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a  b  s  t  r  a  c  t

Phosphatidylinositol  (PtdIns)  metabolism  through  phosphatidylinositol  kinase  (PIKs)  activities  plays  a
central role  in different  signaling  pathways.  In Trypanosoma  cruzi,  causative  agent  of  Chagas  disease,  PIKs
have  been  proposed  as target  for drug  design  in  order  to  combat  this  pathogen.  In this  work,  we  studied
the  classes  of PI4K,  PIPK  and  PI3K  that  could  participate  in signaling  pathways  in T.  cruzi  epimastigote
forms. For  this  reason,  we  analyzed  their  enzymatic  parameters  and  detailed  responses  to  avowed  kinase
inhibitors  (adenosine,  sodium  deoxycholate,  wortmannin  and  LY294002)  and  activators  (Ca2+, phospha-
eywords:
hospholipid signaling
hosphoinositide kinase
inase activity
hosphatidylinositol-3 kinase
cPI3K

tidic  acid,  spermine  and  heparin).  Our  results  suggest  the  presence  and  activity  of  a  class  III  PI4K,  a  class
I PIPK,  a  class  III PI3K  previously  described  (TcVps34)  and  a class I  PI3K.  Class  I PI3K  enzyme,  here  named
TcPI3K,  was  cloned  and  expressed  in  a bacterial  system,  and  their  product  was tested  for  kinase  activity.
The  possible  participation  of  TcPI3K  in central  cellular  events  of  the  parasite  is  also  discussed.

©  2015  Elsevier  B.V.  All  rights  reserved.

. cruzi epimastigotes

. Introduction

The flagellate protozoan Trypanosoma cruzi is the agent respon-
ible for Chagas disease [1], a serious endemic illness and major
ublic health problem in Latin America. According to the World
ealth Organization, about 6–7 million people are estimated to be

nfected worldwide, mostly in Latin America, where Chagas disease
s endemic [2]. This parasite, transmitted to mammalian hosts by
riatomine hematophagous insects, has a complex life cycle involv-
ng several morphologically and functionally different stages [1].
he ability of T. cruzi to receive signals from different environments
nd to initiate appropriate changes in cell activity is crucial for its
athogenic activity [3].

Previous evidence demonstrated that epimastigotes, T. cruzi
eplicative forms present in triatomines, are able to respond to

ifferent agonists by activation of a phosphatidylinositol 4,5 bis-
hosphate specific phospholipase C (PtdIns-PLC) [4,5], enzyme
ubsequently cloned [6,7]. Additionally, this response was accom-

∗ Corresponding author. Fax: +54 3584676232.
E-mail address: lbmrngmz@gmail.com (A.M. Gimenez).

ttp://dx.doi.org/10.1016/j.molbiopara.2015.10.002
166-6851/© 2015 Elsevier B.V. All rights reserved.
panied with phosphatidylinositol (PtdIns) pathway activation [8,9].
In this pathway, phosphatidylinositol kinases (PIKs) catalyze the
addition of phosphates to specific positions on the inositol ring of
PtdIns present in membranes. In consequence, PtdIns is sequen-
tially converted to phosphatidylinositol 4 phosphate (PtdIns4P)
and phosphatidylinositol 4,5 bisphosphate (PtdIns(4,5)P2) by PI4K
and PI4P5K respectively, which generates the PtdIns-PLC sub-
strate. Another kinase which phosphorylates PtdIns – among
other phosphoinositides – is PI3K. The products of PI3Ks-
phosphatidylinositol 3 phosphate (PtdIns3P), phosphatidylinositol
3,4 bisphosphate (PtdIns(3,4)P2), and phosphatidylinositol 3,4,5
trisphosphate (PtdIns(3,4,5)P3) have received special attention due
to their importance in signal transduction, inflammatory processes,
membrane trafficking, proliferation, cytoskeletal regulation and
apoptosis in several cells [10].

The PIK pathway has been known as a target for drug discovery
to combat trypanosome parasites [11–14]; moreover, it has been
proposed the TryPIKinome, attempting to identify candidates for

the design of specific inhibitors [15,16]. In a detailed bioinformatic
analysis, trypanosomal genes encoding for PIKs typical or related
proteins were classified into five groups (Models 1–5), according to
the presence of conserved domains. Models 1 and 2 represent class

dx.doi.org/10.1016/j.molbiopara.2015.10.002
http://www.sciencedirect.com/science/journal/01666851
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molbiopara.2015.10.002&domain=pdf
mailto:lbmrngmz@gmail.com
dx.doi.org/10.1016/j.molbiopara.2015.10.002
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II and I of PI3K, respectively. Models 3 and 4 represent PI4Ks (Model
 is the orthologous of Pik1 and Model 4 is the orthologous of Stt4

n yeast); Model 5 includes PIK-related proteins [15]. PIPK enzymes
o not share sequence homology with other PIKs; therefore, they
re not included in this classification.

Recently, the genomic organization PIKs family in T. cruzi has
een reported, showing a high degree of polymorphism at genomic

ocalization level [17]. Despite the probable importance of these
nzymes as drug targets, the current knowledge about the func-
ionality of typical PIK genes in this parasite is limited to model
, corresponding to class III PI3K (TcVps34) which is involved in
smoregulation and receptor-mediated endocytosis processes in
pimastigotes [18]. Model 2, represented by class I PI3K frequently
elated to signaling pathways, remains unproved in trypanosomes,
nd it was suggested that these parasites would not possess a PI3K-
ependent signaling system [11]. With regards to Models 3 and 4,
odgers et al. demonstrated in Trypanosoma brucei the presence
nd functionality of a class III PI4K, essential for normal growth
nd morphology in procyclic forms [19]. In T. cruzi, our labora-
ory determined by means of enzymatic activity the participation
f PIKs enzymes and PtdIns-PLC pathway in the response to several
xternal stimuli such as Carbachol [8], 1–40 peptide [9] and hyper-
smotic stress [20], suggesting a mayor role for lipid kinases in
vents leading to parasite differentiation [21]. However, no func-
ional analyses of these enzymes have been done, nor has their
elation to TryPIKinome been studied.

Therefore, in this work, we determined the biochemical prop-
rties and inhibitor responses of PI3Ks, PI4K, and PI4P5K from T.
ruzi epimastigotes, supported by bioinformatic search and analy-
is of phylogenetic localization. Finally, we report the molecular
loning and functional characterization of TcPI3K, the first class

 PI3K described in parasitic protozoa, and discuss the possible
nvolvement of this enzyme in signaling pathways of T. cruzi.

. Materials and methods

.1. Organism and growth conditions

For biochemical studies, T. cruzi Tulahuen strain was used.
pimastigote forms were grown at 28 ◦C in a modified Warren
edium [22], consisting of 33 g/l Brain Heart Infusion, 3 g/l trytose,

.2 g/l Na2PO4H, 0.4 g/l KCl and 0.3 g/l glucose, supplemented with

.1% hemin, 10% fetal bovine serum, 100,000 units/l penicillin, and
00 mg/l streptomycin. Cells in logarithmic phase (day 6) were har-
ested by centrifugation at 1500 × g for 10 min, and washed twice
ith 25 mM Tris–HCl pH 7.2; 1.2 mM MgSO4; 2.6 mM CaCl2; 4.8 mM
Cl; 120 mM NaCl and 100 mM glucose [Krebs–Ringer–Tris (KRT)
uffer].

For molecular cloning, T. cruzi of sequenced strain CL Brener
23] was used. Epimastigote forms were cultured at 28 ◦C for 7
ays in LIT medium [5 g/l liver infusion, g/l bacto-tryptose, 68 mM
aCl, 5.3 mM KCl, 22 mM Na2PO4, 0.2% (w/v) glucose, 0.002%

w/v) hemin], supplemented with 10% (v/v) newborn calf serum,
00,000 units/l penicillin, and 100 mg/l streptomycin.

.2. Treatment with PI3K inhibitors during growth

Cultures were initiated with a cell density of 2 × 106 epimastig-
tes per ml.  PI3K inhibitors used were 50–100 nM wortmannin and

0–50 �M LY294002, both dissolved in 0.1% DMSO. Drugs or DMSO
ere added after 24 h and growth was followed by counting the

umber of motile cells per ml  of culture medium in a Neubauer
hamber.
ical Parasitology 203 (2015) 14–24 15

2.3. Treatment in vivo with enzyme effectors

For measuring PI3K inhibition in vivo, cells were harvested as
described above and incubated with the inhibitors (50–100 nM
wortmannin and 20–50 �M LY294002) or 0.1% DMSO during
20 min  before membrane preparation. To measure the effects of
PKA activators/inhibitors on PI3K activity, epimastigotes were
incubated with 25 �M dibutiryl-adenil-monophosphate cyclic
(dBAMPc), 25 nM KT5720 or the carrier 0.1% DMSO during 60 min
before membrane preparation described below. The following pro-
cedure was  identical to control cells.

2.4. Preparation of membranes from epimastigotes

Washed cells were resuspended in five volumes of 50 mM HEPES
(pH 7.4) containing 0.25 M sucrose, 5 mM KCl, 1 mM EDTA and
4 �g/ml leupeptin. The suspension was frozen at −180 ◦C in liq-
uid nitrogen and thawed; this freeze/thaw cycle was  performed
three times. Membrane fractions were prepared as described pre-
viously [8]. Briefly, the homogenate was  centrifuged at 100 × g for
15 min  to remove cell debris, and supernatant was centrifuged
at 1000 × g for 15 min  and 105,000 × g for 45 min. Pellets were
washed, resuspended with 50 mM  HEPES (pH 7.4) and used as a
source of enzymatic activities. Supernatant of the 105,000 × g cen-
trifugation was used as soluble fraction.

2.5. Preparation of membranes from yeast

Yeast membrane was obtained as described by Stack et al. [24].
Briefly, yeast spheroplasts were resuspended in 15 mM HEPES,
0.1 M KCl, 3 mM EGTA, 10% glycerol and protease inhibitors. Lysates
were centrifuged at 750 × g during 5 min  and the supernatant was
centrifuged at 100,000 × g during 30 min  at 4 ◦C to generate Yp (pel-
let) and Ys (supernatant) fractions, which were frozen at –20 ◦C until
use.

2.6. Lipid kinase assay

PI3K, PI4K and PI4P5K were assayed simultaneously as
described [9] using endogenous lipids as substrates, unless other-
wise stated. The membrane fraction isolated (30–80 �g protein),
was added to thermally equilibrated 50 mM HEPES buffer (pH
7.4) containing 0.1 mM EDTA, 0.5 mM DTE, 10 mM MgCl2, 0.1 mM
sodium o-vanadate [inhibitor of phosphoinositide phosphatases
[25,26]] and [�-32P]ATP (500 cpm/pmol). Endogenous lipid phos-
phorylation was  allowed to proceed for 10 min at 30 ◦C in a
total volume of 100 �L. For kinetic assays, exogenous PtdIns was
added as substrate in liposome form (PtdIns/phosphatidylcholine,
1:1) and exogenous ATP was used in the form of ATP-Mg2+. The
incubation mixture was subsequently quenched with 1.5 ml  of
chloroform/methanol (1:2, v/v). Yeast membrane fractions Yp and
Ys were used as control for PI3K activity, according to Stack et al.
[24].

The protein content of membrane samples was determined by
the Bradford method [27], with bovine serum albumin as the stan-
dard.

2.7. Treatment in vitro with enzyme inhibitors and activators

To analyze inhibition or activation on kinase activities,
0.1–2 mM  adenosine, 0.5–2 mM sodium deoxycholate, 0.01–1%

Triton X-100, 0.5–2.5 mM CaCl2, 150 �M phosphatidic acid,
200 �M spermine, 50 �g/ml heparin, 50–100 nM wortmannin and
20–50 �M LY294002 were used. Effectors or carriers were added
to kinase assay mixture just before adding [�-32P]ATP.
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.8. Phospholipid extraction and separation

The lipids were extracted from membranes according to Stubbs
t al. [28]. Briefly, 0.5 ml  of 2.4 N HCl and 0.5 ml  of chloroform were
dded to test tubes. After vortex, the lower (organic) phases were
xtracted and the upper phases were washed with 1 ml  chloroform.
oth lower phases were mixed with 2 ml  methanol/HCl 1 M (1:1,
/v). The organic phases obtained were dried under N2 atmosphere
nd resuspended in 40 �l chloroform/methanol (9:1, v/v).

For measuring the formation of isolated PtdIns(4,5)P2 and thus
eterminate PIPK activity, phospholipids were separated by TLC in
n acid solvent system [29]. Briefly, the samples were spotted on sil-
ca gel plates impregnated O.N. with 1% potassium oxalate solution
nd heated at 110 ◦C during 60 min  just before use. Chromato-
lates were developed in chloroform/methanol/acetone/acetic
cid/water (40:14:15:12:7, v/v). For the determination of PI3K and
I4K activities, a boric acid system [30] was used. Silica gel plates
ere impregnated with 1,2-cyclohexylenedinitrilotetraacetic acid

CTDA) solution [1.52 g CTDA dissolved in 166 ml  H2O/10 N
aOH/ethanol (55:1:110, v/v)] O.N. and heated at 110 ◦C during
0 min  just before use. The boric acid system was composed by 4 g
oric acid and 0.125 g of 2,6-ditertbutyl-4-methyl phenol (BHT) dis-
olved in methanol/chloroform/H2O/formic acid (50:40:5:2, v/v)
lus 25 �l ethoxyquin. In both systems, the position of radiola-
eled lipids was determined by autoradiography on Kodak film.
pots were scraped off the plates, and the amount of labeled phos-
holipids was determined by scintillation counting.

.9. Cloning of TcPI3K gene

The gene sequence corresponding to the human p110-
I3K (AAB29081) was used to screen T. cruzi sequences in
he GeneDB data base using the WU-Blast2 algorithm. Two
ligonucleotides carrying hemi-restriction sites (PI3K-pET-Fw-
amHI 5′-GGATCCGTCTTCCCCCAGCGAATTGTT-3′ and PI3K-pET-
v-HindIII 5′-AAGCTTATGTGTCATAATATGAATATAGTCA-3′) were
esigned from the identified sequence (Tc00.1047053510167.10).
CR amplifications were carried out using 600–800 ng of T. cruzi
enomic DNA, 100 ng of each primer, 2.5 mM MgCl2, 0.2 mM dNTPs,
nd 2 units of Pfu Ultra High-Fidelity DNA polymerase (Stratagene,
a Jolla, CA). Three PCR products were sequenced and compared
ith the original sequence found at GeneDB.

.10. Expression and purification of recombinant TcPI3K

Full-length TcPI3K gene was amplified using the following
rimers carrying hemi-restriction sites: PI3K-pET-Fw-BamHI
′-GGATCCGTCTTCCCCCAGCGAATTGTT-3′ and PI3K-pET-Rv-
indIII 5′-AAGCTTATGTGTCATAATATGAATATAGTCA-3′, cloned

nto pGEM-T Easy plasmid (Promega, Madison, WI). To express
he N-terminal His-tagged TcPI3K in Escherichia coli, the coding
equence was transferred from pGEM-T Easy into the pET-22b(+)
xpression vector (Invitrogen). The construct [pET-22b(+)-TcPI3K]
as transformed into BL21(DE3) pLysS host (E. coli B, F−, dem,

mpT, hsdS, (rb−, mB−), gal− (DE3), [pLysS, camr]), and the
ecombinant protein was induced with 300–500 �M isopropyl-
-thio-d-galactopyranoside (IPTG) at 25 ◦C, 30 ◦C or 37 ◦C for
–16 h. Cells were harvested by centrifugation and resuspended

n lysis buffer (10 mM Tris–HCl, pH 7.5, 150 mM NaCl, 1% (v/v)
riton X-100) containing a protease inhibitor mixture. The protein
xtract was prepared by sonication and centrifuged at 10,000 × g;

he obtained pellet (P10 fraction) and supernatant (S10 fraction)
ere stored at −20 ◦C. The S10 fraction was used for purification

sing a nickel–nitrilotriacetic acid–agarose resin (Invitrogen) and
luted with lysis buffer containing 20–200 mM imidazole.
ical Parasitology 203 (2015) 14–24

2.11. Determination of specific activity of TcPI3K

Class I PI3K activity was determined by measuring the for-
mation of PtdIns(3,4,5)P3 using PI3-Kinase Activity ELISA: Pico
(Echelon Biosciences), following the manufacturer’s instructions.
Briefly, endogenous membranes from T. cruzi epimastigotes and
P10 and S10 fraction of E. coli carrying or not pET-22b(+)-TcPI3K
were obtained as described above and used as source of enzyme for
PI3K activity reaction. The enzymatic reaction was allowed to pro-
ceed during 30 min; products of the reaction were incubated with
a PtdIns(3,4,5)P3-detector protein and added to an ELISA 96-wells
plate pre-coated with PtdIns(3,4,5)P3 to perform the competitive
assay. Absorbance was  measured at 450 nm in an ELISA plate reader.

2.12. Northern and western blot analyses

Total cellular RNA was isolated from 108 epimastigotes in the
exponential growth phase using TRIzol reagents, as described
by the manufacturer (Invitrogen). Northern blot analyses were
performed as described by Alonso et al. [31]. The products
were revealed with a specific 1850-bp TcPI3K probe obtained by
digestion of the 3146-bp fragment with BamHI and EcoRV. All
probes were labeled with [�-32P]dCTP using the Prime-a-Gene kit
(Promega, Madison, WI)  following the manufacturer’s instructions.
For western blot analysis, proteins were solved in 8% (w/v) SDS-
polyacrylamide gel electrophoresis, as described by Laemmli [32],
and electrotransferred to Hybond- C membranes (Amersham Phar-
macia Biotech, Piscataway, USA). The membranes were blocked
with 5% (w/v) non-fat milk suspension in TBS-Tween for 2 h. After
1 h incubation with 1:1000 dilution of mouse anti-His antibody
(Sigma, St. Louis, USA), detection was  carried out by incubating
with a 1:5000 dilution of anti-mouse IgG labeled with peroxidase
(PerkinElmer, Boston, USA). The latter was developed with the ECL
PlusTM Western Blotting Detection System (NEN Life Science Prod-
ucts Inc., Boston, MA).

2.13. Bioinformatics

Sequences with high homology to PIKs were identified in
T. cruzi by BLASTp analysis by screening mammalian and yeast
PIKs protein sequences against the T. cruzi database. Sequences
and data were searched from NCBI (http://www.ncbi.nlm.nih.
gov/), ExPASy Molecular Biology Server (http://us.expasy.org/)
and Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/
). The T. cruzi genome database at GeneDB (http://www.genedb.
org/genedb/tcruzi/) was searched using Wu-Blast2. Sequence iden-
tity was analyzed using BlastP (http://www.ncbi.nlm.nih.gov/blast/
). Sequences were initially aligned using ClustalW (http://www.
ebi.ac.uk/clustalw/) with BioEdit Sequence Alignment Editor 4.8.8,
and the alignment was then visually refined. Transmembrane seg-
ments were determined using TMPred (http://www.ch.embnet.
org/software/TMPRED form.html/). Phylogenetic analysis was per-
formed using the neighbor-joining method.

2.14. Statistical analysis
The results are shown as mean ± standard error of the mean
(SEM) for three or more independent experiments, unless oth-
erwise stated. Graphical and statistical analysis of the data was
performed using OriginPro 8.5 and SigmaPlot 11.0 softwares.
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Table  1
Effect of inhibitors/activators on PI4K activity.

DOC Triton X-100 Adenosine CaCl2

C (mM) % A C (%) % A C (mM) % A C (mM)  % A

0.0 100 0.00 100 0.0 100 0.0 100
0.5  19 ± 6* 0.01 160 ± 10* 0.1 98 ± 5 1.0 65 ± 7*

1.0 16 ± 5* 0.05 110 ± 8 0.2 93 ± 8 1.5 48 ± 10*

1.5 21 ± 4* 0.10 100 ± 12 0.5 96 ± 11 2.0 36 ± 9*

2.0 13 ± 4* 1.00 15 ± 5* 2.0 20 ± 12* 2.5 35 ± 5*

DOC: sodium deoxycholate, C: concentration, % A: percentage of PI4K activity related
t

3

3

d
p
a

was added, a progressive and concentration-dependent increment

F
P
s
t
p

o  control untreated (100%).
* p < 0.05, n = 3.

. Results

.1. Phosphatidylinositol 4 kinase (PI4K)
Phosphatidylinositol 4 kinases could be classified in class II or III
epending on their sequences, enzymatic parameters and inhibitor
rofiles. Class II PI4Ks are peripheral proteins of approx. 55 kDa,
ctivated by Triton X-100 and inhibited by adenosine; while class

ig. 1. Determination of enzymatic parameters Vmax and Km for PI4K.
lots were constructed by varying [ATP] (A) or [PtdIns] (B) added exogenously and measuri
ource  of enzyme and kinase reaction were carried out with [�-32P]ATP, as described in Sec
hree  independent experiments. Km-ATP = 425 ± 38 �M,  Vmax-ATP = 64.5 ± 22 pmol/min
rotein  (D).
ical Parasitology 203 (2015) 14–24 17

III PI4Ks are larger proteins of 90–270 kDa, Triton X-100 activated
but adenosine insensitive. Furthermore, Km values for PtdIns and
ATP-Mg2+ are 3-7-fold lower for class II than for class III PI4Ks and
their cellular functions are distinctive [33].

In order to contribute to elucidate the biological functions of
PI4K in trypanosomatids, we  analyzed biochemical properties of
this enzyme in T. cruzi epimastigotes and we attempt to determine
the class of PI4K present in T. cruzi membrane extract, by means of
enzymatic parameters (Km, Vmax) and sensitiveness to adenosine.
There were no significant differences when 1000 g or 105,000 g
membrane fractions were used as source of enzyme; therefore, here
we describe results obtained with 1000 g membrane fraction.

Km value for ATP was determined by varying concentra-
tion of ATP in presence of 3 mM Mg2+ (Fig. 1A). The enzyme
activity showed typical saturation kinetics: the apparent Km
value was  425 ± 38 �M and the apparent Vmax value was
64.5 ± 22 pmol/min/mg protein (Fig. 1C). When exogenous PtdIns
in the rate of PtdIns4P was  observed (Fig. 1B); the apparent Km and
Vmax values for PtdIns were 2.0 ± 0.33 �M and 17.2 ± 4 pmol/min
/mg  protein, respectively (Fig. 1D).

ng PI4K activity at each point. 1000 g epimastigote membrane fractions were used as
tion 2. Lineweaver–Burk plots shows mean ± standard error of the mean (SEM) from
/mg protein (C). Km-PtdIns = 2.0 ± 0.33 �M,  Vmax-PtdIns = 17.2 ± 4 pmol/min/mg
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Fig. 2. Determination of enzymatic parameters Vmax and Km for PIPK.
The enzymatic activity of phosphatidylinositol phosphate kinase (PIPK) was  determined based on [�-32P]ATP phosphorylation of parasite 1000 g membrane fraction, obtained
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s  described in Section 2 (A and B). Lineweaver–Burk plots were constructed by v
oint.  Values are mean ± standard error of the mean (SEM) from three independe
m-PtdIns = 13.0 ± 0.42 �M,  Vmax-PtdIns = 9.0 ± 1 pmol/min/mg protein (D).

The effects of various concentrations of sodium deoxycholate
DOC), Triton X-100, Mg2+, Ca2+ and adenosine on PI4K activity
ere examined (Table 1). DOC markedly inhibited the activity at all

oncentrations tested (0.5–2 mM),  while the addition of Triton X-
00 to the assay system increased the enzymatic activity (60 ± 10%)
ith respect to the untreated control (100%). The optimal concen-

ration of Mg2+ for PI4K was 3 mM;  concentrations higher than
 mM were inhibitory. Similarly, this enzyme resulted unaffected
y Ca2+ at micromolar concentrations (not shown) but inhibited
t millimolar concentrations. Adenosine did not significantly affect
I4K activity at micromolar concentration.

.2. Phosphatidylinositol phosphate kinase (PIPK)

Enzymatic parameters of the enzyme responsible of gener-
ting PtdIns(4,5)P2 in T. cruzi epimastigotes membrane extract,
IPK, were also analyzed. Km value for ATP was determined

rom Lineweaver–Burk plot by varying concentration of ATP in
resence of 3 mM Mg2+. The apparent Km and Vmax values
ere 370 ± 38 �M and 41.5 ± 3 pmol/min/mg protein, respectively

Fig. 2A–C). This enzyme also increased its activity with exoge-
 [ATP] (C) or [PtdIns] (D) added exogenously and measuring PIPK activity at each
periments. Km-ATP = 370 ± 38 �M,  Vmax-ATP = 41.5 ± 3 pmol/min/mg protein (C).

nous PtdIns in a concentration-dependent manner (Fig. 2B); Km
and Vmax values were 13.0 ± 0.42 �M and 9.0 ± 1 pmol/min/mg
protein, respectively (Fig. 2D).

In mammals, there are two  classes of PIPKs: class I, which pref-
erentially uses PtdIns4P as substrate to form PtdIns(4,5)P2 and
also phosphorylate PtdIns3P to generate both PtdIns(3,4)P2 or
PtdIns(3,5)P2, and class II, which prefers PtdIns5P over PtdIns4P
as substrate generating PtdIns(4,5)P2 in both cases [34]. To deter-
mine whether the PIPK activity detected in T. cruzi was class I or II,
we investigated the effect of phosphatidic acid (PtdOH), spermine
and heparin on the kinase activity, all of them recognized as class I
PIPK-activators. PIPK activity was  increased by 2-fold when PtdOH
(150 �M)  was added to the assay system. In addition, both spermine
(200 �M)  and heparin (50 �g/ml) increased the specific activity 2
and 2.5-fold with respect to the untreated control, respectively.
The effect of different free Ca2+ concentration (0.5–2.5 mM)  on the
enzymatic activity was also studied. PIPK activity was  increased 3-
fold at 2 mM of Ca2+ with respect to the control without free Ca2+
added.
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.3. Phosphatidylinositol 3 kinases (PI3Ks)

In a previous work, we report the identification of the first phos-
hatidylinositol 3 kinase in T. cruzi, TcVps34 [18]. We  observed that
he cloned enzyme specifically phosphorylates PtdIns to produce
tdIns3P, thus confirming that it belongs to class III PI3K family.
ere we first analyze the endogenous production of PtdIns3P in T.

ruzi epimastigotes.
Fig. 3 shows a profile of [�-32P]ATP-phosphorylation prod-

cts of 1000 g membrane extract from epimastigotes, when
eparated by TLC using pyridine/borate solvent system. When
oluble fraction was used as source of enzyme, no signifi-
ant phosphoinositide kinase activity was identified (data not
hown). Yp and Ys fractions from yeast were used as con-
rol for differential migration of PtdInsP isomers [24]. Thus, in
he first place we analyzed the relative proportion of PtdInsP
somers, i.e., PtdIns3P/PtdIns4P ratio. PtdIns3P formation was
.53 ± 0.04 pmol/min/mg protein vs. 2.55 ± 0.02 pmol/min/mg pro-
ein for PtdIns4P. Thus, PtdIns3P/PtdIns4P ratio was  approximately
.2.

Our next goal was to examine whether inhibition of PI3K in
pimastigotes of T. cruzi was affecting their normal growth. The
nhibitors used were wortmannin and LY294002; parasite growth

as monitored by counting living cells in Neubauer chamber.
ig. 4(A and B) shows a typical curve of epimastigotes growth until
ay 6 of culture, and observed effects by adding 50 nM or 100 nM
ortmannin (Fig. 4A) and 20 �M or 50 �M LY294002 (Fig. 4B).

Treatment with both drugs produced a significant decrease in
ell growth, indicating the possible vital importance of the enzyme
nhibited. Then we verified that the delay observed in parasite
rowth rate was actually produced by specific inhibition of PI3K.
e evaluated the effect of inhibitors at the same concentrations

mployed, on PI3K activity in vivo, on parasites incubated for
0 min, and in vitro, adding inhibitors to the kinase reaction mix.
ig. 4C shows the inhibitory effect of 50 nM wortmannin and 20 �M
Y294002 on PI3K activity determined in epimastigotes mem-
ranes. The decrease of PI3K activity ranged 25–40% compared
o the control (carrier 0.1% DMSO). There were not significative
ifferences when 100 nM wortmannin and 50 �M LY294002 were
sed, resulting in the same inhibition of PI3K activity than lower
oncentrations.

PI3K proteins have three isoforms in mammals: class I, generally
omposed of a p110 catalytic subunit and a p85 accessory subunit
class Ia); class II, of which, to date, only one catalytic subunit is
nown, p170; and class III or Vps34 yeast homologous, usually asso-
iated with an accessory protein p150 or Vps15 yeast homologous
10]. The database of T. cruzi sequenced genome strain (CL Bren-
er) contains several sequences that encode hypothetical proteins
ith predicted PIKs domains. Of these, two sequences showed high

omology to the conserved catalytic domain of PI3Ks:

1) Tc00.1047053511903.160; encoding TcVps34 [18],
2) Tc00.1047053510167.10; encoding a hypothetical protein of

1055 amino acids (accession number XP 805828) with pre-
dicted molecular weight of 120 kDa. This protein sequence has
essential conserved domains of p110-catalytic subunit of class
I PI3K: a Ras-binding domain (RBD) and a C2 domain at the car-
boxyl terminus (residues 177–248 and 291–423, respectively),
an accessory domain of class I PI3K (residues 535–702), and a
class I PI3K catalytic domain (residues 796–1055). Based on the
similarity to the characteristic structure of PI3Ks of class I, here
we refer to the hypothetical protein XP 805828 as TcPI3K.
TcVps34 and TcPI3K sequences were compared with PI3Ks
equences from different organisms (mammals, plants, yeasts and
rotozoa) using ClustalW and BLASTp programs. We  compared
ical Parasitology 203 (2015) 14–24 19

both the complete protein sequences and the isolated catalytic
domains. Supplementary Table 1 shows the statistical parameters
resulting from comparing TcVps34 with other class III PI3Ks (A) and
TcPI3K with other class I PI3Ks (B). It was observed that the catalytic
domain of TcVps34 shares 84–71% identity (identical amino acids)
and 92–84% similarity (amino acids with similar function) with the
catalytic domains of PI3Ks from T. brucei (TbVps34) and Leishma-
nia major (putative), respectively. On the other hand, the catalytic
domain of TcPI3K has 49% identity and 69% similarity compared
with the catalytic domain of class I PI3K from Homo sapiens,  these
being significant values considering the evolutionary distance.

Using the catalytic domains of each protein a phylogenetic
tree was performed (Supplementary Fig. 1). TcVps34 forms a
cluster with their counterparts from kinetoplastids T. brucei
and Leishmania spp. In fact, these isoforms are more related
to class III PI3Ks belonging to other protozoa (Giardia lam-
blia, Entamoeba histolytica,  Plasmodium falciparum,  Tetrahymena
thermophila) than vegetal proteins (Nicotiana tabacum, Bras-
sica napus),  yeast (Saccharomyces cerevisiae, Schizosaccharomyces
pombe), fungi (Aspergillus fumigatus),  invertebrates (Caenorhabdi-
tis elegans, Drosophila melanogaster) and mammals (H. sapiens, Mus
musculus). While class II PI3K is present only in higher eukaryotic
organisms, the class I TcPI3K shares a common origin with its puta-
tive homologue from Leishmania infantum, distant in evolutionary
terms from isoforms corresponding to higher eukaryotes.

3.4. Class I phosphatidylinositol 3 kinase (TcPI3K)

Based on the nucleotide sequence of the gene corresponding to
TcPI3K (Tc00.1047053510167.10), specific oligonucleotides were
designed for their amplification from parasite genomic DNA. An
amplification product of ∼3.15 Kbp was obtained; this apparent
molecular weight is in agreement with that expected for TcPI3K
coding region (3146 bp). The amplification product was  cloned into
pGEM-T Easy vector and subcloned into the expression vector pET-
22b(+) in order to produce IPTG-inducible expression of His-Tagged
TcPI3K. A Northern blot assay, using a DNA-radioactive probe corre-
sponding to the first 1850-bp of the TcPI3K coding region, revealed
a major hybridization band (Fig. 5A), indicating that this gene is
expressed in epimastigotes.

After trying several conditions, the target protein was suc-
cessfully obtained in the soluble cytosolic fraction (S10) of 16 h
induction at 25 ◦C. Further purification was performed by passing
S10 fraction through Ni-NTA resin. The purified protein His-TcPI3K
was recovered in the elution fraction with 100 mM imidazole
(Fig. 5B). However, considerable amounts of recombinant protein
were lost during the purification process; consequently for further
analysis the S10 fraction was used.

The kinase activity of recombinant TcPI3K was  tested using the
S10 fraction as source of enzyme and exogenous PtdIns and [�-
32P]ATP as substrates. After the phosphorylation assay, radioactive
phospholipids were resolved by TLC and revealed by autoradio-
graphy. As shown in Fig. 5C, the recombinant protein was able
to phosphorylate PtdIns giving PtdIns3P as the major product, as
evidenced by the position of the standards run in a borate buffer
system [30]. The detection of this product was very weak in non-
induced E. coli extracts, indicating that bacterial proteins were not
responsible for the PI3K activity.

For determination of specific activity of TcPI3K, the formation
of PtdIns(3,4,5)P3 was measured by indirect ELISA assay, using
PI3-Kinase Activity ELISA: Pico (Echelon Biosciences). Class I PI3K
activity was measured both in P10 and S10 fraction of E. coli car-

rying or not the plasmid pET-22b(+)-TcPI3K and induced or not
with 300 �M of IPTG for 16 h at 25 ◦C (Table 2). The highest specific
activity of the recombinant TcPI3K was  0.78 ± 0.06 pmol/min/mg
protein, measured in S10 fraction of IPTG-induced E. coli pET-
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Fig. 3. Identification of PtdIns3P in T. cruzi epimastigote membranes.
A  phosphorylation assay was  performed with 30 �g of 1000 g membrane fraction as source of enzymes and [�-32P]ATP during the indicated times. Phosphoinositides were
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eparated using boric acid TLC solvent system and labeled lipids were detected by au
 representative experiment from three performed independently is shown. PtdO
tdIns4P: phosphatidylinositol 4 phosphate; PtdIns3P: phosphatidylinositol 3 phos

2b(+)-TcPI3K bacteria. The levels of PI3K activity observed in
on-induced bacteria fractions could be explained for the basal
xpression of TcPI3K even in the absence of inductor, as in wild-type
. coli fractions this activity was not detected.

Another mediator of signal transduction pathways that seems
ery likely to regulate TcPI3K activity is Protein Kinase A (PKA).
cPI3K not only has predicted sites for phosphorylation for this
rotein kinase but was proved to interact with the catalytic
ubunit of T. cruzi PKA (pBD-TcPKAc) through yeast two-hybrid
ystem. Moreover, an in vitro phosphorylation analysis demon-
trated that TcPKAc could phosphorylate TcPI3K, among other
even proteins important for T. cruzi growth, adaptation and differ-
ntiation [35]. However, so far the nature of this phosphorylation
s unknown, for example, whether it activates or inhibits TcPI3K. In
rder to unravel this question, a PKA activator (dibutyryl-cAMP,
AMP non-degradable analog) and an inhibitor (KT5720) were
sed in this study (Fig. 5D). The specific activity of the native
cPI3K in endogenous membranes from T. cruzi epimastigotes
as 0.33 ± 0.04 pmol/min/mg protein (100%), whereas membranes

rom epimastigotes treated with PKA activator showed a signif-
cant decrease in class I PI3K activity (66 ± 5%) with respect to
he untreated control (100%). On the other hand, epimastigotes

reated with PKA inhibitor increased their PtdIns(3,4,5)P3 levels in
36 ± 10% with respect to the control.
ography. Yp and Ys yeast fractions were used as controls for PtdIns3P identification.
osphatidic acid; LPA: lisophosphatidic acid; DGPP: diacylglycerol pyrophosphate;
.

4. Discussion

The ability of T. cruzi to receive signals from different environ-
ments and to initiate appropriate changes in cell activity is crucial
for its pathogenic activity. Several biochemical events allow the
parasite to adapt to adverse conditions, and responses of parasites
to environmental changes often involve changes in the phospho-
lipid metabolism. In this scenario, new knowledge about parasite
PtdIns metabolism could contribute to the development of new
tools to combat Chagas disease.

In this study, we determined enzymatic and biochemical prop-
erties of PI4K in T. cruzi epimastigotes. The enzyme showed an
allosteric-like behavior, mainly with PtdIns as exogenous sub-
strate; however further analyses are necessary to corroborate or
refute this idea. The relatively high Km values of this enzyme for
PtdIns and ATP-Mg2+, their activation by Triton X-100 but inhibi-
tion by DOC, and their insensitiveness to adenosine, are parameters
consistent with class III PI4K. In agreement, the predicted molecu-
lar weight of the two putative PI4Ks encoded in T. cruzi genome is
compatible with class III PI4K [15]. In this study, we could not con-
clusively determinate whether both PI4KIIIa and PI4KIIIb isoforms
are functional in T. cruzi, as their biochemical properties are sim-

ilar. However, since this enzyme contributes to the PtdIns(4,5)P2
pool which is subsequently hydrolyzed by PtdIns-PLC after sev-
eral stimuli [8,9,20], and these signaling functions are likely to be
exclusive of class III-a isoforms [33], we  suggest that the PI4K activ-
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Fig. 4. Effect of wortmannin and LY294002 on epimastigotes growth and PI3K activity.
50–100 nM wortmannin (A), 20–50 �M LY294002 (B) or 0.1% DMSO (A and B control) were added to epimastigote cultures and growth was followed up by counting cell
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umber in a Neubauer chamber for 6 days. A representative experiment from two pe
reated or not with 50 nM wortmannin or 20 �M LY294002 were analyzed for PI3K

ean  (SEM) from three independent experiments, p < 0.05. Students’ t-test was use

ty detected in this work corresponds to PI4KIIIa [i.e., Model 4 of
ryPIKinome [15]].

The mechanism of signal transduction which involves the
etabolism of PtdIns(4,5)P2 is widely acknowledged as pivotal in

ell signaling in most organisms. In unicellular eukaryotes, it was
roposed that several agonists could interact with membrane sen-
ors or through heterotrimeric G-protein, activating phospholipase
�-like enzymes and thus initiating PtdIns(4,5)P2-dependent sig-
aling pathways [36]. In spite of the acknowledged importance of
his phospholipid and the signaling processes which initialize in
ower eukaryote cells, PIPK, the main enzyme responsible for its
roduction, so far remains poorly understood. Here we  showed
hat T. cruzi PIPK activity was increased in the presence of both
eparin and spermine, reported as class I PIPK activators but class

I PIPK inhibitors [37]. Also, the addition of PtdOH in the phosphory-
ation assay resulted in increased enzymatic activity. Since PtdOH
s a regulator of class I – and not class II – PIPKs (reviewed in [38]),
ur results indicate the presence of class I (PI4P5K) enzyme in T.
ruzi epimastigotes.
Besides being substrate of phosphoinositide kinases, phos-
hatases and phospholipases, PtdIns(4,5)P2 has a pivotal role in
ignaling, participating in actin cytoskeleton remodeling, mem-
ed independently is shown. In others experiments, membranes from epimastigotes
ity (C). Values are percentages of control without inhibitor ± standard error of the
tatistical calculations.

brane localization and vesicle trafficking processes [34]. Among
the variety of effectors which has been proved to interact with
PtdIns(4,5)P2 is phospholipase D (PLD), acting as cofactor for
enzyme activation. As occurs in higher eukaryotes, in T. cruzi
epimastigotes this phospholipid can at least be substrate for PtdIns-
PLC [8,9,20] and TcPI3K (discussed below). With respect to PLD,
unpublished results indicate that increased levels of PtdIns(4,5)P2
would activate PLD in epimastigotes as a result of hyperosmotic
stress, therefore suggesting that PtdIns(4,5)P2 also acts as cofactor
for PLD activation in this parasite (Santander et al., unpublished).
However, further studies are necessary to determine its participa-
tion in other cellular processes.

In higher eukaryotes, the PtdIns4P isomer is largely predom-
inant over PtdIns3P, as their cellular functions are distinctive.
Although the PtdIns3P/PtdIns4P ratio observed in T. cruzi (0.2) is
a higher value than those reported for most organisms includ-
ing mammals and plants, is still consistent with those found in
yeast and Tetrahymena cells where PtdIns3P isomer reaches 15–20%
of total PtdInsP [39]. Taking into account that PtdIns3P has a

central role in Dictyostelium discoideum chemotaxis [40] and G. lam-
blia encystment (Gesumaría et al., unpublished), this phospholipid
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Fig. 5. Cloning and expression of TcPI3K.
Northern blot assay was  performed by electrophoresis of total RNA (30 �g) from epimastigotes in agarose-formaldehyde gels, blotting and hybridization with a probe
corresponding to the first 1850-bp of the TcPI3K coding region (A). His-tagged TcPI3K recombinant protein was  affinity-purified from the soluble fraction of IPTG-induced
E.  coli BL21-pET28b(+)-TcPI3K bacterias using a nickel–nitrilotriacetic acid–agarose resin, and samples of induced soluble fraction (lane 1) and elutions with 20, 50, and
100  mM imidazole (lanes 2–4, respectively) were examined by SDS-PAGE (B). Western blot was  performed with 50 �g of the same samples, anti-His as primary antibody and
anti-IgG-HRP as secondary antibody. Reactive bands were detected by ECL/autoradiography (B, lower panel). Kinase activity of recombinant TcPI3K was  assayed incubating
60  �g of total protein from S10 fractions of non-induced (−) or IPTG-induced (+) E. coli BL21 (DE3) with [�-32P]ATP and phosphatidylinositol. The reaction products were
separated by TLC, and labeled lipids were detected by autoradiography (C). Membranes from epimastigotes treated with 0.1% DMSO (control), 25 �M dibutiryl-adenil-
monophosphate cyclic (dBAMPc) or 25 nM KT5720 were analyzed for class I PI3K activit
pmoles  of PIP3 per min  per mg  of protein ± standard error of the mean (SEM) from two  i
used  for statistical calculations.

Table 2
Recombinant TcPI3K specific activity.

E. coli strain IPTG 300 �M TcPI3K specific activity
(pmol/min/mg protein)

P10 fraction S10 fraction

BL21 − ND ND
+  ND ND

BL21-pET-22b(+)-
TcPI3K

−  0.11 ± 0.02 0.22 ± 0.03
+  0.66 ± 0.04 0.78 ± 0.06

N

c
e

c
t
m
t

inhibition of class I PI3K.
D: not detected, n = 2.

ould form part of an ancient signaling pathway critical for lower
ukaryotes.

Inhibition of PI3K affected the normal growth of epimastigotes,
ausing a delay evident from the fourth day of growth. In addition,

here was a tendency to enter in stationary phase or death cell,

ore marked with the addition of wortmannin. It must be noted
hat this effect was not due to a delay in the lag phase, because the
y using an indirect ELISA protocol described in Section 2. Values are expressed as
ndependent experiments performed in duplicate, p < 0.05 (D). Students’ t-test was

addition of inhibitors was performed after 48 h of initiating the cul-
ture, similar to that implemented by Braga and de Souza [12]. Also,
a non-specific toxic effect of the inhibitors was discarded since the
concentrations employed are non-toxic and specific for PI3K inhi-
bition [41]. Moreover, these compounds have been widely used
to determine the potential roles of PI3Ks from protozoa such as T.
thermophila, T. brucei and G. lamblia [39,42–44]. The great difference
observed in effectiveness as inhibitor of wortmannin (nanomolar
concentrations) compared with LY294002 (micromolar concentra-
tions) could be due to a closer shape complementarity between the
PI3K active site and wortmannin, which could irreversibly modify
the active site. Differently, LY294002 binds in the same ATP binding
site in another orientation [45]. Since T. cruzi class III PI3K (TcVps34)
was sensitive to micromolar concentrations of wortmannin [18],
we suggest that the delay in parasite growth was due to specific
To our knowledge, this is the first evidence of a class I PI3K
protein with demonstrated catalytic activity in protozoan para-
sites. Moreover, TcPI3K was active without any regulatory subunits
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p55/85, p84/101). In mammals these are accessory adapters which
ind to catalytic subunits, maintain their stability, inactivate their
asal kinase activity and facilitate the contact with lipid substrates

n the membrane [10]. The lack of regulatory subunits to TcPI3K
xplains the basal activity measured and suggests the existence
f some other type of regulation for the catalytic function, as
ell as a membrane-interacting domain. In this regard, the Ras-

inding domain (RBD) predicted in TcPI3K sequence could serve as
embrane-interacting domain through Rab proteins, which share

0% identity with Ras proteins and are able to associate to cell mem-
ranes [46]. In T. cruzi, several Rab proteins actively participate in
arasite cell biology, such as TcRAB11, active in reservosomes [47],
cRAB7 in the Golgi complex of epimastigotes [48] and TcRAB5
ith GTPase activity [49]. Therefore, RBD of TcPI3K could act both

s membrane interacting and as regulatory domain for enzyme
ctivation.

Our results suggest that TcPI3K could be negatively regulated
y phosphorylation by PKA. This Ser/Thr kinase participates in
AMP-dependent pathways, considered as key to multiple pro-
esses leading to adaptation and differentiation in T. cruzi and other
ower eukaryotes [50–52]. Experiments in progress indicate that
cPI3K activity could be associated to proliferation events in epi-
astigotes, which should be arrested when the parasite begins a

ifferentiation process, since after complete differentiation, trypo-
astigote forms are not replicative. Accordingly, a bioinformatic

nalysis of microarray data deposited in the Gene Expression
mnibus (GEO data base) by Minning et al. [53] indicates that
cPI3K expression is significantly up-regulated in the proliferative
amastigote) mammalian infectious stage when compared with
on-proliferative (trypomastigote) stage in the same host (summa-
ized in Supplementary Table 2). Therefore, it is likely that TcPI3K
xpression/activity is positively regulated during proliferation, but
egatively regulated during the differentiation process.

The main proliferative pathway in which class I PI3Ks partici-
ates is the PI3K-PKB/Akt pathway [10]. The pathway may  involve
inding of PtdIns(3,4,5)P3 to the phosphoinositide-dependent pro-
ein kinase (PDK) or directly to pleckstrin homology domain (PH)
f PKB/Akt, which is the effector protein in both cases. In T. cruzi,
ascuaccelli et al. [54] cloned a protein with characteristics and
ctivity of PKB, but without PH domain. However, an updated bioin-
ormatic search indicates the existence of a protein (XP 809943)

ith 30 extra amino acids which correspond to a PH-like domain.
his difference is probably due to the data provided in the parasite
omplete genome sequencing [23]. As for proteins that negatively
egulate the levels of PtdIns(3,4,5)P3, T. cruzi genome also encodes
roteins with high homology to classical inositol-3 phosphatase
TEN (XP 814678) and inositol-5 phosphatase SHIP2 (XP 817971).

Taken together, our results and previous works suggest that T.
ruzi not only is capable of PtdIns-based signal transduction but also
ould use PI3K-dependent signaling pathways. Since PI3K-PKB/Akt
ystem is widely avowed as a promoting factor of growth, pro-
iferation and survival in higher eukaryotes, TcPI3K would be an
ttractive target for specific inhibitors design in order to combat
his parasite.
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