factor 5a, putative Eukaryotic initiation factor 5a
gi 34922663 3 Kinetoplastid membrane protein 11 Kinetoplastid membrane protein-11
gi 322815184 3 Mitochondrial RNA binding protein, putative RNA binding protein rbp16
gi 322819192 3 NIMA-related kinase, putative Folate biopterin transporter
gi 407849690 3 Protein disulfide isomerase, putative Protein disulfide isomerase
gi 407853650 3 Protein disulfide isomerase, putative Protein disulfide
gi 407847507 3 Protetint.kinase A catalytic subunit isoform 1, Protein kinase A catalytic subunit isoform 1
putative
gi 28195111 3 Protein kinase A regulatory subunit Protein kinase A regulatory subunit
gi 407850919 3 Protein phosphatase 2C, putative Protein phosphatase 2C-like protein
gi 322815489 3 Protein phosphatase, putative Protein phosphatase
gi 322822336 3 Putative uncharacterized protein faz1_tryb2 ame: full = flagellar attachment
zone protein 1
gi 322820941 3 Putative uncharacterized protein GTPase activating protein
gi 322818216 3 Putative uncharacterized protein Activator of 90 KDa heat shock protein
ATPase-like protein 1
gi 407853753 3 Small GTP-binding protein Rab11, putative, Small GTP-binding protein
gi 407835694 Rab11 GTPase, putative
gi 322826564 3 Thimet oligopeptidase, putative Thimet oligopeptidase
gi 124109207 3 Thiol transferase Tc52 Thiol transferase Tc52
gi 136620 3 Trypanothione reductase Trypanothione reductase
gi 19171158 3 Tryparedoxin Tryparedoxin
gi 55741314 4 Cyclic nucleotide phosphodiesterase cAMP specific
gi 37543960
gi 407846684 4 GTP-binding nuclear protein rtb2, putative GTP-binding nuclear protein
gi 407850451 4 Hypothetical protein TCSYLVIO_004099 ras-related protein rab-2a
gi 9967363 4 Proteasome regulatory non-ATPase subunit 1-1 Proteasome regulatory non-ATPase subunit
gi 70887024 - 60S ribosomal protein L23, putative 60S ribosomal protein L23

described by Blast2GO software as “ras-related protein rab-
2a” whose localization was reported in the endoplasmic re-
ticulum and Golgi apparatus (87, 88) was underexpressed
after 2 h (cluster 4). Therefore, our results indicate an increase
in vesicular traffic probably due to drastic morphological
modification. In other organisms, Rab proteins and their ef-
fectors coordinate consecutive stages of transport, such as

vesicle formation, vesicle and organelle motility, and tethering
of vesicles to their target compartments (89).

Another regulatory protein overexpressed at intermediate
time points was the 14-3-3 protein (gi 407859812), which has
been shown to interact with a variety of signaling proteins with
diverse functions, including protein kinases, phosphatases,
and membrane receptors. This means it can act in a variety of
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vital regulatory processes such as mitogenic signal transduc-
tion, apoptosis, and cell-cycle control (90). In addition, in T.
brucei, this protein has a central role in motility, cytokinesis,
and the cell cycle (91), but to our knowledge so far there has
been no study regarding the 14-3-3 protein family in T. cruzi.
The cAMP signaling pathway is among the major process
coordinating pathways in T. cruzi (68, 92); therefore, it was not
surprising to find MAPK and PKA catalytic subunits with reg-
ulated expression levels during amastigogenesis. The fact
that these proteins showed opposite expression patterns
(clusters 1 and 3, respectively) is novel and relevant informa-
tion. It was also observed that two membrane cAMP phos-
phodiesterases that convert cAMP in AMP presented expres-
sion patterns distinct from MAPK and PKA. However, no
adenylate cyclase was identified with regulated expression.
PKA is a well-known signal transduction mediator in several
biological systems, including T. cruzi metacyclogenesis (92).
This cAMP-dependent Ser/Thr kinase family is activated upon
an increase in cAMP concentration (due to activation of ad-
enylate cyclases and/or inhibition of cAMP phosphodies-
terases). Both catalytic and regulatory subunits of TcPKA are
localized in the flagellum region and in trypomastigote plasma
membrane (70, 93), and the reported interaction with P-type
ATPases seems to suggest a role for these ATPases in TcPKA
anchoring to the parasite plasma membrane (94). Bao and
collaborators published a screening of TcPKA-interacting
proteins (69). That study, using a two-hybrid system, listed 38
candidates. Eighteen of them were hypothetical proteins, and
eight were proteins presumably relevant in parasite growth
regulation, adaptations, and differentiation, including a MAPK
and a cAMP-specific phosphodiesterase. MAPKs are also
known mediators of signal transduction in higher eukaryotes
and are activated, directly or not, by a wide range of stimuli
and in many ways, including through Tyr-kinase receptors, G
protein—coupled receptors, and PKCs (71). In T. brucei, the
deletion of TOMAPKS5, a homolog of MAPK, resulted in dimin-
ished parasitemia and premature differentiation (95). Also, the
deletion of TOMAPK?2 affected differentiation (96), and it was
reported that TOMAPK4 confers resistance to temperature
stress (97). Recently, the TcMAPK2 was also characterized
and, although it had high homology with ERK2 from lower
eukaryotes, presented significant differences from mamma-
lian homologs (98). In trypomastigotes, these MAPK2s were
located mostly along the flagellum, whereas in intracellular
amastigotes they were concentrated in the plasma mem-
brane. The phosphorylated (active) form of TcMAPK2 was
reported to be more abundant in trypomastigotes than in
amastigotes (98). Its interaction with PKA and cAMP-phos-
phodiesterases indicates cross-talk between different signal-
ing pathways and suggests that TCMAPK plays an important
role in regulating proliferation and differentiation. Previous
reports on interactions between cAMP and MAPK pathways
in T. cruzi, added to our findings of distinct differential protein
abundances of key enzymes involved in those pathways dur-

ing amastigogenesis, indicate the relevance of such pathways
in coordinating molecular events during parasite differentia-
tion. Thus, further characterization of such pathways will pro-
vide relevant data on T. cruzi biology and lead to potential
chemotherapeutic targets.

Protein phosphatases catalyze the dephosphorylation of
kinase substrates, including PKA and MAPK, and the use of
phosphatase inhibitors has revealed the relevance of such
enzymes in T. cruzi amastigogenesis (26, 27). Calyculin A, a
potent inhibitor of PP1A and PP2A, induced the transforma-
tion of T. cruzi trypomastigotes into amastigote-like forms at
pH 7.5 (26). Furthermore, when trypomastigotes were treated
with okadaic acid, a potent PP2A inhibitor, during the axenic
transformation, after 2 h proteins remained phosphorylated,
and this cellular process was blocked (27). In fact, PP2A of T.
cruzi has a critical role in the transformation of trypomasti-
gotes into axenic amastigotes related to microtubule stability,
probably because after dephosphorylation the flagellar pro-
teins are degraded and the parasite finally reaches the
typical round form (27). In our study, we did not detect
significant differential expression of the PP2A catalytic sub-
unit, but its putative regulatory subunit (gi 407843924) was
underexpressed at intermediate time points in differentia-
tion (cluster 1).

Phosphatase-like (gi 32282890) and a putative PP2C
(gi 407852188) were also found in cluster 1. Another putative
PP2C (gi 407850919) and a putative protein phosphatase
(gi 322815489) presented the opposite expression profile and
were placed in cluster 3. Overall the results suggest that
serine/threonine phosphatases are involved in phosphoryla-
tion and dephosphorylation processes occurring during
amastigogenesis.

The Phosphoproteome during Amastigogenesis— Our anal-
ysis of phosphorylation levels employing iTRAQ labeling and
TiO,-affinity enrichment revealed that unlike in the total pro-
teome, where most of the regulations were observed at inter-
mediate time points (clusters 1 and 3), most of the regulated
phosphorylation events were grouped in clusters 2 and 4. In
all, 69 phosphopeptides from 49 proteins were grouped in
cluster 2, and 61 phosphopeptides from 41 proteins were
grouped in cluster 4. Cluster 1 contained 30 phosphopeptides
from 27 different proteins, and cluster 3 had 23 phosphopep-
tides from 15 proteins. Bona fide phosphosite assignments
from phosphopeptides with differential abundance in amas-
tigogenesis showed that 165 phosphopeptides presented
only one phosphorylated residue, whereas 18 were multi-
phosphorylated. All together, we detected, with high confi-
dence, 119 pS, 21 pT, and 1 pY in regulated phosphopeptides
in 157, 27, and 1 protein, respectively.

The majority of the significant changes in phosphorylation
levels occurred after 2 h of incubation in acidic DMEM (cluster
2 and 4). This indicates that in vivo the control of protein
kinase and phosphatase activities induced by acidic medium
might happen while the parasite is inside the phagolysosome.
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A total of 46 proteins with regulated phosphorylation levels
were annotated in ProteinCenter with the term “membrane”
and/or presented at least one predicted transmembrane do-
main and up to nine as in the putative dynein heavy chain
(gi 407853700). Also remarkable was the amount of those
proteins described as hypothetical, unknown, or uncharacter-
ized that, in total, reached 77 proteins with regulated phos-
phorylation levels.

As already mentioned, protein kinases regulate several cel-
lular processes and are involved in the most well-known met-
abolic pathways, especially in signal transduction pathways.
Therefore, their activity must be sharply regulated. There are
several reviews regarding regulation mechanisms of protein
kinases (99-101). One of these mechanisms involves the
phosphorylation of residues in the activation loop or in sites in
the C or N termini of the protein kinases. We also point out
that phosphorylation of residues may play a role in activation
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Fic. 5. Consensus motif enrichment analysis. Overrepresented phosphorylation motifs among regulated phosphorylation sites relative to
total T. cruzi database (A). Overrepresented phosphorylation motifs among all detected phosphorylation sites relative to total T. cruzi database
(A and B). Cluster-wise distribution of regulated motifs (C). GO biological process categorization of annotated phosphoproteins containing

regulated phosphorylation events within enriched motifs (D).

phosphorylation sites provide primary specificity for kinase-
substrate recognition (107-110). We used iGPS software (44)
to predict the potential phosphorylation sites in the se-
quences from the proteins that presented regulated phosphor-
ylation levels, as well as the protein kinases responsible for
these events. In addition, we manually correlated the pre-
dicted phosphopeptides to our experimental data (supple-
mental Table S6). Only 19 identified phosphosites (18 pro-
teins) could be correlated to at least one protein kinase group
through the prediction algorithm. This is probably due to the
fact that the prediction is based on human kinases and the
evolutionary distance between organisms might hamper any
assignment, or because the current knowledge of kinase rec-
ognition motifs is not complete. Indeed, it has already been
reported that many trypanosomatid eukaryotic protein ki-
nases show no strong similarity to any of the recognized
eukaryotic protein kinase families, suggesting that these en-
zymes differ in structure and function from mammalian eu-
karyotic protein kinases (29).

Consequently we decided to search for enriched phosphor-
ylation motifs in both total and regulated phosphopeptides
identified. Using windows of 13, 15, and 17 amino acids
around the phosphorylation site did not change the outcome.
Also, motif enrichment analysis against human and yeast
(instead of T. cruzi) databases did not provide different results

(data not shown). Our analysis showed that two phosphory-
lation motifs could be enriched out of regulated phosphory-
lation sites during amastigogenesis (Fig. 5A), and using all
bona fide phosphorylation sites detected further evinced an
additional two motifs (Fig. 5B). Also, no phosphoprotein con-
tained phosphorylation events in both enriched motifs. These
motifs can be used to direct future studies regarding kinases
relevant to amastigogenesis.

The abundance of the regulated phosphorylation sites
within the RxxS motif was somewhat homogeneous through-
out the four clusters, whereas the SP motif was remarkably
more prominent in clusters 2 and 4 (Fig. 5C). This correlates
the SP motif regulation to the events deriving from 2 h of
acidic incubation. Furthermore, the biological nature of the SP
and RxxS regulatory events was investigated through GO
biological process annotation of phosphoproteins containing
those motifs (Fig. 5D). The SP motif was shown to be more
related to intracellular events such as transport, regulation of
biological processes, and mainly metabolic processes, rein-
forcing the relevance of this incubation period to amastigo-
genesis. The RxxS motif was correlated to events like re-
sponse to stimuli, communication, cell organization, and
biogenesis. Indeed, all those processes are highly relevant to
the differentiation process, and their cluster-wise distribution
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and annotation indicate differences in the pathways coordi-
nating each.

CONCLUSIONS

This comprehensive proteome and phosphoproteome anal-
ysis of acidic-pH-induced amastigogenesis showed that dif-
ferential phosphorylation events, as well as regulated protein
expression levels, could be grouped in four clusters. Their
profile consisted of up- and down-regulations at intermediate
times without major differences in fully differentiated life
forms, where most proteins were grouped. In addition, up-
and down-regulations were also prominent after 2 h of induc-
tion, where most phosphopeptides were gathered.

Even without membrane enrichment procedures, we ob-
served that a significant proportion of all regulated proteins
consisted of membrane proteins with at least one transmem-
brane domain. Most of the regulated proteins were enzymes
involved in metabolic processes. Another line of evidence that
supports this conclusion is the overexpression of reproduc-
tion-related proteasome subunits and putative transitional en-
doplasmic reticulum ATPase.

Curiously, we observed that Ca®* transporters were down-
regulated during amastigogenesis, although it is known that
an increase in cytosolic Ca®* concentration is a key event in
parasite differentiation. We assume that the release of Ca®*
through these transporters is a very early event occurring
even before 30 min of induction and that by that time these
proteins are already being degraded. Even so, Ca®*-depen-
dent proteins, such as calmodulin, were overexpressed at the
intermediate time points.

The cAMP signaling pathway has been reported to be in-
volved in T. cruzi metacyclogenesis. Here, we observed indi-
cations that this pathway also is involved in amastigogenesis.
Protein Ser/Thr-kinases, including PKA, were overexpressed
at intermediate times, whereas MAPK, another relevant kinase
known to communicate with PKA, showed the opposite pro-
file. Moreover, we could also detect differential phosphoryla-
tion events on both MAPK and PKA during amastigogenesis.
Also, two cAMP phosphodiesterases were differentially ex-
pressed, but no adenylate cyclase enzyme was identified with
regulated expression.

Phosphatases play a crucial role in amastigogenesis, and
we observed down-regulation of regulatory subunits of PP2A
and other protein phosphatases post-induction, reinforcing
the idea that phosphatases are involved in phosphorylation/
dephosphorylation events that coordinate transformation.

We could not correlate most of the regulated phosphoryla-
tions to any human protein kinase prediction, which indicates
that T. cruzi protein kinases recognize motifs different from
those found in humans. This further justifies targeting parasite
kinases for chemotherapeutic intervention because of their
potential specificity, and we have provided some phosphor-
ylation motifs that could be used to guide future studies on T.
cruzi kinases.

Overall, this work provides a comprehensive understanding
of the molecular basis of T. cruzi amastigogenesis by showing
several potential proteins and pathways directly related to
pH-induced differentiation and consequent phosphorylation
events that regulate or might regulate biochemical processes.

The regulated enzymes, pathways, and phosphorylation
events shown here are good potential candidates for chemo-
therapeutic intervention, because they are key participants in
the differentiation process of human-dwelling T. cruzi. Several
protein inhibitors could be assigned and the parasite’s re-
sponse to them could be reported in future studies.
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