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Acetylation of lysine is a major posttranslational modification of proteins and is catalyzed by lysine acetyltransferases, while
lysine deacetylases remove acetyl groups. Among the deacetylases, the sirtuins are NAD*-dependent enzymes, which modulate
gene silencing, DNA damage repair, and several metabolic processes. As sirtuin-specific inhibitors have been proposed as drugs
for inhibiting the proliferation of tumor cells, in this study, we investigated the role of these inhibitors in the growth and differ-
entiation of Trypanosoma cruzi, the agent of Chagas disease. We found that the use of salermide during parasite infection pre-
vented growth and initial multiplication after mammalian cell invasion by T. cruzi at concentrations that did not affect host cell

viability. In addition, in vivo infection was partially controlled upon administration of salermide. There are two sirtuins in T.
cruzi, TcSir2rpl and TcSir2rp3. By using specific antibodies and cell lines overexpressing the tagged versions of these enzymes,
we found that TcSir2rpl is localized in the cytosol and TcSir2rp3 in the mitochondrion. TcSir2rp1 overexpression acts to impair
parasite growth and differentiation, whereas the wild-type version of TcSir2rp3 and not an enzyme mutated in the active site
improves both. The effects observed with TcSir2rp3 were fully reverted by adding salermide, which inhibited TcSir2rp3 ex-
pressed in Escherichia coli with a 50% inhibitory concentration (IC,) * standard error of 1 = 0.5 pM. We concluded that sir-
tuin inhibitors targeting TcSir2rp3 could be used in Chagas disease chemotherapy.

rotein acetylation has recently emerged as a major posttrans-

lational modification of proteins (1). The main targets are the
reversible e-amino group of internal lysine residues, controlling a
wide range of cellular processes. This modification was initially
described in the N-terminal domain of histones, which in associ-
ation with methylation, phosphorylation, and other modifica-
tions regulates the chromatin structure and the association of
transcriptional factors with DNA (2). Recently, proteome-wide
analyses revealed a large number of acetylated proteins in the cy-
toplasm and mitochondria, including most of the enzymes in-
volved in intermediate metabolism. These findings suggest a cen-
tral role for acetylation in regulatory mechanisms within and
outside the nucleus of the cells (3).

The regulation of lysine acetylation is mediated by the coun-
teracting activity of two families of enzymes: the lysine acetyl-
transferases (KATs), which transfer the acetyl group from acetyl-
coenzyme A (CoA), and the lysine deacetylases (KDACs), which
remove acetyl groups of lysine residues through a deacetylation
reaction. The KDACs can be divided in four classes according to
their phylogenetic conservation. Classes I, II, and IV belong to the
classical family or zinc-dependent enzymes, while class III en-
zymes are dependent on NAD™ and are called sirtuins or Sir2 (4).
Sirtuins catalyze the deacetylation of lysine residues in the pres-
ence of NAD™, with the formation of nicotinamide and O-acetyl-
ADP-ribose as products (5, 6). In addition, other activities have
been described for these enzymes, such as lysine deglutarylation
and lysine desuccinylation (7, 8). Members of the Sir2 protein
family are involved in gene silencing, DNA repair, chromosomal
stability, metabolic processes, and aging (9-11). In addition, sir-
tuin levels are increased in several cancers and have become po-
tential targets for therapeutic approaches (12, 13). There are sev-
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eral compounds being tested as antitumoral agents with
promising results (14).

Sirtuins are highly conserved and expressed from organisms as
varied as Archaea up to higher eukaryotes (15). Different organ-
isms have distinct Sir2 homologues. Yeast has four homologues,
and humans have seven sirtuins (HSIRT1 to -7). Protozoans of the
Kinetoplastida order, which are agents of parasitic diseases, also
present sirtuins. Trypanosoma brucei has 3 different sirtuin homo-
logues (TbSir2rpl to -3) (16-19). TbSir2rp1 is localized in the
nucleus and participates in DNA repair mechanisms and RNA
polymerase I-mediated transcription repression of subtelomeric
genes in both the insect and blood stages (18, 20). TbSir2rp2 and
TbSir2rp3 are mitochondrial proteins, and their independent
knockouts do not affect the proliferation of bloodstream forms
(18). Among the three sirtuin genes of Leishmania, LmSir2rpl
codes for a cytoplasmic protein that presents NAD " -dependent
deacetylase and ADP-ribosyltransferase activities unrelated to
epigenetic silencing. It participates in the remodeling of the para-
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site morphology and in the parasite interaction with its mamma-
lian host (21, 22). The other Leishmania sirtuins have not been
characterized. T. cruzi has only two genes coding for sirtuins,
TcSir2rpl and TcSir2rp3, and very little is known about their
function in the parasite. As new drugs are required for the treat-
ment of these parasitic diseases, and the effect of sirtuin inhibitors
has not been extensively exploited for Chagas disease treatment
(23), we decided to characterize T. cruzi sirtuins and test a new
compound, called salermide, which was found to be very effective
in the treatment of some cancers in vitro and in vivo. We initially
found that sirtuin inhibitors affected T. cruzi growth and differ-
entiation. These would act in one or both of the two sirtuins.
Therefore, we investigated their expression and cellular localiza-
tion in the different stages of the parasite and the effects of the
overexpression of each enzyme in the biology of the parasite. We
found that these two enzymes differentially affected the prolifer-
ation and differentiation of the parasite and that salermide ap-
pears to act by inhibiting TcSir2rp3, which is quite sensitive to the
inhibitor.

MATERIALS AND METHODS

Parasite cultures and metacyclogenesis. T. cruzi strain Y epimastigotes
were cultivated in liver infusion tryptose (LIT) medium containing 10%
fetal bovine serum (FBS) at 28°C. Epimastigotes were seeded at a density
of 2 X 10° parasites per ml and the cell numbers quantified using a Neu-
bauer chamber. For growth inhibition assays, salermide was dissolved in
dimethyl sulfoxide (DMSO) to 2 mM and nicotinamide (both from Sig-
ma-Aldrich) in phosphate-buffered saline (PBS) to 0.5 M and added to
obtain the indicated concentrations in the culture medium. Epimastigote
viability was performed with alamarBlue, as described previously (24).
For mammalian cell viability, we employed the PrestoBlue cell viability
reagent (Life Technologies). Metacyclogenesis was induced as described
in reference 25 using exponentially growing parasites in all cases. Differ-
entiation was quantified after staining with 4-6-diamidino-2-phenylin-
dole (DAPI) to distinguish epimastigotes from metacyclic trypomastig-
otes by observation under a fluorescence microscope. Intracellular and
cell-derived trypomastigotes were obtained from infected LLCMK, cells
maintained in low-glucose Dulbecco’s minimum essential medium
(DMEM), supplemented with 10% FBS, streptomycin (100 mg/ml), and
penicillin (100 U/ml) in a humidified 5% CO, atmosphere at 37°C, as
described previously (26). For invasion assays, epimastigote cultures in
LIT medium were kept for 2 to 3 weeks and the metacyclics purified by
DEAE-cellulose columns, as detailed in Yoshida et al. (27).

Antibodies. Anti-hemagglutinin from influenza virus peptide (anti-
HA) was obtained from Covance. The antibody against Sir2rp1 was made
in-house by using the heterologous protein from Leishmania major to
immunize rabbits. Anti-TcSir2rp3 was custom prepared by GenScript
through immunizing rabbits with a synthetic peptide (TFRDKNGLWEN
HRVC). Anti-B-tubulin was prepared as described previously (28), anti-
gp30 was used as ascitic fluids (29), and anti-dihydrolipoamide dehydro-
genase (DHLADH) (a mitochondrion marker) was kindly provided by
Kevin Tyler (United Kingdom). Anti-eIF5A and anti-methyl glutaconyl-
CoA (MgCoA) antibodies were obtained using recombinant forms of the
T. cruzi and T. brucei proteins, respectively, to immunize rabbits.

Generation of sirtuins overexpressing parasites. The T. cruzi sirtuin
genes, TcSir2rpl (TcCLB.508207.150) and TcSir2rp3 (TcCLB.447255.20)
(both at http://tritrypdb.org), were PCR amplified from genomic DNA of
T. cruzi strain Y using the oligonucleotides TcSir2rp1Fow (5'-CCTCTAG
AATGAATCAAGATAACGCC-3'), TcSir2rplRev (5'CCGGATCCCTA
AGCGTAGTCTGGCACGTCGTAAGGGTATTTTCGGTCTGTCTGTG
T-3"), TcSir2rp3Fow (5'-CCTCTAGAATGAGGCCGCGGCGTCAGGT-
3"),and TcSir2rp3Rev (5'-CCGGATCCCTAAGCGTAGTCTGGCACGT
CGTAAGGGTA-CACCGCGTCTTGAAGGAG-3"). The underlined
residues represent cloning sites, and those in bold are the HA coding
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sequence. The fragments were cloned into pGEM-T Easy vector (Pro-
mega) and the expected constructs confirmed by restriction analysis and
DNA sequencing. The fragments were removed by endonuclease reaction
using Xbal and BamHI and inserted into p33 vector (30), which was
previously digested with the same enzymes. To generate mutated
TcSir2rp3 protein, we used two round of PCRs. For the first round, we
employed primers TcSir2rp3-H113Y-Fov (ATCGGTGCTGCATATGTA
TGGGGAATTGCT) and TcSir2rp3-H113Y-Rev (ATATGCAGCACCGA
TACAGATCCCGCACTC) to create the point mutation. The cytosine was
replaced by thymidine (in bold type). In the second round of PCR, we
used the same primers described above to amplify the whole TcSir2rp3
gene. Plasmids containing TcSir2rp1-HA, TcSir2rp3-HA, and TcSir2rp3-
H113Y were used to transfect T. cruzi epimastigotes using Amaxa Nucleo-
fector (Lonza), followed by selection with 200 pg/ml Geneticin G418
(Invitrogen). The transformed parasites were confirmed by immunoblot-
ting analysis with anti-HA antibody and the overexpression of the protein
with specific antibodies raised against the respective T. cruzi sirtuins.

Recombinant TcSir2rp3 and activity assay. TcSir2rp3 gene was am-
plified from the genomic DNA of T. cruzi Y strain using the oligonucleo-
tides TcSir2rp3-pET(F) (5'-CTGGATCCATGAGGCCGCGGCGTC
AGG) and TcSir2rp3-pET(R) (5'-CTCGAGCTACACCGCGTCTTGAA
GGAGCT) and cloned into pGEM-T-easy vector (Promega). The
expected BamHI-Xhol fragment was then inserted in the respective sites
of pET28a (Novagen) and used to transform ArcticExpress DE3 bacteria
(Agilent Technologies). The protein was obtained by diluting 50-fold a
stationary-culture growth at 37°C in Luria broth medium containing 20
pg/ml gentamicin and 50 pg/ml kanamycin, following 3 h of growth at
37°Cin the same medium without antibiotics and induction with 0.1 mM
isopropyl B-p-1-thiogalactopyranoside at 12°C. Bacterial cells were col-
lected by centrifugation (5,000 X g for 10 min) and the pellet resuspended
in 20 mM Tris-HCI (pH 8.0) and centrifuged again. The washed cells were
resuspended in one-tenth of the culture volume in cold lysis buffer (200
mM NaCl, 5% glycerol, 5 mM 2-mercaptoethanol, and 25 mM HEPES-
NaOH [pH 7.5]) and submitted to three passages on a French press ap-
paratus (Thermo Electron). The lysates were cleared by 30 min of centrif-
ugation at 16,000 X g and incubated for 2 h at 4°C with one-tenth the
lysate volume of nickel nitrilotriacetic acid (Ni-NTA) Superflow beads
(Qiagen). The resin was washed with 50 volumes of the lysis buffer con-
taining 20 mM imidazole, and the enzyme was eluted with one volume of
the same buffer containing 0.25 M imidazole and stored at —20°C.
Deacetylase assays were performed at 37°C in 50 pl of 25 mM Tris-HCI
(pH 8.0), 137 mM NaCl, 2.7 mM KCI, 1 mM MgCl, containing 0.6 mM
NAD™ (Sigma-Aldrich), and 20 pM synthetic peptide Abz-Gly-Pro-
acetyl-Lys-Ser-Gln-EDDnp, where Abz is ortho-aminobenzoic acid and
EDDnp is N-[2,4-dinitrophenyl]ethylenediamine. The peptide was syn-
thesized as described previously (31), further purified by chromatography
on a C,4 column, dried, and resuspended in DMSO. A recombinant pro-
tein corresponding to the T. brucei RNA triphosphatase cloned in pET28a
(32) was prepared similarly and used as a negative control, and a total
HeLa cell extract was used as a positive control in the activity assays. In the
experiments containing salermide, the addition of substrate started the
reaction. At the end of incubation, the reactions were stopped with 50 pl
of a solution containing 12 mM nicotinamide in 100 mM NaCl and 50
mM Tris-HCI (pH 8.0), in the absence or presence of 0.6 mg/ml tosylsul-
fonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Worthington).
After further incubation for 30 min, the fluorescence at 420 nm was read
(excitation, 320 nm) in a SpectraMax M3 plate reader (Molecular De-
vices).

Protein sample preparation and immunoblotting. Parasites were
collected and lysed in PBS buffer with 1% Triton X-100, 0.5 mM phenyl-
methylsulfonyl fluoride (PMSF), and 1 X Complete protease (EDTA-free)
inhibitor cocktail (Roche). For digitonin extraction, parasites were col-
lected in a similar manner and lysed with the indicated concentrations of
digitonin for 5 min at 37°C, as described previously (33). Each fraction
corresponding to supernatants of 10,000 g (5 min) was mixed with so-
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dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer, applied to 10% polyacrylamide gels, and transferred to
nitrocellulose membranes. The membranes were treated with 5% nonfat
milk in PBS containing 0.01% Tween 20 (PBS-T) for 60 min and incu-
bated with specific primary antibodies for 1 h in the same buffer. The
membranes were washed with PBS-T and incubated for 1 h with goat
anti-mouse or rabbit IgG-horseradish peroxidase (HRP) (Life Technolo-
gies) at a 1:10,000 dilution. Bound antibodies were detected using ECL
reagent (Millipore) and chemiluminescence detected using Odyssey Li-
Cor equipment.

Immunofluorescence analysis. The collected parasites were washed
in PBS and attached to glass slides pretreated with 0.01% poly-L-lysine
(Sigma-Aldrich). The slides were then incubated with 2% paraformalde-
hyde in PBS at room temperature for 15 min and treated for 5 min in PBS
containing 0.1% Triton X-100. Fixed and permeabilized cells were washed
with PBS, and the slides were incubated for 1 h at room temperature with
primary antibodies diluted in PBS with 2% bovine serum albumin (BSA)
containing primary antibodies as follows: anti-HA was diluted 1:1,000,
anti-Sir2rpl was diluted 1:1,000, anti-Sir2rp3 was diluted 1:2,000, and
anti-DHLADH was diluted 1:10,000. The slides were washed with PBS,
incubated for 1 h with the secondary antibody (anti-mouse IgG-Alexa 488
and/or anti-rabbit IgG-Alexa 594; Invitrogen), washed, and mounted
with ProLong gold antifade reagent (Invitrogen) in the presence of 10 pg
of DAPI per ml. Z-stacks were acquired with an Olympus (BX-61) micro-
scope equipped with a 100X plan apo-oil objective (numerical aperture
[NA], 1.4), followed by blind deconvolution employing the AutoQuant
X2.2 software (Media Cybernetics).

Measurement of intracellular ATP levels and parasite movement.
Cellular ATP concentration was determined by a bioluminescence
method using the ATP bioluminescence assay kit (Sigma-Aldrich). The
assay is based on the requirement of ATP for producing light by adding
exogenous luciferase (emission maximum, 560 nm [pH 7.8]). Briefly, 1 X
107 parasites from exponentially growing cells were collected and lysed,
according to the manufacturer’s instructions. An aliquot of the samples
was added to the assay mix, and the luminescence intensity was immedi-
ately measured in a Molecular Devices M3 plate reader. The amount of
ATP was calculated based on a standard curve and the values expressed as
milligrams of protein.

For parasite movement quantification, exponentially growing epimas-
tigotes were added to nontreated slides for 10 min, covered with a glass
coverslip, and immediately sealed for microscopy analyses, using the dif-
ferential interference contrast optics of an Olympus (BX-61) microscope
equipped with a 60X plan objective (NA, 1.4). Thirty sequential images
were obtained at 4.75 s each. The images were further used for the move-
ment quantification using MTrack] from the Image] software package.

Infection assays. Cell invasion assays were carried out by seeding the
parasites onto 13-mm diameter glass coverslips coated with nonconfluent
LLCMK, cells plated 24 h earlier in 24-well plates (27). After 1 h of incu-
bation with the parasites, the cells were washed once with PBS and fixed in
Bouin solution, stained with Giemsa, and sequentially dehydrated in ac-
etone, a graded series of acetone to xylol (9:1, 7:3, 3:7), and xylol. In some
assays, after 1 h of incubation with parasites, LLCMK, cells were washed
and further incubated for the indicated periods in DMEM containing 5%
FBS before fixation and staining, as described above. For salermide inhi-
bition assays, trypomastigotes were pretreated with the indicated
amounts of salermide dissolved in DMSO for 4 h in DMEM containing
10% FBS at 37°C in 5% CO, before addition to the cells. Otherwise, to
follow the intracellular development, the wells were washed, and fresh
DMEM containing the drug was added. The drug was added again to the
medium after 24 h. Alternatively, trypomastigotes were incubated with
LLCMK, cells for 2 h, washed, and incubated for 24 h. Next, salermide was
added to the cell cultures to concentrations of 0.2, 0.5, 1, and 2 pM, as
indicated (see Fig. 7). The controls contained the same amount of DMSO.
Infection was quantified by microscopic examination of duplicate cover-
slips. Intracellular parasites were distinguished morphologically in the
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FIG 1 Effect of sirtuin inhibitors in the parasite growth and viability. Epimas-
tigotes were cultivated in the presence of the indicated concentrations of nic-
otinamide (A) and salermide (B). (C and D) Viability of epimastigotes treated
with nicotinamide and salermide for 72 h, determined by the alamarBlue via-
bility assay in a 96-well plate. The values are means * standard errors (SE)
(n = 3). The EC,, values are indicated in each panel.

host cell cytoplasm (34), and the numbers indicated (see Fig. 6C and 7) are
means from triplicate experiments.

In vivo infection assays were carried out with trypomastigote forms of
Y strain of T. cruzi obtained from infected LLCMK, cells that were washed
and resuspended in DMEM without FBS. One hundred microliters was
injected intraperitoneally into 4-week-old female BALB/c mice. Para-
sitemia was measured in blood collected by tail vein puncture in a micro-
scope. For this procedure, 5 pl of blood was deposited in each slide and
covered with a 22 by 22-mm coverslip. The number of parasites were
counted in =20 microscope fields and corrected by a factor predeter-
mined using a calibrated coverslip. Treatments with salermide started
after 1 h or 24 h postinfection and were maintained daily.

Statistical analysis. All quantitative assays were biological triplicates,
and the values reported in this work are means = standard errors (SE) of
three measurements from each triplicate experiment. Statistical signifi-
cance was obtained with Prism 6 (GraphPad) using the Student ¢ test.

Ethical statements. This study was carried out in strict accordance
with the recommendations in the Guide for the Care and Use of Labora-
tory Animals of the Brazilian National Council of Animal Experimenta-
tion (http://www.cobea.org.br/). The protocol was approved by the Com-
mittee on the Ethics of Animal Experiments of the Institutional Animal
Care and Use at the Federal University of Sdo Paulo (ID no. CEP 1982/11).

RESULTS

Sirtuin inhibitors affect epimastigote growth and viability. Sev-
eral compounds have been shown to inhibit the KDAC activity
and have been exploited as drugs to treat a variety of human dis-
eases (35, 36). Nicotinamide, an amide of nicotinic acid, has been
described as the classical sirtuin inhibitor (37, 38). Salermide, a
derivative of sirtinol, is a novel sirtuin inhibitor that acts through
binding in the C-pocket of the enzyme (39, 40). Nicotinamide and
salermide affected the proliferation of the parasite at concentra-
tions of >25 mM and 5 M, respectively (Fig. 1A and B), causing
viability loss, as detected by alamarBlue assays, with 50% effective
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FIG 2 Invivo T. cruziinfection is reduced by salermide. Parasitemia of BALB/c mice infected with cell-derived trypomastigotes submitted to salermide treatment
(@) or to DMSO alone (O), both injected 1 h after infection. The values are means *+ SE (n = 10). (B) Maximal percentage of parasitemia (mean values, n = 5)
of mice treated with DMSO (white bar) or with salermide. Treatment started 1 or 24 h after infection (black bars). One hundred percent in the controls
corresponds to 2.5 X 10° parasites/ml. The asterisks indicate significant differences (P < 0.05) compared to control animals, as determined by the Student ¢ test.

concentrations (ECss) of 25.8 mM and 10.6 pM, respectively
(Fig. 1C and D).

Salermide treatment leads to the control of parasite infection
in vivo. To investigate if the effect caused by salermide could be
extended to an in vivo infection, BALB/c mice were intraperitone-
ally injected with 0.5 X 10° to 2 X 10° cell-derived trypomastig-
otes from Y strain. One hour after infection and every day follow-
ing infection up to day 12, mice were treated with 100 uM
salermide in 100 pl, a concentration that had been demonstrated
to not cause any side effect (39). The parasitemia was followed
every 2 days, comparing with infected mice that received DMSO
only, which was used as a vehicle. A reduction in parasitemia was
observed after salermide treatment (Fig. 2A). A reduction in par-
asitemia was also observed in a second experiment when the treat-
ment started at 1 or 24 h after infection (Fig. 2B). In this case, the
maximal parasitemia reached 2.5 X 10> parasites per ml, higher
than the parasitemia observed in the experiment shown in Fig. 2A.

T. cruzi sirtuins. The two genes coding for sirtuins in T. cruzi,
TcSir2rpl (TcCLB.508207.150, predicted size of about 40 kDa),
and TcSir2rp3 (TcCLB.447255.20, predicted size of about 27
kDa), contain the putative sirtuin domain (see Fig. S1A in the
supplemental material) and share 42% and 18% identity, respec-
tively, with the sirtuin domain of Saccharomyces cerevisiae Sir2.
Both proteins contain critical histidine residues for catalytic activ-
ity,a NAD™ binding domain, and a noncanonical CX,CX,,CX,C
Zn”>* binding motif (see Fig. S1B in the supplemental material).
Phylogenetic analysis based on the neighbor-joining (NJ) method
grouped TcSir2rpl with TbSir2rpl and LmSir2rpl, indicating a
possible cytosolic localization for TcSir2rpl, as we did not find a
nuclear localization signal in its amino acid sequence (see Fig. S1C
in the supplemental material). TcSir2rp3 clustered with the mito-
chondrial T. brucei protein (TbSir2rp3). The antibody against the
recombinant Sir2rpl of Leishmania major recognized a similar
40-kDaband in T. cruzi Y and several other strains (see Fig. S1D in
the supplemental material). Antibodies prepared against a syn-
thetic peptide of TcSir2rp3 reacted in Western blots with two
bands: one band with the expected size for TcSir2rp3 (27 kDa)
that increased in size in samples from parasites overexpressing
TcSir2rp3, and another 55-kDa band (the reaction with this band
was probably nonspecific) (see Fig. S1E in the supplemental ma-
terial).
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When we analyzed the expression of TcSir2rpl and TcSir2rp3
in different parasite stages, using these antibodies, we found that
TcSir2rpl was highly expressed in replicative parasite forms (epi-
mastigotes and amastigotes) and less in metacyclic trypomastig-
otes and trypomastigotes derived from infected mammalian cells
(Fig. 3A). In contrast, TcSir2rp3 was found largely expressed in
epimastigotes and cell-derived trypomastigotes and much less in
intracellular amastigotes and metacyclic trypomastigotes (Fig.
3B).

To better characterize the proteins of TcSir2rp in the parasite,
we investigated their cellular localization by generating cell lines
constitutively expressing C-terminal HA-tagged versions of these
proteins (TcSir2rpl-ox and TcSir2rp3-ox). Protein expression
was confirmed by immunoblotting with anti-HA (Fig. 3C and D).
We found that TcSir2rp1 was expressed twice as much of the en-
dogenous enzyme, while TcSir2rp3 was overexpressed 20-fold
more, as judged by densitometry of Western blotting using spe-
cific antibodies for both proteins (Fig. 3D). Both endogenous and
tagged TcSir2rpl were localized in the cytosol of the parasite, as
assessed by immunofluorescence using anti-HA and anti-Sir2rp1
antibodies (Fig. 3E), and the protein localization was maintained
during the parasite life cycle, except on trypomastigotes that pre-
sented a more clustered localization (see Fig. S2A in the supple-
mental material). The cytosolic localization was confirmed by dig-
itonin fractionation that revealed that most of the protein was
present in fractions corresponding to cytoplasmic markers (see
Fig. S2B in the supplemental material). In contrast, labeling with
anti-HA and anti-DHLADH revealed that TcSir2rp3 tagged with
HA had a mitochondrial localization (Fig. 3F). In addition, digi-
tonin fractionation assays confirmed the mitochondrial localiza-
tion of TcSir2rp3, as it was coextracted with MgCoA (see Fig. S2C
in the supplemental material), a mitochondrial matrix protein in
trypanosomes (M. L. Lima and S. Schenkman, unpublished data).

TcSir2p has antagonistic effects in epimastigote growth and
metacyclogenesis. The increased expression of TcSir2rpl led to a
delay in parasite growth, while the overexpression of TcSir2rp3
improved it compared with wild-type cells (Fig. 4A). This effect
appeared to be related to the metabolic state of these parasites, as
the TcSir2rp3-ox cell line presented a 20% reduction in intracel-
lular levels of ATP and an increased motility compared with that
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FIG 3 Expression and cellular localization of T. cruzi sirtuins. (A and B)
Immunoblotting of total proteins of epimastigotes (Epi), purified metacyclic
trypomastigotes (Meta), intracellular amastigotes (Ama), and trypomastigotes
(Trypo) derived from infected mammalian cells probed with anti-Sir2rp1 (A)
or anti-TcSir2rp3 antibodies (B). (C and D) Immunoblotting of wild-type
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(TcSir2prl-ox) or TcSir2rp3 (TcSir2pr3-ox) and probed with anti-HA (C) or
with antibodies specific for each one of the sirtuins (D). Anti-B-tubulin was
used as the loading control. (E) Indirect immunofluorescences of wild-type or
TcSir2rpl-ox epimastigotes using anti-HA (red) and anti-Sir2rp1 (green) an-
tibodies. (F) Indirect immunofluorescences of wild-type and TcSir2rp3-ox
epimastigotes using anti-HA (green) and anti-DHLADH, a mitochondrial
marker (anti-mito) (red). The figures also show the DAPI labeling and the
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of TcSir2rpl-ox and wild-type parasites (see Fig. S3A and B in the
supplemental material).

Next, we examined the differentiation of these epimastigotes in
the exponentially growing phase into metacyclic trypomastigotes
induced by starvation. TcSir2rpl-ox differentiated less and
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FIG 4 T. cruzi sirtuins have opposite effects on parasite growth and differen-
tiation. (A) Growth curves of wild-type (@), TcSir2rpl-ox (), and
TcSir2rp3-ox (M) epimastigotes. (B and C) Percentage of differentiation of
epimastigotes into metacyclics by the wild-type (black bars), TcSir2rp3-ox
(gray bars), and TcSir2rpl-ox (white bars) parasites in the absence (—) or
presence (+) of 15 mM nicotinamide (Nic) (B) and 2 pM salermide (Sal) (C).
Allvalues are means = SE (n = 3). The asterisks indicate statistically significant
differences based on the Student t test (*, P < 0.01; ***, P < 0.003). (D)
Immunoblotting of parasites after differentiation induction probed with anti-
gp30. An epimastigote extract was used as the negative control (—), and anti-
B-tubulin was used as the loading control.

TcSir2rp3-ox cell lines differentiated more than wild-type
parasites (Fig. 4B and C). The reduced differentiation of the
TcSir2rpl-ox line was further confirmed by the weak expression
of gp30, a specific metacyclic protein (Fig. 4D). To know if these
effects were due the activity of overexpressed sirtuins, metacyclo-
genesis was conducted in the presence of two sirtuin inhibitors
(nicotinamide and salermide). As shown in Fig. 4B and C, both
compounds decreased the differentiation in all cell lines. It af-
fected relatively more the differentiation of wild-type parasites
and largely reverted the increased differentiation of TcSir2rp3-ox.
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bers are shown in Fig. S1 in the supplemental material. (B) Western blotting of
whole lysates of wild-type (Wt), TcSir2rp3-ox, and TcSir2rp3-His113Y para-
site lines probed with anti-HA and anti-TcSir2rp3 antibodies. (C) Growth
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FIG 6 TcSir2rp3 overexpression increases parasite invasion and multiplica-
tion inside mammalian cells. One halfa milliliter containing 1 X 10° wild-type
(white bars), TcSir2rp3H113Y (gray bars), or TcSir2rp3-ox (black bars) me-
tacyclic trypomastigotes was incubated for 1 h with LLCMK, epithelial cells
previously seeded on glass coverslips in 24-well plates. The number of inter-
nalized parasites per 100 cells (A) and total intracellular parasites (B) was then
quantified. (C) Mean number of intracellular parasites after further incuba-
tion at the indicated times. (D) Normalized growth of intracellular amasti-
gotes. All numbers are means = standard deviations (SD) (n = 3). The aster-
isks indicate statistically significant differences based on the Student ¢ test (**,
P <0.01).

Importantly, it does not revert the negative effect of TcSir2rpl-ox
parasites, suggesting that salermide is acting preferentially on
Sir2rp3. In contrast, class I and II deacetylase inhibitors (trichos-
tatin A and butyric acid) caused no changes in metacyclogenesis
(see Fig. S3C and D in the supplemental material).
Overexpression of a mutated TcSir2rp3 version does not af-
fect parasite growth and differentiation. To verify if the activity
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bottom graphs show the number of intracellular parasites after 2 h of incubation. (B and C) Number of infected cells and parasites at 24 and 48 h after infection.

The values are means = SE (n = 3).

of the TcSir2rp3 protein was causing the increase in parasite
growth and differentiation, we generated a parasite cell line over-
expressing a version of the protein substituting the histidine (H)
residue at position 113 by a tyrosine (Y) (TcSir2rp3-H113Y) (Fig.
5A). This modification created an inactive version of the enzyme,
as described for other sirtuins (41). The overexpression of the
protein was confirmed by immunoblotting with anti-HA and
anti-Sir2rp3 antibodies using total protein lysates (Fig. 5B). Sim-
ilarly, mitochondrial localization was observed for the mutated
version of TcSir2rp3, as accessed by immunofluorescence assays
using anti-HA and anti-Sir2rp3 (see Fig. S4 in the supplemental
material). Indeed, TcSir2rp3-H113Y parasites behaved as non-
transfected cells and did not grow as well as TcSir2rp3-ox
(Fig. 5C). The mutation also impaired the increased differentia-
tion promoted by the wild-type gene (Fig. 5D). These results in-
dicate that the effects observed for the overexpression of
TcSir2rp3 were due to its activity.

TcSir2rp3 overexpression increases parasite invasion and
multiplication. Subsequently, we asked if overexpression of
those proteins could affect parasite infectivity and multiplica-
tion inside the host cell. These experiments were performed
using TcSir2rp3-ox parasites because we were not able to generate
enough metacyclic trypomastigotes from the TcSir2rpl-ox cell
line. Metacyclic trypomastigote forms of wild-type, TcSir2rp3-ox,
and TcSir2rp3 H113Y parasites were incubated with LLCMK, ep-
ithelial cells for 1 h, and the numbers of infected cells and inter-
nalized parasites were determined. As observed in the Fig. 6A and
B, overexpression of TcSir2rp3 increased invasion about 2.5-fold
and resulted in 4-fold more internalized parasites than nontrans-
fected parasites. In contrast, metacyclic trypomastigotes with
H113Y did not invade and proliferate more than wild-type para-
sites (Fig. 6A and B). These mutants showed a significant decrease
in cell invasion, suggesting that the mutated protein probably was
acting as a dominant negative mutant in metacyclic trypomastig-
otes.

Since TcSir2rp3-ox parasites were able to infect a higher num-
ber of cells, we investigated whether sirtuin expression also af-
fected intracellular multiplication. The number of intracellular
parasites was monitored every 24 h up to 96 h. As shown in Fig. 6C,
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the overexpression of TcSir2rp3, but not the H13Y mutant, also
caused an increased rate of proliferation compared with that of
nontransfected parasites. This phenomenon was more evident
when we assessed the late time points (72 and 96 h). This was due
to an increased multiplication of the TcSir2rp3 parasites inside
host cells, about 1.5 times more than wild-type parasites (Fig. 6D).
We also compared rates of parasite invasion by cell-derived try-
pomastigote forms. The parasites had similar invasion rates, in
agreement with the fact that TcSir2rp3 is highly expressed in try-
pomastigotes. In contrast, the proliferation of amastigotes inside
the cells was higher in the case of TcSir2rp3-ox parasites, seen
especially in the late stages of infection (72 and 96 h) (see Fig. S5A,
to Cin the supplemental material), which normally presented low
levels of Sir2rp3 expression (see Fig. 3). In fact, we confirmed that
TcSir2rp3 was highly overexpressed in amastigotes and much less
in trypomastigotes (see Fig. S5E and F in the supplemental mate-
rial). These results agree with the fact that TcSir2rp3 expression is
low in wild-type amastigotes and that an increase in expression
might cause an increased rate of proliferation. More importantly,
during the progress of the infection, a high number of extracellu-
lar amastigotes was observed in the supernatant of cells infected
with TcSir2rp3-ox parasites compared with wild-type parasites
(see Fig. S5D in the supplemental material), indicating an imbal-
ance in parasite multiplication and further differentiation to try-
pomastigotes. These data imply that TcSir2rp3 might affect para-
site functions in different ways, depending on the parasite form.
Salermide affects trypomastigote invasion and multiplication.
All phenotypes observed with TcSir2rp3-ox parasites suggested
that this enzyme would be involved in the proliferation of intra-
cellular parasites. Therefore, we evaluated the effect of salermide
in parasite cell invasion. When cell-derived wild-type trypomas-
tigotes were pretreated for 4 h with different concentrations of the
drug and incubated for 2 h with LLCMK, cells, we did not observe
any significant effect in the number of infected cells or intracellu-
lar parasites for all tested concentrations (Fig. 7A). However, we
found a decrease in intracellular parasite numbers at 24 h (Fig. 7B)
and 48 h (Fig. 7C) after invasion, suggesting that the drug inter-
fered with the development of amastigotes. The drug did not affect
cell viability up to 2.5 wM for the mammalian cell, as determined
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FIG 8 Recombinant TcSir2rp3 is inhibited by salermide. (A) Mean fluores-
cence * SE (n = 3) of buffer (Blank), an unrelated recombinant (Control), the
recombinant TcSir2rp3, and a HeLa cell extract incubated with the Abz-Gly-
Pro-acetyl-Lys-Ser-GIn-EDDnp, as described in Materials and Methods, for 3
h at 37°C. The reactions were stopped with the addition of nicotinamide, and
reaction mixtures were incubated for 30 min without (white bars) or with
(black bars) trypsin (T). (B) Recombinant TcSir2rp3 was preincubated with
the indicated amounts of salermide in the reaction buffer without the Abz-Gly-
Pro-**"'Lys-Ser-GIn-EDDnp. After 15 min, the deacetylase reactions were
initiated by adding the peptide substrate. Similar results were obtained with
two different enzyme preparations using at least two different batches of sal-
ermide.

by a PrestoBlue assay upon 48 h of incubation (see Fig. S6 in the
supplemental material). The effect of 2 WM salermide was also
observed on transgenic parasites, promoting 30% inhibition of
invasion (the number of metacyclic trypomastigotes that invade
the cells after 2 h of incubation with LLCMK, cells) and 50% of
amastigote proliferation (the number of intracellular amastigotes
24 and 48 h after infection of LLCMK, cells), indicating that the
overexpressors might also be targeted by salermide.

Salermide inhibits TcSir2rp3. The gene corresponding to the
Sir2rp3 was cloned and expressed in bacteria as a recombinant
protein containing a 6 XHis tag in the N terminus. The protein
was then purified by Ni-agarose affinity chromatography and
tested for its deacetylase activity toward the Abz-Gly-Pro-*<""Lys-
Ser-GIn-EDDnp synthetic peptide. This Forster resonance energy
transfer substrate was then incubated with or without trypsin.
When the acetyl group was removed, the trypsin hydrolyzed the
Pro-Lys bond to generate fluorescence. Indeed, the recombinant
enzyme was highly active compared to a control recombinant and
a HelLa cell extract (Fig. 8A). More importantly, salermide was
able to inhibit the activity of the recombinant TcSir2rp3, with an
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ICs, in the range of 1 wM (Fig. 8B), supporting the notion that
effects of salermide in the parasite were accomplished through this
enzyme.

DISCUSSION

It is becoming clear that protein acetylation is a key posttransla-
tional modification that regulates several biological processes in
higher eukaryotes (42—44) and protozoan parasites (45, 46). Here,
we present evidence that sirtuins can be targets for Chagas disease
therapy, as these enzymes are important factors controlling 7.
cruzi growth and differentiation during infection. The idea that
sirtuins play a key role derives from our results showing that spe-
cific inhibitors largely affect growth and mainly differentiation of
T. cruzi.

T. cruzi contains and expresses two sirtuins, one in the cytosol
and the other in the mitochondrion, based on immunofluores-
cence analysis and epitope tagging. We were not able to detect
labeling for both enzymes in the nucleus in the different parasite
stages or under different growing conditions for either the endog-
enous or the tagged proteins. The cytosolic localization of the rp1
homologue was also found in Leishmania (22) and differs from
what was observed in T. brucei, which contains three enzymes, one
reported to be located in the nucleus affecting DNA repair and
telomeric silencing and two present in the mitochondrion (18).

We found that exogenous expression of these 7. cruzi sirtuins
had opposing effects. TcSir2rp1 affected parasite growth and dif-
ferentiation to infective forms in a negative way, as observed for T.
brucei (18). TcSir2rpl did not dramatically affect growth, as ob-
served in T. brucei, which relocalized from the nucleus to the cy-
tosol upon overexpression (18), because it was minimally overex-
pressed. In contrast, TcSir2rp3 stimulated both growth and
differentiation of epimastigotes. This could be explained by dif-
ferent targets being deacetylated by each one of the enzymes in
either the cytosol or the mitochondrion. For example, TcSir2rpl
deacetylated in the cytosol cytoskeleton proteins, such as tubulin,
which has been described as a main target for trypanosomatid
cytoplasmic sirtuins (22). Alpha- and beta-tubulin monomers
form microtubules, which are involved in several eukaryotic cel-
lular functions, such as cell division, intracellular transport, and
migration (47). As tubulin acetylation stabilizes neighboring tu-
bulin protofilament interactions (48), the overexpression of
TcSir2rp1 might destabilize microtubules, causing reduced cellu-
lar division and metacyclogenesis, processes that depend on
changes in parasite morphology (49). In contrast, the increase in
parasite proliferation, movement, and differentiation observed
for TcSir2rp3-ox cell lines might be explained in part by changes
in the activity of key enzymes of the metabolic control and oxida-
tive stress response, known to be regulated by acetylation in the
mitochondria of different organisms (50-52). For example, acet-
ylation controls the activity of superoxide dismutase (53, 54), ATP
synthase (F,F, ATPase) (55), and acetyl-CoA synthetase (56, 57).
The fact that overexpression of a mutated version of TcSir2rp3
without enzymatic activity does not affect growth and differenti-
ation supports the notion that deacetylation of mitochondrial tar-
gets is responsible for the observed phenotypes.

The overexpression of TcSir2rp3 increased the invasion capac-
ity of metacyclic trypomastigotes but not of cell-derived
trypomastigotes. In fact, metacyclic forms express much less
TcSir2rp3 than cell-derived trypomastigotes, indicating that their
invasion capacity might be limited by energy supply, which is
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shown to be required for adhesion and invasion (58). On the other
hand, after invasion, both forms differentiate into amastigotes,
which also have small amounts of TcSir2rp3. Overexpression of
the enzyme increased the proliferation rate, probably by acceler-
ating parasite metabolism in comparison with the wild type.
Moreover, by growing faster, the overexpressors burst the cells
before the differentiation of amastigotes back to trypomastigotes.
Perhaps the low levels of TcSir2rp3 in amastigotes guarantee full
differentiation due to a more controlled replication rate. Accord-
ingly, these effects were not observed when we performed the
assays with metacyclic trypomastigotes derived from TcSir2rp3-
H113Y, indicating that the deacetylase activity was involved in
these processes. In addition, the overexpression of the mutated
form decreased the invasion and intracellular multiplication rela-
tive to those of the controls. This pronounced effect might be due
to the low expression levels of endogenous protein in metacyclic
trypomastigote and amastigote forms of the parasite in which the
overexpression of a mutated version of the protein acted as a dom-
inant negative in these forms, perhaps by competing with protein
substrates and cofactors, such as NAD™.

The key role of sirtuins in the regulation of vital cellular pro-
cesses in T. cruzi supports their use as targets for drug develop-
ment, as proposed recently (23, 59-61). Here, we used salermide,
a specific sirtuin inhibitor that had been tested for treatment of
some kinds of cancers in vitro and in vivo, with high efficacy (39).
Salermide impaired epimastigote proliferation and differentiation
to infective forms. This effect was observed in vitro and in vivo. We
were able to detect a reduction in amastigotes after 48 h posttreat-
ment of cell infection in vitro by using concentrations that have
little effect on host cells. This in vitro effect was more pronounced
when treating the cells just after cell invasion, when the trypomas-
tigotes still express large amounts of TcSir2rp3, and before the
differentiation into amastigotes. We also obtained a reduction in
parasitemia with treatments at doses lower than the ones shown to
be effective for eliminating cancer cells in vivo, without side effects
in the mice. However, we could not prevent mortality with the
employed doses, arguing that further developments are required
to obtain more-potent sirtuin inhibitors for T. cruzi. Importantly,
the concentration of salermide required to inhibit differentiation
is much lower than the ones required for growth. This might be
due to deacetylation, which might be triggered by stress responses
through the activation of the above-mentioned enzymes, also sug-
gesting that sirtuin inhibitors could be used in combination with
other drugs.

Salermide might act also on TcSir2rpl and TcSir2rp3, with
opposite effects. Therefore, it would be important to develop
more specific and safe inhibitors. In this sense, we have initially
expressed a recombinant and active form of TcSir2rp3 and
showed that it might be inhibited by salermide at doses much
lower than those used to inhibit the human enzyme. This finding
might indicate that TcSir2rp3 is the target of salermide in T. cruzi.
Several sirtuin inhibitors have recently been developed, aiming to
obtain highly specific inhibitors for each one of the sirtuins (62,
63). Therefore, it would be possible to develop more potent inhib-
itors to T. cruzi sirtuins.

In conclusion, in this work, we demonstrated for the first time
the involvement of sirtuins in the control of several cellular pro-
cesses in all parasite forms and extend the opportunity to explore
sirtuins with specificity toward each one of the T. cruzi enzymes as
promising drug targets for Chagas disease treatment.
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