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Abstract

Background

Trypanosoma cruzi is a protozoan pathogen responsible for Chagas disease. Current thera-
pies are inadequate because of their severe host toxicity and numerous side effects. The
identification of new biotargets is essential for the development of more efficient therapeutic
alternatives. Inhibition of sirtuins from Trypanosoma brucei and Leishmania ssp. showed
promising results, indicating that these enzymes may be considered as targets for drug dis-
covery in parasite infection. Here, we report the first characterization of the two sirtuins pres-
entin T. cruzi.

Methodology

Dm28c epimastigotes that inducibly overexpress TcSIR2RP1 and TcSIR2RP3 were con-
structed and used to determine their localizations and functions. These transfected lines
were tested regarding their acetylation levels, proliferation and metacyclogenesis rate, via-
bility when treated with sirtuin inhibitors and in vitro infectivity.

Conclusion

TcSIR2RP1 and TcSIR2RP3 are cytosolic and mitochondrial proteins respectively. Our
data suggest that sirtuin activity is important for the proliferation of T. cruzi replicative forms,
for the host cell-parasite interplay, and for differentiation among life-cycle stages; but each
one performs different roles in most of these processes. Our results increase the knowledge
on the localization and function of these enzymes, and the overexpressing T. cruzi strains
we obtained can be useful tools for experimental screening of trypanosomatid

sirtuin inhibitors.
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Author Summary

Sirtuins are a family of deacetylases, evolutionary conserved from bacteria to mammals.
They participate in the regulation of a wide range of nuclear, cytoplasmic and mitochon-
drial pathways, and are considered pro-life enzymes. In the last years the search for sirtuin
inhibitors was a very active field of research, with potential applications in a large number
of pathologies, including parasitic diseases. We are interested in the study of the two sir-
tuins present in the protozoan parasite Trypanosoma cruzi, being our objective to under-
stand their function. First, we determined the localization of these enzymes in the parasite:
TcSIR2RP1 is a cytoplasmic enzyme and Tc¢SIR2RP3 localizes in the mitochondrion.
When we overexpress cytoplasmic TcSIR2RP1, the transgenic parasites differentiate to
metacyclic trypomastigotes and infect mammalian cells more efficiently. In contrast, the
overexpression of mitochondrial TcSIR2RP3 does not affect metacyclogenesis but modifies
epimastigotes growth and slightly increases the proliferation of the parasite in the intracel-
lular stage. We also used these transgenic lines to test their sensibility to previously de-
scribed sirtuin inhibitors.

Introduction

Acetylation is a ubiquitous protein modification present in prokaryotic and eukaryotic cells
that participates in the regulation of many cellular processes. A limited set of acetyltransferases
and deacetylases, and of the acetyl-lysine “reading” domain (bromodomain) are the principal
components of the acetylation/deacetylation machinery. Among them, protein deacetylases are
enzymes that catalyze the removal of acetyl groups from the e-amino group of lysine residues
and are classified into four classes. Sirtuins, the class IIT (NAD*-dependent) protein deacety-
lases, are homologous to the yeast transcriptional repressor, Sir2 [1]. Sir2, as well as all sirtuins,
deacetylates lysine residues in a unique chemical reaction that consumes nicotinamide adenine
dinucleotide (NAD™) and generates nicotinamide, O-acetyl-ADP-ribose (OAADRr), and the
deacetylated substrate [2].

Saccharomyces cerevisiae Sir2, the founding member of the group, is a histone deacetylase
(reviewed in [3]) involved in a range of chromatin-mediated processes; namely, gene silencing
at telomeres and mating-type loci, DNA repair [4-5], suppression of recombination within ri-
bosomal DNA (rDNA)[6], DNA replication [7], chromosome stability [8] and plasmid segre-
gation [9]. However, the identification and characterization of new members of this protein
family in other organisms led to the discovery of more diverse functions and localizations. It is
now recognized that sirtuins remove acetyl groups from lysines in nuclear, cytosolic and mito-
chondrial protein substrates [10]. Sirtuins are evolutionarily conserved enzymes present in all
kingdoms of life, ranging from bacteria to higher eukaryotes including humans. Members of
this family share a core domain of ~250 amino acids that exhibits 25-60% sequence identity
between different organisms. Genes coding for seven sirtuins (SIRT 1-7) have been found in
the human genome, with subcellular distribution, substrate specificity, and cellular functions
quite diverse [11].

Trypanosoma cruzi is a hemoflagellate protozoan parasite, branched early from the eukaryal
lineage. It is an intracellular pathogen responsible for Chagas’ disease, or American Trypanoso-
miasis, a chronic infectious disease affecting 8 million people [12]. While Chagas disease is en-
demic in Latin America, a significant increase in confirmed cases of Chagas has recently been
reported in the USA, Canada, Japan, Australia and Europe, indicating that it is an emerging
disease [13]. Current therapies rely on a very small number of drugs, most of which are
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inadequate because of their severe host toxicity and numerous side effects. The identification of
new biotargets is essential for the development of more efficient therapeutic alternatives. The
structural basis for inhibition of sirtuins has been established through previous structural and
functional studies [14-17]. Involvement of sirtuins in the cell cycle strongly suggests a role for
these enzymes in cancer and the potential use of their inhibitors as anticancer drugs [18]. In
addition, inhibition of sirtuins from Trypanosoma brucei and Leishmania ssp. showed promis-
ing results, indicating that these enzymes may be considered as targets for drug discovery in
parasite infection [19-22].

T. cruzi belongs to the Kinetoplastida order, Trypanosomatidae family, as well as Trypano-
soma brucei and Leishmania ssp., and together they are termed TriTryps. Genes encoding
three Sir2 related proteins (SIR2RPs) were found in the TriTryps. The trypanosomatid genes
were designated SIR2-related proteins, SIR2RP1-3. A previous phylogenetic analysis places
SIR2RP1 in a group with ScSir2, HsSIRT1 and HsSIRT2, while SIR2RP2 and SIR2RP3 are
more closely related to bacterial proteins and to HsSIRT4 and HsSIRTS5 respectively [23]. How-
ever, a more recent extensive analysis places SIR2RP1 in the sirtuins subgroup Ib, together with
cytoplasmic HsSIRT2, and is now clearly differentiated from the nuclear HsSIRT1 [24].

SIR2RP1 from several Leishmania species and all three SIR2RPs from T. brucei have been
characterized [16, 23]. SIR2RP1 is found in cytoplasmic granules in different stages of L. major,
L. infantum and L. amazonensis; and, under certain conditions, it is observed in the excreted/
secreted fraction [25-27]. LiSIR2RP1 is also found associated with the cytoskeleton network
and deacetylates a-tubulin, a function that resembles that of human SIRT2 and HDACS. In
contrast, TWSIR2RP1 is a nuclear chromosome-associated protein. It is expressed throughout
T. brucei life cycle, catalyses NAD*-dependent ADP ribosylation and deacetylation of histones
and in the mammalian-infective bloodstream-stage controls DNA repair and repression of
RNA polymerase I-mediated expression immediately adjacent to telomeres [16, 23].
TBSIR2RP2 and 3 localize in the single mitochondrion of the parasite and it was reported that
their interference do not produce growth or differentiation defects. In Trypanosoma cruzi, the
gene coding for SIR2RP2 is lacking. This general landscape suggests that in spite of their se-
quence similarity, sirtuin variants from TriTryps have evolved to different functions.

Here, we report the first characterization of the two sirtuins present in 7. cruzi. In epimasti-
gotes, TcSIR2RP1 localizes in the cytoplasm while TcSIR2RP3 localizes to the parasite’s single
mitochondrion. Overexpression of TcSIR2RP1 causes no alteration to epimastigote growth,
but it increases the number of trypomastigotes obtained in in vitro metacyclogenesis and the
infectivity rate of Vero cells. In contrast, overexpression of TcSIR2RP3 slightly decreases epi-
mastigote growth and the infectivity rate of Vero cells, it does not affect the in vitro differentia-
tion to metacyclic trypomastigotes, and it increases the proliferation rate of intracellular
amastigotes. Finally, overexpression of either of these sirtuins protects the parasite from the ef-
fect of sirtuin inhibitors.

Materials and Methods
Ethics statement

All experiments were approved by the Institutional Animal Care and Use Committee of the
School of Biochemical and Pharmaceutical Sciences, National University of Rosario (Argen-
tina) (File 6060/227) and conducted according to specifications of the US National Institutes of
Health guidelines for the care and use of laboratory animals. Rabbits were only used for the
production of polyclonal antibodies. The rabbits were immunized three times with the protein
and an equal volume of Freund s adjuvant, and bled two weeks after the final injection [28].
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Molecular cloning of T. cruzi sirtuins

TcSIR2RP1 and TcSIR2RP3 genes were amplified using the following oligonucleotides:
SIR2RP1ss (5 AAAGGATCCATGAATCAAGATAACGCCAAC), SIR2RP1HAas (5
AACTCGAGAGCATAATCCGGCACATCATACGGATATTTTCGGT CTGTCAG),
SIR2RP3ss (5> AAGGATCCATGAAGCCGCGGCGTCAGAT) and SIR2ZRP3HAas (5
AACTCGAGAGCATAATCCGGCACATCATACGGATACACCGCGT CTTGAAG). DNA
purified from T. cruzi epimastigotes was used as template. The PCR products obtained with a
proofreading DNA polymerase were inserted into pCR2.1-TOPO vector (Invitrogen) and se-
quenced. TcSIR2RP1 and TcSIR2RP3 coding regions were inserted into a pENTR3C vector
(Gateway system Invitrogen) using the BamHI/Xhol restriction sites included in the oligonu-
cleotides (underlined) and then transferred to pDEST17 (Gateway system Invitrogen) and
pTcINDEX-GW vectors by recombination using LR clonase II enzyme mix (Invitrogen). The
pDEST17 constructs were transformed into Escherichia coli BL21 pLysS and recombinant pro-
teins, fused to a six histidine tag, were obtained by expression-induction with 0.5 mM IPTG for
5 h at 37°C. The proteins were purified by affinity chromatography using a Ni-NTA agarose
resin (Qiagen) following the manufacturer’s instructions.

Polyclonal antibodies

Rabbit polyclonal antisera against TcSIR2RP1 and TcSIR2RP3 were obtained by inoculating
subcutaneously the recombinant proteins to these animals as described above.

Parasite cultures

T. cruzi epimastigote forms (Dm28¢ strain) were cultured at 28°C in liver infusion tryptose
(LIT) medium (5 g/L liver infusion, 5 g/L bacto-tryptose, 68 mM NaCl, 5.3 mM KCI, 22 mM
Na,HPOy,, 0.2% (w/v) glucose and 0.002% (w/v) hemin) supplemented with 10% (v/v) heat-in-
activated FCS, 100 U/ml penicillin and 100 mg/l streptomycin. Cell viability was assessed by di-
rect microscopic examination.

Transfection of epimastigotes

For inducible expression of Sir2rp1-3 genes in the parasite, we first generated a cell line express-
ing T7 RNA polymerase and tetracycline repressor genes by transfecting epimastigotes with the
plasmid pLew13 using a standard electroporation method. Briefly, epimastigote forms of T.
cruzi Dm28¢ were grown at 28°C in LIT medium, supplemented with 10% FCS, to a density of
approximately 3 x 107 cells/ml. Parasites were then harvested by centrifugation at 2,000 x g for
5 min at room temperature, washed once in PBS and resuspended in 0.35 ml of transfection
buffer pH 7.5 (0.5 mM MgCl,, 0.1 mM CaCl, in PBS) to a density of 1 x 10® cells/ml. Cells were
then transferred to a 0.2 cm gap cuvette (Bio-Rad) and ~50 pg of DNA was added in a final vol-
ume of 40 pl. The mixture was placed on ice for 15 min and then subjected to 2 pulses of 450 V
and 500 uF using GenePulser II (Bio-Rad, Hercules, USA). After electroporation, cells were
transferred into 3 ml of LIT medium containing 10% FCS, maintained at room temperature for
15 minutes and then incubated at 28°C. Geneticin (G418; Life Technologies) was added at a con-
centration of 200 ug/ml, and parasites were incubated at 28°C. After selection, transfected epi-
mastigotes were grown in the presence of 200 pg/ml of G418. This parental cell line was then
transfected with pTcINDEX-GW constructs and transgenic parasites were obtained after 3
weeks of selection with 100 pg/ml G418 and 200 pg/ml Hygromycin B (Sigma).
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In vitro metacyclogenesis

To obtain metacyclic trypomastigotes, epimastigotes were differentiated in vitro following the
procedure described by Contreras and coworkers [29] using chemically defined conditions
(TAU3AAG medium). Briefly, cells were washed with PBS and incubated in TAU medium
(190 mM NaCl, 17 mM KCl, 2 mM MgCl,, 2mM CaCl,, 8 mM phosphate buffer pH 6.0) in the
absence or presence of 0.25 pg/ml Tetracycline, reaching a density of 5 x 10° parasites/ml at
28°C for 2 hours. Then they were diluted 1:100 in TAU3AAG Medium (TAU medium plus
10 mM Glucose, 2 mM L-Aspartic Acid, 50 mM L-Glutamic Acid and 10 mM L-Proline) and
incubated at 28°C for 72 hours, again in the absence or presence of Tetracycline. Finally, the
parasites were fixed, stained with Giemsa, visualized with a Nikon Eclipse Ni-U microscope
and counted using ImageJ software [30]. Only parasites with a fully elongated nucleus and a
round kinetoplast at the posterior portion end of the parasite were considered metacyclic
forms [31]. Five hundred parasites from each triplicate were counted and the experiment was
repeated tree times.

Trypanosoma cruzi infection of Vero cells

Vero cells were cultured in DMEM medium (Life Technologies), supplemented with 2 mM L-
glutamine, 10% FCS, 100 U/ml penicillin and 100 pg/ml streptomycin.

Metacyclic trypomastigotes were obtained by spontaneous differentiation of epimastigotes
at 28°C. Cell-derived trypomastigotes were obtained by infection with metacyclic trypomasti-
gotes of Vero cell monolayers. After two rounds of infections, the cell-derived trypomastigotes
were used for the infection and intracellular amastigotes proliferation experiments. Trypomas-
tigotes were collected by centrifugation of the supernatant of previously infected cultures at
2,000 x g at room temperature for 10 minutes and incubated for 3 hours at 37°C in order to
allow the trypomastigotes to move from the pellet into the supernatant. After this period, the
supernatant was collected and trypomastigotes were counted in a Neubauer chamber. The pu-
rified trypomastigotes were pre-incubated in the presence or absence of 0.25 pg/ml Tetracy-
cline for 3 hours and then used to infect new monolayers of Vero cells at a ratio of 10 parasites
per cell. After 6 h of infection at 37°C, the free trypomastigotes were removed by successive
washes using saline solution. Cultures were incubated in complete medium with or without
Tetracycline (0.25 pug/ml) for 2 days post-infection. Infections were performed in DMEM sup-
plemented with 2% FCS. Cells were then fixed in methanol and the percentage of infected cells
and the mean number of amastigotes per infected cell, were determined by counting the slides
after Giemsa staining using a Nikon Eclipse Ni-U microscope, by counting ~1000 cells per
slide. The significances of the results were analyzed by a two-way ANOVA using GraphPad
Prism version 6.0 for Mac. Results are expressed as means + SEM of triplicates, and represent
one of three independent experiments performed.

Protein extracts

Exponentially growing epimastigotes were washed twice with cold PBS, pellets were resus-
pended in urea lysis buffer (8 M Urea, 20 mM Hepes pH 8, 1 mM phenylmethylsulphonyl fluo-
ride (PMSF), and Protease Inhibitor Cocktail set I, Calbiochem), incubated at room
temperature for 20 minutes and boiled for 5 minutes with protein loading buffer. Insoluble de-
bris was eliminated by centrifugation. The same procedure was applied to amastigote and try-
pomastigote cellular pellets.
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Subcellular fractionation by differential centrifugation

Transfected Dm28¢ epimastigotes in exponential growth phase were centrifuged for 10 min at
2,000 x g and washed twice in homogenization buffer (25 mM Tris-HCl pH 8, 1 mM EDTA,
0.25 M sucrose, 1 mM PMSF). Subcellular fractions were obtained following the procedure de-
scribed by Opperdoes and coworkers [32]. The parasites were grinded in a pre-chilled mortar
with 1 x wet weight silicon carbide until no intact cells were observed under the light micro-
scope. The lysate was diluted and centrifuged at 100 x g for 10 min to remove the silicon car-
bide. Unbroken cells, nuclei and debris were sedimented at 1,000 x g for 10 min (Fraction N).
From the resulting soluble extract a large-granule fraction (LG) was separated at 5,000 x g for
15 min, a small-granule fraction (SG) at 20,000 x g for 20 min and microsomal fraction (M) at
139,000 x g for 1 h. All the sediments were resuspended in urea lysis buffer.

Western blot

Protein extracts were fractioned in SDS-PAGE and transferred to nitrocellulose membranes.
Transferred proteins were visualized with Ponceau S. Membranes were treated with 10% non-
fat milk in PBS for 2 hours and then incubated with specific antibodies diluted in PBS for 3
hours. Antibodies used were: rat monoclonal anti-HA (ROCHE), rabbit polyclonal anti-
TcSIR2RP1 and anti- TcSIR2RP3, rabbit polyclonal anti-Acetyl-lysine (Millipore), mouse
monoclonal anti-acetylated o-tubulin clone 6-11B-1 (Sigma Aldrich), mouse monoclonal anti-
trypanosome o.-tubulin clone TAT-1, rabbit polyclonal anti-T. cruzi mitochondrial Malate De-
hydrogenase (TcMDHm), rabbit and mouse polyclonal anti-T. cruzi Tyrosine Amine Transfer-
ase (TcTAT), mouse polyclonal anti-T. cruzi Aspartate Transaminase (TcASAT) and rabbit
polyclonal anti-T. cruzi Bromodomain Factor 2 (TcBDF2). Bound antibodies were detected
using peroxidase labeled anti-mouse, anti-rabbit IgGs (GE Healthcare) or anti-rat IgG
(Thermo Scientific) and developed using ECL Prime kit (GE Healthcare) according to
manufactures protocol.

Immunocytolocalization

Trypomastigotes and exponentially growing epimastigotes were centrifuged, washed twice in
PBS, settled on polylisine-coated coverslips and fixed with 4% para-formaldehyde in PBS at
room temperature for 20 minutes. For the mitochondrial staining, parasites were resuspended
in PBS and incubated with 1 uM MitoTracker (Invitrogen) for 30 minutes at 28°C, washed
twice in PBS and fixed with 4% para-formaldehyde. Fixed parasites were washed with PBS and
permeabilized with 0.1% Triton X-100 in PBS for 10 minutes. After washing with PBS, para-
sites were incubated with the appropriate primary antibody diluted in 5% BSA in PBS for 2
hours at room temperature. In colocalization experiments both antibodies were incubated to-
gether. Non-bound antibodies were washed with 0.01% Tween 20 in PBS and then the slides
were incubated with fluorescent-conjugated anti-mouse (FITC, Jackson Immuno Research) or
anti-rat (FITC, Life Technologies) and anti-rabbit (Cy3, Life Technologies) IgG antibodies and
2 ug/ml of DAPI for 1 hour. The slides were washed with 0.01% Tween 20 in PBS and finally
mounted with VectaShield (Vector Laboratories). To analyze intracellular amastigotes, Vero
cells monolayers were grown on coverslips and infected with T. cruzi trypomastigotes as de-
scribed above. Two days post-infection cultures were washed with PBS and fixed with metha-
nol at room temperature for 3 minutes. The same procedure described above was followed for
immunodetection. Images were acquired with a confocal Nikon Eclipse TE-2000-E2 micro-
scope using Nikon EZ-C1 Software. Adobe Photoshop CS and Image]J software were used to
process all images.
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Treatment of T. cruzi epimastigotes with sirtuin inhibitors

To determine the ICs, values of the sirtuin inhibitors, epimastigotes of T. cruzi Dm28c strain
were cultured at 28°C in liver infusion tryptose medium (LIT) supplemented with 10% FCS in
the absence or presence of Nicotinamide, Cambinol and Ex-527 (Sigma) at various concentra-
tions, in triplicates. Cell growth was determined after culture for 72 hours by counting viable
forms in an automatized hemocytometer adapted to count epimastigotes (WL 19 Counter AA,
Weiner Lab). Then, Dm28c¢ wt, Dm28¢ pTcINDEXGW-SIR2RP1HA and Dm28¢ pTcIN-
DEXGW-SIR2RP3HA strains (uninduced and induced with 0.5 pg/ml Tetracycline), were cul-
tured at 28°C in LIT with FCS in the absence or presence of the sirtuin inhibitors at
concentrations above their ICs, values.

Statistical analysis

Experiments were performed in triplicate, and at least three independent experiments were
performed. Data are presented as the mean + SEM. Statistical analysis of the data was carried
out using two-way ANOV A and unpaired Mann-Whitney, two-tailed Student t test. Differ-
ences between the experimental groups were considered significant as follows: p<0.05 (*),
p<0.005 (**), p<0,001 (***) and p<0.0001 (****). To determine the IC5, values, we used non-
linear regression on Prism 6.0 GraphPad software. Student’s t test was applied to ascertain the
statistical significance of the observed differences in the ICs, values.

Results
Identification of Sir2 homologs in Trypanosoma cruzi

Two protein coding sequences (TcCLB.507519.60 and TcCLB.506559.80) corresponding to
Sir2 related proteins were identified in the T. cruzi genome, termed TcSIR2RP1 and TcSIR2RP3
respectively (http://www.tritrypdb.org/tritrypdb/). TcSir2rp1 and TcSir2rp3 encode proteins of
359 and 241 amino acids, with predicted molecular weights of ~ 39.6 and 26.8 kDa and pIs of
6.39 and 6.51, respectively. The alignment of T. cruzi sirtuins with human SIRTs and ScSir2 (S1
Fig) shows that although TcSIR2RPs lack the N-terminal portion, which is required for nucleo-
lar localization in ScSir2, they contain a complete catalytic domain (Pfam: PF02146). SIR2RP1
contains a Serine-rich motif towards the C-terminus and one of the Cys residues from the
zinc-binding motif (CX,CX,,CX,C type) is absent in SIR2RP3. The GAD and NID motifs as
well as other residues important for catalysis are conserved (HG, arrowheads in S1 Fig). The
catalytic domain of TcSIR2RP1 and TcSIR2RP3 share a sequence identity/similarity of 17.5%/
26.3% with each other and 23.1%/33.9% and 20.8%/ 33.7% with ScSIR2 respectively. Similarly
to what Greiss and Gartner observed [24], TcSIR2RP1 grouped with the cytoplasmatic human
SIRT2 whereas TcSIR2RP3 is more related to mitochondrial HsSIRT5 and bacterial sirtuins (S2
Fig). Despite the discrepancies observed for each sirtuin from different Tritryp species regard-
ing their localization and function, they seem to be conserved at the sequence level.

In order to evaluate TcSIR2RP1 and TcSIR2RP3 expression in T. cruzi, antibodies were
raised against the recombinant proteins and purified by affinity chromatography. After con-
firming the specificity of the antibodies (S3 Fig showed a single band of the expected molecular
weights), they were used in Western blots to test total lysates of epimastigotes, amastigotes and
trypomastigotes. As can be observed in Fig 1, the expression of sirtuins is developmentally reg-
ulated throughout T. cruzi life cycle. TcSIR2RP1 shows similar expression levels in epimasti-
gotes and amastigotes, but lower in trypomastigotes. TcSIR2RP3 expression levels are higher in
epimastigotes than in amastigotes and it is not detected in trypomastigotes under the
conditions assayed.
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Fig 1. The expression of sirtuins is developmentally regulated. Equal amounts of parasite lysate from
epimastigotes (E), amastigotes (A) and trypomastigotes (T) were loaded on SDS-PAGE followed by (A)
Coomassie staining or (B) western blot analysis using the following antibodies: anti-TcSIR2RP1, anti-
TcSIR2RP3 and anti-Tubulin as load control.

doi:10.1371/journal.pntd.0003725.9001

Inducible expression of sirtuins in T. cruzi

Overexpression of TcSIR2RP1 and TcSIR2RP3 enzymes was performed using the T. cruzi in-
ducible vector pTcINDEXGW [33]. Epimastigote cell lines expressing each sirtuin with a C-ter-
minal HA tag under the control of a Tetracycline-regulated promoter were generated
(Materials and Methods). The induction of the expression by Tetracycline was tested by west-
ern blot (Fig 2A and 2B) and immunofluorescense (Fig 2C). Western blot analysis of whole-
cell extracts with rat monoclonal anti-HA antibodies revealed the expression of both constructs
after the addition of Tetracycline, at their expected molecular weights. No leaky expression was
observed in the uninduced parasite lines (Fig 2A). The western blots with the specific antibod-
ies against TcSIR2RP1 and TcSIR2RP3 show a high degree of overexpression (20-fold) in the
induced lines (Fig 2B). We also tested the inducible expression of the sirtuins in intracellular
amastigotes and trypomastigotes by western blot of total lysates (Fig 3A) and immunofluores-
cense (Fig 3B) with anti-HA (quantification of results from Fig 3A are shown in S4 Fig). The
tagged sirtuins are expressed only in the presence of Tetracycline, throughout T. cruzi

life cycle.

TcSIR2RP1 is a cytosolic protein and TcSIR2RP3 is mitochondrial

Different technical approaches were performed to determine the localization of TcSIR2RPs,
using the specific antibodies raised in rabbit against the two recombinant proteins and com-
mercial anti-HA monoclonal antibodies. Confocal immunocolocalization microscopies per-
formed with cytosolic (anti-TAT) [34] and mitochondrial (MitoTracker) markers, together
with anti- Tc¢SIR2RP1 and anti- Tc¢SIR2RP3, showed that T¢SIR2RP1 co-localizes with TAT (cy-
tosol) and TcSIR2RP3 with MitoTracker (Fig 4A). In parallel, the subcellular distribution of
tagged sirtuins was analyzed by immunofluorescense of induced epimastigotes of each cell line
with cytosolic (anti-TAT) and mitochondrial (anti-MDHm) markers together with anti-HA
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Fig 2. Inducible expression of sirtuins in epimastigotes. Equal amounts of parasite total lysate from each line (pTcINDEXGW-SIR2RP1HA and
pTcINDEXGW-SIR2RP3HA) in the absence (-) or presence (+) of 0.25 pg/ml Tetracycline for 24 hours, were loaded on SDS-PAGE and stained with
Coomassie (left panel), followed by western blot analysis using rat anti-HA monoclonal antibodies (A), or mouse anti-Tubulin and specific rabbit polyclonal
antibodies against TcSIR2RP1 and TcSIR2RP3 (B). The degree of overexpression observed with the specific antibodies were quantified and normalized to
a-tubulin intensity. (C) Immunofluorescence microscopy of uninduced and induced (0.25 pg/ml Tetracycline, 24 hours) parasites using rat anti-HA and FITC-
conjugated anti-rat antibodies (green). DNA was stained with DAPI (blue).

doi:10.1371/journal.pntd.0003725.9002

(Fig 4B). As can be observed in Fig 4B, SIR2RP1-HA colocalized with TAT and SIR2RP3-HA
with MDHm, supporting the results obtained with specific antibodies.

To study in further detail their localizations, we performed subcellular fractionation by dif-
ferential centrifugation of the transfected lines. The fractions obtained were analyzed by west-
ern blot with different subcellular markers (cytosolic TAT, mitochondrial MDH and nuclear
BDEF2 [35]), and with anti-HA (Fig 4C). The nuclear marker was enriched in fraction N, the
mitochondrial marker in fractions N and LG, and the cytosolic marker in fraction §, as re-
ported by Opperdoes et al [32]. In agreement with our previous results, SIR2ZRP1-HA exhibits
a cytosolic pattern while SIR2RP3-HA exhibits a mitochondrial one.

Deacetylation activity of TcSIR2RPs

To test the deacetylation activity of TcSIR2RPs, we performed western blot of uninduced and
induced total lysates of each cell line with anti- Acetyl-lysine antibodies. Fig 5A shows the
amount of protein loaded for each condition. Overexpression of both sirtuins reduced the
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Fig 3. Sirtuins inducible expression throughout T. cruzi life cycle. (A) Western blot analysis. Equal amounts of parasite lysate from epimastigotes (E),
amastigotes (A) and trypomastigotes (T) in the absence (-) or presence (+) of 0.25 pg/ml Tetracycline for 24 hours were loaded on SDS-PAGE followed by
western blot analysis using rat anti-HA monoclonal antibodies. (B) Immunofluorescence confocal microscopy of induced (0.25 pg/ml Tetracycline, 24 hours)
parasites using rat anti-HA, FITC-conjugated anti-rat antibodies (green), and DAPI (blue). Scale bar: 5 ym.

doi:10.1371/journal.pntd.0003725.9003

acetylation levels of specific proteins (Fig 5B). The differentially acetylated proteins are de-
picted with arrowheads. It is worth noticing that the deacetylated proteins are different for
each overexpressed sirtuin.

Alpha-tubulin is one of the most abundant acetylated proteins in trypanosomes. In fact, the
rate of acetylated/non-acetylated o-tubulin in trypanosomatids is higher than in other eukary-
otic cells like yeast or mammalian cells [36-37]. To test if any of the TcSIR2RPs can deacetylate
o-tubulin, we measured acetylated o—tubulin in uninduced and induced parasites by western
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of the induced lines obtained by differential centrifugation. Equal amounts of each fraction were loaded on SDS-PAGE (left panel) followed by western blot
with anti-TAT (cytosolic marker), anti-MDHm (mitochondrial marker), anti-BDF2 (nuclear marker) and anti-HA. N, nucleus; LG, large granules; SG, small
granules; M, microsomes; S, final supernatant.

doi:10.1371/journal.pntd.0003725.9004

blot analysis. When normalized to total a-tubulin, the results reflect significant diminutions of
the acetylated form of the protein of 27% and 35% in TcSIRZRP1HA and TcSIR2RP3HA over-
expressing lines respectively (Fig 5C). As already mentioned, deacetylation of o-tubulin medi-
ated by SIR2RP1 was reported in Leishmania. However, even though our results are very
confident, we consider that we cannot be conclusive enough to assign to TcSIR2RP1 nor to
TcSIR2RP3 the function of being the T. cruzi tubulin deacetylase. The observed hypoacetyla-
tion could be an unspecific result due to the overexpression of a sirtuin. Furthermore, it has
been demonstrated that in mammalian cells, tubulin is deacetylated not only by SIRT2, but
also by the non-sirtuin deacetylase HDAC6 [38]. Since there are more than one deacetylases
with similarity to HDAC6 in trypanosomatids, a deeper study of the whole set of deacetylase
enzymes is needed to determine the most relevant tubulin deacetylase in this organism.

TcSIR2RP3 overexpression alters T. cruzi epimastigote growth

We monitored the effect of sirtuins overexpression on epimastigote growth by counting cell
numbers daily after protein induction. Fig 6 shows that Dm28c TcSIR2ZRP1HA cell line grew at
similar rates in the absence and presence of Tetracycline (which was re-added every 5 days),
but those harboring TcSIR2ZRP3HA showed a delay in the growth rate when induced. Even
more surprising is the fact that the TcSIRZRP3HA expressing line reached stationary phase at a
smaller number of parasites per ml. This culture continues in a stationary phase for the same
period of time as the uninduced line. This phenomenon needs to be further studied in order to
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Fig 5. Overexpression of sirtuins changes the acetylation pattern in epimastigotes. Equal amounts of parasite lysate from each line in the absence (-,
white bars) or presence (+, grey bars) of 0.25 pg/ml Tetracycline 24 hours post induction, were loaded on SDS-PAGE (A) followed by Western blot analysis
using rabbit anti-Acetyl-lysine (B) and mouse anti-Tubulin and anti-Acetylated Tubulin antibodies (C). The deacetylated proteins in the anti-Acetyl-lysine
western blot are depicted with black arrowsheads. The intensity of the acetylated-tubulin bands was quantified from n = 3 independent experiments and
normalized to a-tubulin intensity. The bar graph represents the mean + SEM; * p<0.05, ** p<0.005 (unpaired, two-tailed Student t test).

doi:10.1371/journal.pntd.0003725.9005
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Fig 6. Effect of the overexpression of sirtuins on the growth rate of epimastigotes. Growth curves of epimastigotes transfected with pTcINDEXGW-
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re-added every 5 days) counted daily during 15 days. Results are representative of three independent experiments.

doi:10.1371/journal.pntd.0003725.9006

be completely understood, and the existence of a quorum sensing mechanisms recently de-
scribed in T. brucei opens a novel possibility of interpretation [39].

Sirtuins overexpression protects the parasite from the effect of sirtuin
inhibitors

Sirtuins are considered as fundamental life sustaining biocatalysts and under various condi-
tions were found to be pro-survival [40]. Therefore, there is an increasing interest in sirtuins as
therapeutic targets. Several structures of complexes involving sirtuins and their inhibitors have
been reported [17, 41]. In this work, we tested three sirtuin inhibitors: Nicotinamide (NAM)
[42], Cambinol and Ex-527 [43]. All of them inhibited T. cruzi Dm28¢ epimastigotes growth in
a concentration-dependent manner in axenic cultures. The ICs, values obtained for each inhib-
itor are shown in Table 1. Ex-527 ICs; (206.2 pM) is significantly higher compared to the other
tested sirtuin inhibitors. Since, Ex-527 is a potent and selective HsSIRT1 inhibitor, with a re-
ported ICsq of 0.1-1 uM [43], the low toxicity we observed might indicate that neither of the
sirtuins present in T. cruzi is related to HsSIRT1, consistent with our phylogenetic analysis. On
the contrary, NAM and Cambinol exhibited ICs, values similar to those obtained for purified

Table 1. IC5¢* values of sirtuin inhibitors on T. cruzi Dm28c epimastigotes.

Nicotinamide Cambinol EX-527
Dm28c wild type 61.33 uM 85.61 uM 206.2 uM
Dm28c SIR2RP1 +Tet 97.58 uM 135.8 uM ND
Dm28c SIR2RP3 +Tet 81.72 uyM 123.1 uyM ND

*|Cso was calculated after 72 hs culture.
ND: not determined.

doi:10.1371/journal.pntd.0003725.t001
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Fig 7. Overexpression of sirtuins protects epimastigotes from the growth defect caused by sirtuin inhibitors. Dm28c wild type (white bars) and
uninduced (grey bars) and induced (black bars) epimastigotes of both transfected lines (Dm28c pTcINDEXGW-TcSIR2RP1HA and TcSIR2RP3HA) were
treated with three sirtuin inhibitors with concentrations above their ICsq values: 75 uM Nicotinamide, 100 uM Cambinol and 250 uM Ex-527. The experiment
was performed in triplicates and cell growth was determined after culture for 72 hours by counting viable forms. The values obtained were normalized to the
wild type growth without inhibitors. The growth rate of each transfected line with inhibitors was compared to the corresponding untreated one. We also
compared the viability of the uninduced and induced overexpressing lines for each sirtuin inhibitor. The bar graph represents the mean + SEM; * p<0.05, **
p<0.005, *** p<0.001 (unpaired, two-tailed Student t test).

doi:10.1371/journal.pntd.0003725.9007

sirtuins of other organisms such as: NAM ICs, for PfSIR2: 51.2 pM [44]; NAM ICs, for
hSIRTS5: 46.6 UM, hSIRT1: 50-100 M, hSIRT3: 30 uM; Cambinol ICs, for hSIRT1: 56 puM,
hSIRT2: 59 uM [45].

We considered the possibility that sirtuin-overexpressing lines might be “protected” or less
sensitive to the sirtuin inhibitors. To test this hypothesis, both parasite lines were treated with
the inhibitors, in the absence and presence of Tetracycline. As seen in Fig 7, overexpression of
sirtuins protects epimastigotes from the growth inhibition of NAM and Cambinol. Moreover,
the treatment with these inhibitors reversed the growth defect of the induced Tc¢SIR2ZRP3HA
cell line. In contrast, Ex-527-driven growth inhibition may be due to a pleiotropic effect and
not to a reduction of the parasite’s sirtuin activities, since the inhibitory effect on trypanosomes
is only observed at high concentrations. We also calculated the ICs, values of NAM and Cam-
binol for the overexpressing strains. The values obtained are shown in Table 1, as expected they
are higher than for the wild type parasites.

TcSIR2RP1 overexpression stimulates the differentiation to metacyclic
trypomastigotes

In vitro metacyclic trypomastigotes were produced from epimastigotes using TAU medium, in
the absence (-Tet) or presence (+Tet) of Tetracycline. TcSIR2RP1 overexpression resulted in a

meaningful increase of metacyclogenesis (59%), whereas TcSIR2RP3 strain showed similar lev-
els of metacyclic trypomastigotes formation in both the induced and uninduced conditions

(Fig 8).
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Fig 8. Overexpression of TcSIR2ZRP1HA affects in vitro metacyclogenesis rate. /n vitro
metacyclogenesis using TAU medium of lines harboring transgenes encoding TcSIR2RP1HA and
TcSIR2RP3HA uninduced (- Tet) or induced (+ Tet) with 0.5 ug/ml Tetracycline. The bar graph represents the
mean = SEM from three independent experiments; **** p<0.0001 (unpaired, two-tailed Student t test).

doi:10.1371/journal.pntd.0003725.9008

Effect of sirtuin overexpression on trypomastigotes infection of
mammalian cells

To study the importance of sirtuins expression in trypomastigotes” infectivity and in the repli-
cative form present inside the mammalian host, we investigated how the transgenic lines in-
duced with Tetracycline performed in vitro for invasion and replication in host cells. First, we
performed the experiment with Dm28c¢ wild type parasites to rule out any undesired effect of
the Tetracycline treatment. Indeed, there was no significant difference in the infectivity rate
nor in the number of amastigotes/cell (S5 Fig). Trypomastigotes were pre-incubated in the
presence or absence of 0.25 pg/ml Tetracycline and NAM (100 uM) and then used to infect
Vero cells at a ratio of 10 parasites per cell. After 6 h of infection at 37°C, the free trypomasti-
gotes were washed out and replaced by complete medium alone or with Tetracycline (0.25 pg/
ml) for 2 days post-infection. Microscopic observation of Vero cells stained with Giemsa
showed that treatment of uninduced T. cruzi trypomastigotes with NAM [(-/-, +NAM) vs
(-/-)] caused a significant reduction in the percentage of infected cells (as previously reported
by Soares and coworkers [42]) (Fig 9A). The overexpression of both sirtuins protected the try-
pomastigotes from the negative effect of NAM [(+/+, +NAM) vs (-/-, +NAM)]. These results
suggest that sirtuin activity is necessary for an effective infection of mammalian cells. To ana-
lyze the effect of sirtuin overexpression on the infectivity rate of trypomastigotes, we focused
on the condition in which the expression was induced only in the trypomastigote stage during
infection (+/-). As can be seen in Fig 9A, overexpression of TcSIRZRP1HA increased the infec-
tivity rate of trypomastigotes [(+/-) vs (-/-)], while overexpression of TcSIR2ZRP3HA slightly di-
minished it [(+/-) vs (-/-)]. To test the effect of sirtuins overexpression on the proliferation of
intracellular amatigotes (Fig 9B), we only added Tetracycline after the infection, when the try-
pomastigotes were washed out, for 48 hours post-infection (-/+). The number of amastigotes
per infected cell is slightly decreased by the overexpression of TcSIR2ZRP1HA, but increased by
TcSIR2RP3HA [(-/+) vs (-/-)]. The reduction in the number of amastigotes per cell observed
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Fig 9. Sirtuin overexpression impacts on Vero cells infection. The infection and the post-infection incubation were performed in the absence or presence
of 0.25 pg/ml Tetracycline: (-/-), Tet was never added to the medium; (+/-), trypomastigotes were pre-treated with Tet for 3 hours prior to infection, and it was
added during the infection but not after; (-/+), trypomastigotes were not induced, Tet was only added for 48 hours post-infection at the amastigote stage; (+/+),
trypomastigotes were pre-treated and Tet was present at all times. The conditions (-/-) and (+/+) were also tested in the presence of 75 pM Nicotinamide

(+ NAM). The percentage of infected cells (A) and the number of amastigotes per cell (B) were determined by counting Giemsa-stained slides using a light
microscope. Results are expressed as means + SEM of triplicates, and represent one of three independent experiments performed. Each condition was
analyzed by unpaired Mann-Whitney two-tailed Student t test with the control (-/-): * p<0.05, ** p<0.005, *** p<0.001. The same statistical analysis was
used to compare uninduced and induced parasites in the presence of NAM (-/-, +NAM and +/+, +NAM): o p<0.05.

doi:10.1371/journal.pntd.0003725.9009

when expression of TcSIR2RP3 was induced during the infection [(+/-) vs (-/-)], might be a
consequence of the diminished infectivity or it might indicate that the overexpression of this
enzyme at the trypomastigote stage results in an inefficient differentiation to amastigotes, thus
delaying the amastigotes” replication. In contrast, when inducing at all times (+/+), the overex-
pression of amastigotes increases the proliferation rate hiding the trypomastigote to amastigote
differentiation delay.

Discussion

We present herein the first experimental characterization of Trypanosoma cruzi sirtuins
TcSIR2RP1 and TcSIR2RP3. The expression of these enzymes is developmentally regulated
throughout T. cruzi life cycle. TcSIR2RP1 is highly expressed in epimastigotes and amastigotes,
but at lower levels in trypomastigotes. On the other hand, TcSIR2RP3 expression levels are
higher in epimastigotes than in amastigotes, and it seems not to be expressed in trypomasti-
gotes. The fact that the two sirtuins are differentially expressed along the life cycle of the para-
site suggests that acetylation levels could play a role in the regulation of the biology of the
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parasite forms. It is remarkable that the life cycle pattern expression of Tetracycline induced/
T7 transcribed sirtuins is similar to those of the wild type enzymes. This observation suggests
that the protein levels could be regulated by a post-transcriptional mechanism independent of
the 3" and 5’ non-coding regions, which are absent in the pTc-INDEX-GW constructions or by
a post-translational mechanism.

Our results clearly demonstrate that TcSIR2RP1 and TcSIR2RP3 are, respectively, cyto-
plasmic and mitochondrial enzymes. These observations were expected, since both proteins
lack the N-terminal portion responsible for the nuclear localization of ScSir2 and other related
sirtuins. However, the possibility that under certain conditions, the trypanosomal sirtuins
could be imported temporarily to the nucleus by an alternative targeting pathway cannot be
completely ruled out. Taken together, our data suggest that sirtuin activity is important for the
proliferation of T. cruzi replicative forms, for the host cell-parasite interplay, and for differenti-
ation among life-cycle stages; but each one performs different roles in most of these processes.

Considering its cellular localization, TcSIR2RP1 seems to be functionally more related to
Leishmania than to T. brucei ortholog, even though TbSIR2RP1 is more similar at the sequence
level (68% identity) than LmSIR2RP1 (55% identity). The fact that T. brucei has a nuclear sir-
tuin that is absent in the other TriTryps can be explained by some well-known differences ex-
isting among these species. TbSIR2RP1 participates at the epigenetic-mediated silencing of
RNA polymerase I-transcribed telomeric regions, but nothing similar occurs in T. cruzi or in
Leishmania. In Plasmodium falciparum, a nuclear sirtuin (PfSIR2A), phylogenetically unrelat-
ed to TbSIR2RP1, is also implicated in telomeric gene silencing. Taken together, these results
suggest that the participation of a sirtuin in histone deacetylation represents the exception, as-
sociated to telomeric gene silencing, rather than the rule of the function of sirtuins in these or-
ganisms, and it could be an example of convergent evolution.

In spite of their cellular localization and way of action, sirtuins are considered pro-survival
regulators of metabolism and lifespan. These general functions are related with the use of NAD
+as substrate, which together with acetyl-CoA, the acetyltransferases substrate, are considered
sensors of the energetic state of the cell. Nuclear sirtuins, like HsSIRT1, regulate transcriptional
response to starvation or redox stress and under certain conditions, cytoplasmic and mito-
chondrial sirtuins are imported to the nucleus with the same purpose (Reviewed in [46]). Since
transcriptional regulation is absent in T. cruzi, it is reasonable to think that only non-nuclear
functions will be found for these enzymes. One of the functions of cytoplasmic HsSIRT2 is to
deacetylate the enzyme phosphoenolpyruvate carboxykinase (PEPCK), increasing its stability,
upon glucose deprivation [47]. Under caloric restriction, human mitochondrial sirtuins may
also regulate gluconeogenesis from amino acids through glutamate dehydrogenase (GDH), an
enzyme that converts glutamate to o-ketoglutarate, thereby controlling glucose production via
the TCA cycle [48-50]. HsSIRT3 and HsSIRT4 modulate the activity of GDH through deacety-
lation and ADP-ribosylation, respectively (even though the existence of gluconeogenesis was
only proved in amastigotes from Leishmania, it was already proposed that this pathway should
be present in all trypanosmatids [51]). Human SIRT3 also decreases reactive oxygen species
(ROS) production by stimulating superoxide dismutase 2 (SOD2), and enhances cellular respi-
ration by increasing the activities of complex I, complex II (via succinate dehydrogenase
(SDH)), complex III and isocitrate dehydrogenase 2 (IDH2), affecting both glucose and lipid
metabolism. Finally, mitochondrial HsSIRT3 stimulates B-oxidation and ketone body forma-
tion by targeting and activating long-chain acyl CoA dehydrogenase (LCAD) and 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (HMGCS2), respectively [52-53]. Although more specific re-
search is needed to determine whether trypanosome sirtuins share these functions, some of our
results can be interpreted under this general rationale: TcSIR2RP1 improves metacyclogenesis,
a differentiation process induced by starvation of the parasites [54-55]. The increased
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infectivity of this strain resembles that observed for LmSIR2RP1 by Sereno and coworkers [56].
As this sirtuin was detected in the excreted/secreted material of parasites, they constructed
LmSIR2RP1-overexpressing fibroblasts, which were more permissive towards Leishmania in-
vasion than control ones. These results suggest a function for parasite cytoplasmic sirtuins at
the host-parasite interplay. However, the secretion of TcSIR2RP1 is yet to be confirmed. In
contrast, TcSIR2RP3 seems not to be implicated in metacyclogenesis or cell infection but im-
proves the replication of intracellular amastigotes, which occurs in an oxidant environment,
suggesting the participation of this enzyme in redox stress response.

The activity of sirtuins in protecting cells from stress and starvation and so improving life
span, led to the establishment of their role in cell proliferation. Currently, many sirtuin inhibi-
tors are being assayed against different types of cancer. Conversely, sirtuin activators are con-
sidered as potential anti-aging drugs. It has also been proposed that sirtuins are promising
targets for the development of anti-trypanosomal, anti-plasmodial and anti-leishmanial drugs
and many well-characterized sirtuin inhibitors have already shown anti-parasitic activity [21-
22,40, 57]. In addition, an in silico structural and surface analysis of trypanosomal and human
sirtuins determined potentially important structural differences in the corresponding inhibitor
binding domains, indicating a possible selectivity of an inhibitor for a specific protein [58]. In a
very recent in silico study, Sacconnay and coworkers [59] assayed a list of 50 phytochemicals
previously described as anti-trypanosomals by docking into TcSIR2RP1 and TcSIRRP3, reveal-
ing that the activity of four of these compounds could be explained by the inhibition of the sir-
tuins activity. The results presented herein, contribute to the knowledge of these enzymes
localization and function, and our TcSIR2ZRP1HA and TcSIR2RP3HA overexpressing T. cruzi
strains can be useful tools for experimental screening of trypanosomatid sirtuin inhibitors.

Supporting Information

S1 Fig. Sirtuin sequence alignment. TcSIR2RP1 and TcSIR2RP3 were aligned with the seven
human sirtuins (HsSIRT1-7) and the Sir2 family founding member (ScSIR2) using ClustalX2.1
and manually edited to highlight conserved and identical aminoacid residues based on BLO-
SUM 62 subsitution matrix data. The absence of the N-terminal sequence in both T. cruzi se-
quences and the characteristic C-terminal Ser-rich tract in TcSIR2RP1 can be noted. The
conservation in the core domain of Sir2 family, particularly the Cys residues from the Zn bind-
ing domain, and the GAG, NID and HG residues are indicated. Arrowheads indicate conserved
critical catalitic and NAD™-binding residues according to crystal structures from other family
members [60-61].

(TIFF)

S2 Fig. Phylogenetic analysis. Unrooted phylogenetic tree of sirtuin sequences from Tritryp
and diferent taxa (Reviewed in [24]). The tree was constructed using the Neighbor-Joining
method with Clustal X2.1, with a random number generator seed of 150 and 5000 Bootstrap
trials. Branch colours are used to show which taxa have sirtuin members for each of the previ-
ously described sirtuin groups. Only Tritryp sirtuins names are indicated.

(TTF)

S3 Fig. Validation of the anti-Tc¢SIR2RP1 and anti-TcSIR2RP3 specificity. Epimastigotes
total lysates were fractioned in SDS-PAGE and transferred to nitrocellulose membranes.
Transferred proteins were visualized with Ponceau S. Membranes were treated with 10% non-
fat milk in PBS for 2 hours and then incubated with anti-TcSIR2RP1 and anti- TcSIR2RP3 rab-
bit polyclonal antibodies diluted 1/100 in 5% non-fat milk in PBS-Tween 0.01% for 16 hours at
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4°C.
(TIF)

$4 Fig. Quantification and normalization of the overexpression of TcSIR2ZRP1HA and
TcSIR2RP3HA throughout T. cruzi life cycle. The anti-HA signal obtained for each develop-
mental form in Fig 3A were quantified using ImageJ and normalized with the total protein load
of its corresponding Coomassie stained lane.

(TIF)

S5 Fig. Effect of Tetracycline treatment on the infection of Dm28¢ wild type parasites. The
infection of Vero cells with wild type trypomastigotes was performed as described in Materials
and Methods. The statistical analysis showed no significant difference.

(TTF)

Acknowledgments

Authors thank Dr. K. Gull for the generous gift of anti-trypanosome o-tubulin clone TAT-1,
Dr. C. Nowiki for the anti-T. cruzi Tyrosine Amino Transferase and anti-mitochondrial Malate
Dehydrogenase, and Dr. Ariel Silber for the anti-T. cruzi Aspartate Transaminase antibodies.
Also special thanks to Rodrigo Vena for the assistance in the acquisition of the confocal
microscopy images.

Author Contributions

Conceived and designed the experiments: CR ECS. Performed the experiments: CR VLA RM.
Analyzed the data: CR VLA RM PC. Contributed reagents/materials/analysis tools: ECS.
Wrote the paper: CR ECS PC VLA.

References

1. Marmorstein R. Structure of histone deacetylases: insights into substrate recognition and catalysis.
Structure. 2001 Dec; 9(12):1127-33. PMID: 11738039

2. North BJ, Verdin E. Sirtuins: Sir2-related NAD-dependent protein deacetylases. Genome Biol. 2004; 5
(5):224. PMID: 15128440

3. Rusche LN, Kirchmaier AL, Rine J. The establishment, inheritance, and function of silenced chromatin
in Saccharomyces cerevisiae. Annu Rev Biochem. 2003; 72:481-516. PMID: 12676793

4. Tsukamoto Y, Kato J, Ikeda H. Silencing factors participate in DNA repair and recombination in Saccha-
romyces cerevisiae. Nature. 1997 Aug 28; 388(6645):900-3. PMID: 9278054

5. Martin SG, Laroche T, Suka N, Grunstein M, Gasser SM. Relocalization of telomeric Ku and SIR pro-
teins in response to DNA strand breaks in yeast. Cell. 1999 May 28; 97(5):621-33. PMID: 10367891

6. Gottlieb S, Esposito RE. A new role for a yeast transcriptional silencer gene, SIR2, in regulation of re-
combination in ribosomal DNA. Cell. 1989 Mar 10; 56(5):771-6. PMID: 2647300

7. Pappas DL Jr., Frisch R, Weinreich M. The NAD(+)-dependent Sir2p histone deacetylase is a negative
regulator of chromosomal DNA replication. Genes Dev. 2004 Apr 1; 18(7):769-81. PMID: 15082529

8. Holmes SG, Rose AB, Steuerle K, Saez E, Sayegh S, Lee YM, et al. Hyperactivation of the silencing
proteins, Sir2p and Sir3p, causes chromosome loss. Genetics. 1997 Mar; 145(3):605-14. PMID:
9055071

9. Longtine MS, Enomoto S, Finstad SL, Berman J. Telomere-mediated plasmid segregation in Saccharo-
myces cerevisiae involves gene products required for transcriptional repression at silencers and telo-
meres. Genetics. 1993 Feb; 133(2):171-82. PMID: 8436267

10. Blander G, Guarente L. The Sir2 family of protein deacetylases. Annu Rev Biochem. 2004; 73:417-35.
PMID: 15189148

11.  Frye RA. Characterization of five human cDNAs with homology to the yeast SIR2 gene: Sir2-like pro-
teins (sirtuins) metabolize NAD and may have protein ADP-ribosyltransferase activity. Biochem Bio-
phys Res Commun. 1999 Jun 24; 260(1):273-9. PMID: 10381378

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003725  April 15,2015 19/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003725.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pntd.0003725.s005
http://www.ncbi.nlm.nih.gov/pubmed/11738039
http://www.ncbi.nlm.nih.gov/pubmed/15128440
http://www.ncbi.nlm.nih.gov/pubmed/12676793
http://www.ncbi.nlm.nih.gov/pubmed/9278054
http://www.ncbi.nlm.nih.gov/pubmed/10367891
http://www.ncbi.nlm.nih.gov/pubmed/2647300
http://www.ncbi.nlm.nih.gov/pubmed/15082529
http://www.ncbi.nlm.nih.gov/pubmed/9055071
http://www.ncbi.nlm.nih.gov/pubmed/8436267
http://www.ncbi.nlm.nih.gov/pubmed/15189148
http://www.ncbi.nlm.nih.gov/pubmed/10381378

‘@ PLOS | TRSHEA Biseases

Sirtuins from Trypanosoma cruzi

12
13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

WHO (2015) World Health Organization. http://www.who.int/en/.

Coura JR, Vinas PA. Chagas disease: a new worldwide challenge. Nature. 2010 Jun 24; 465(7301):
S6-7. doi: 10.1038/nature09221 PMID: 20571554

Denu JM. Linking chromatin function with metabolic networks: Sir2 family of NAD(+)-dependent deace-
tylases. Trends Biochem Sci. 2003 Jan; 28(1):41-8. PMID: 12517451

Denu JM. Vitamin B3 and sirtuin function. Trends Biochem Sci. 2005 Sep; 30(9):479-83. PMID:
16039130

Garcia-Salcedo JA, Gijon P, Nolan DP, Tebabi P, Pays E. A chromosomal SIR2 homologue with both
histone NAD-dependent ADP-ribosyltransferase and deacetylase activities is involved in DNA repair in
Trypanosoma brucei. EMBO J. 2003 Nov 3; 22(21):5851-62. PMID: 14592982

Hoff KG, Avalos JL, Sens K, Wolberger C. Insights into the sirtuin mechanism from ternary complexes
containing NAD+ and acetylated peptide. Structure. 2006 Aug; 14(8):1231-40. PMID: 16905097

Irwin JJ, Raushel FM, Shoichet BK. Virtual screening against metalloenzymes for inhibitors and sub-
strates. Biochemistry. 2005 Sep 20; 44(37):12316—28. PMID: 16156645

Jackson MD, Schmidt MT, Oppenheimer NJ, Denu JM. Mechanism of nicotinamide inhibition and trans-
glycosidation by Sir2 histone/protein deacetylases. J Biol Chem. 2003 Dec 19; 278(51):50985-98.
PMID: 14522996

Kadam RU, Kiran VM, Roy N. Comparative protein modeling and surface analysis of Leishmania sir-
tuin: A potential target for antileishmanial drug discovery. Bioorg Med Chem Lett. 2006 Dec 1; 16
(23):6013-8. PMID: 16982188

Kadam RU, Tavares J, Kiran VM, Cordeiro A, Ouaissi A, Roy N. Structure function analysis of Leish-
mania sirtuin: an ensemble of in silico and biochemical studies. Chem Biol Drug Des. 2008 May; 71
(5):501-6. doi: 10.1111/j.1747-0285.2008.00652.x PMID: 18373547

Kowieski TM, Lee S, Denu JM. Acetylation-dependent ADP-ribosylation by Trypanosoma brucei Sir2. J
Biol Chem. 2008 Feb 29; 283(9):5317-26. doi: 10.1074/jbc.M707613200 PMID: 18165239

Alsford S, Kawahara T, Isamah C, Horn D. A sirtuin in the African trypanosome is involved in both DNA
repair and telomeric gene silencing but is not required for antigenic variation. Mol Microbiol. 2007 Feb;
63(3):724-36. PMID: 17214740

Greiss S, Gartner A. Sirtuin/Sir2 phylogeny, evolutionary considerations and structural conservation.
Mol Cells. 2009 Nov 30; 28(5):407—15. doi: 10.1007/s10059-009-0169-x PMID: 19936627

Zemzoumi K, Sereno D, Francois C, Guilvard E, Lemesre JL, Ouaissi A. Leishmania major: cell type
dependent distribution of a 43 kDa antigen related to silent information regulatory-2 protein family. Biol
Cell. 1998 Jun; 90(3):239-45. PMID: 9726122

Fessel MR, Lira CB, Giorgio S, Ramos CH, Cano M. Sir2-Related Protein 1 from Leishmania amazo-
nensis is a glycosylated NAD+-dependent deacetylase. Parasitology. 2011 Sep; 138(10):1245-58. doi:
10.1017/S0031182011001077 PMID: 21819639

Tavares J, Ouaissi A, Santarem N, Sereno D, Vergnes B, Sampaio P, et al. The Leishmania infantum
cytosolic SIR2-related protein 1 (LiSIR2RP1) is an NAD+-dependent deacetylase and ADP-ribosyl-
transferase. Biochem J. 2008 Nov 1; 415(3):377-86. doi: 10.1042/BJ20080666 PMID: 18598238

Hendriksen CF. Introduction: laboratory animals and immunization procedures: challenges and oppor-
tunities. ILAR J. 2005; 46(3):227-9. PMID: 15953830

Contreras VT, Araujo-Jorge TC, Bonaldo MC, Thomaz N, Barbosa HS, Meirelles Mde N, et al. Biologi-
cal aspects of the Dm 28c clone of Trypanosoma cruzi after metacyclogenesis in chemically defined
media. Mem Inst Oswaldo Cruz. 1988 Jan-Mar; 83(1):123-33. PMID: 3074237

Rasband WS. ImageJ software. In: U. S. National Institutes of Health B, Maryland, USA, editor. http://
imagejnihgov/ij/1997-2011.
Ferreira LR, Dossin Fde M, Ramos TC, Freymuller E, Schenkman S. Active transcription and ultrastruc-

tural changes during Trypanosoma cruzi metacyclogenesis. An Acad Bras Cienc. 2008 Mar; 80
(1):157—66. PMID: 18345384

Steiger RF, Opperdoes FR, Bontemps J. Subcellular fractionation of Trypanosoma brucei bloodstream
forms with special reference to hydrolases. Eur J Biochem. 1980 Mar; 105(1):163-75. PMID: 6245876

Alonso VL, Ritagliati C, Cribb P, Serra EC. Construction of three new Gateway(R) expression plasmids
for Trypanosoma cruzi. Mem Inst Oswaldo Cruz. 2014 Dec; 109(8):1081-5. doi: 10.1590/0074-
0276140238 PMID: 25424446

Nowicki C, Montemartini M, Duschak V, Santome JA, Cazzulo JJ. Presence and subcellular localiza-
tion of tyrosine aminotransferase and p-hydroxyphenyllactate dehydrogenase in epimastigotes of Try-
panosoma cruzi. FEMS Microbiol Lett. 1992 Apr 15; 71(2):119-24. PMID: 1351016

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003725  April 15,2015 20/22


http://www.who.int/en/
http://dx.doi.org/10.1038/nature09221
http://www.ncbi.nlm.nih.gov/pubmed/20571554
http://www.ncbi.nlm.nih.gov/pubmed/12517451
http://www.ncbi.nlm.nih.gov/pubmed/16039130
http://www.ncbi.nlm.nih.gov/pubmed/14592982
http://www.ncbi.nlm.nih.gov/pubmed/16905097
http://www.ncbi.nlm.nih.gov/pubmed/16156645
http://www.ncbi.nlm.nih.gov/pubmed/14522996
http://www.ncbi.nlm.nih.gov/pubmed/16982188
http://dx.doi.org/10.1111/j.1747-0285.2008.00652.x
http://www.ncbi.nlm.nih.gov/pubmed/18373547
http://dx.doi.org/10.1074/jbc.M707613200
http://www.ncbi.nlm.nih.gov/pubmed/18165239
http://www.ncbi.nlm.nih.gov/pubmed/17214740
http://dx.doi.org/10.1007/s10059-009-0169-x
http://www.ncbi.nlm.nih.gov/pubmed/19936627
http://www.ncbi.nlm.nih.gov/pubmed/9726122
http://dx.doi.org/10.1017/S0031182011001077
http://www.ncbi.nlm.nih.gov/pubmed/21819639
http://dx.doi.org/10.1042/BJ20080666
http://www.ncbi.nlm.nih.gov/pubmed/18598238
http://www.ncbi.nlm.nih.gov/pubmed/15953830
http://www.ncbi.nlm.nih.gov/pubmed/3074237
http://imagejnihgov/ij/1997-2011
http://imagejnihgov/ij/1997-2011
http://www.ncbi.nlm.nih.gov/pubmed/18345384
http://www.ncbi.nlm.nih.gov/pubmed/6245876
http://dx.doi.org/10.1590/0074-0276140238
http://dx.doi.org/10.1590/0074-0276140238
http://www.ncbi.nlm.nih.gov/pubmed/25424446
http://www.ncbi.nlm.nih.gov/pubmed/1351016

‘@ PLOS | TRSHEA Biseases

Sirtuins from Trypanosoma cruzi

35.

36.

37.

38.

39.

40.

4.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Villanova GV, Nardelli SC, Cribb P, Magdaleno A, Silber AM, Motta MC, et al. Trypanosoma cruzi bro-
modomain factor 2 (BDF2) binds to acetylated histones and is accumulated after UV irradiation. Int J
Parasitol. 2009 May; 39(6):665-73. doi: 10.1016/j.ijpara.2008.11.013 PMID: 19136002

Souto-Padron T, Cunha e Silva NL, de Souza W. Acetylated alpha-tubulin in Trypanosoma cruzi: immu-
nocytochemical localization. Mem Inst Oswaldo Cruz. 1993 Oct-Dec; 88(4):517—-28. PMID: 8139463

Schneider A, Sherwin T, Sasse R, Russell DG, Gull K, Seebeck T. Subpellicular and flagellar microtu-
bules of Trypanosoma brucei brucei contain the same alpha-tubulin isoforms. J Cell Biol. 1987 Mar;
104(3):431-8. PMID: 3818788

Hubbert C, Guardiola A, Shao R, Kawaguchi Y, Ito A, Nixon A, et al. HDACG is a microtubule-associat-
ed deacetylase. Nature. 2002 May 23; 417(6887):455-8. PMID: 12024216

Mony BM, MacGregor P, Ivens A, Rojas F, Cowton A, Young J, et al. Genome-wide dissection of the
quorum sensing signalling pathway in Trypanosoma brucei. Nature. 2014 Jan 30; 505(7485):681-5.
doi: 10.1038/nature12864 PMID: 24336212

Zheng W. Mechanism-based modulator discovery for sirtuin-catalyzed deacetylation reaction. Mini Rev
Med Chem. 2013 Jan; 13(1):132-54. PMID: 22876953

Moreira DR, Leite AC, dos Santos RR, Soares MB. Approaches for the development of new anti-Trypa-
nosoma cruzi agents. Curr Drug Targets. 2009 Mar; 10(3):212-31. PMID: 19275558

Soares MB, Silva CV, Bastos TM, Guimaraes ET, Figueira CP, Smirlis D, et al. Anti-Trypanosoma cruzi
activity of nicotinamide. Acta Trop. 2012 May; 122(2):224—9. doi: 10.1016/j.actatropica.2012.01.001
PMID: 22281243

Lugrin J, Ciarlo E, Santos A, Grandmaison G, dos Santos |, Le Roy D, et al. The sirtuin inhibitor cambi-
nol impairs MAPK signaling, inhibits inflammatory and innate immune responses and protects from
septic shock. Biochim Biophys Acta. 2013 Jun; 1833(6):1498-510. doi: 10.1016/j.bbamcr.2013.03.004
PMID: 23499872

Chakrabarty SP, Ramapanicker R, Mishra R, Chandrasekaran S, Balaram H. Development and char-
acterization of lysine based tripeptide analogues as inhibitors of Sir2 activity. Bioorg Med Chem. 2009
Dec 1; 17(23):8060-72. doi: 10.1016/j.bmc.2009.10.003 PMID: 19861237

Maurer B, Rumpf T, Scharfe M, Stolfa DA, Schmitt ML, He W, et al. Inhibitors of the NAD(+)-Dependent
Protein Desuccinylase and Demalonylase Sirt5. ACS Med Chem Lett. 2012 Dec 13; 3(12):1050-3. doi:
10.1021/mI3002709 PMID: 24900427

Houtkooper RH, Pirinen E, Auwerx J. Sirtuins as regulators of metabolism and healthspan. Nat Rev
Mol Cell Biol. 2012 Apr; 13(4):225—-38. doi: 10.1038/nrm3293 PMID: 22395773

Jiang W, Wang S, Xiao M, Lin Y, Zhou L, Lei Q, et al. Acetylation regulates gluconeogenesis by promot-
ing PEPCK1 degradation via recruiting the UBR5 ubiquitin ligase. Mol Cell. 2011 Jul 8; 43(1):33—44.
doi: 10.1016/j.molcel.2011.04.028 PMID: 21726808

Haigis MC, Mostoslavsky R, Haigis KM, Fahie K, Christodoulou DC, Murphy AJ, et al. SIRT4 inhibits
glutamate dehydrogenase and opposes the effects of calorie restriction in pancreatic beta cells. Cell.
2006 Sep 8; 126(5):941-54. PMID: 16959573

Lombard DB, Alt FW, Cheng HL, Bunkenborg J, Streeper RS, Mostoslavsky R, et al. Mammalian Sir2
homolog SIRT3 regulates global mitochondrial lysine acetylation. Mol Cell Biol. 2007 Dec; 27
(24):8807—-14. PMID: 17923681

Schlicker C, Gertz M, Papatheodorou P, Kachholz B, Becker CF, Steegborn C. Substrates and regula-
tion mechanisms for the human mitochondrial sirtuins Sirt3 and Sirt5. J Mol Biol. 2008 Oct 10; 382
(3):790-801. doi: 10.1016/j.jmb.2008.07.048 PMID: 18680753

Szoor B, Haanstra JR, Gualdron-Lopez M, Michels PA. Evolution, dynamics and specialized functions
of glycosomes in metabolism and development of trypanosomatids. Curr Opin Microbiol. 2014 Dec;
22:79-87. doi: 10.1016/j.mib.2014.09.006 PMID: 25460800

He W, Newman JC, Wang MZ, Ho L, Verdin E. Mitochondrial sirtuins: regulators of protein acylation
and metabolism. Trends Endocrinol Metab. 2012 Sep; 23(9):467-76. doi: 10.1016/j.tem.2012.07.004
PMID: 22902903

Bause AS, Haigis MC. SIRT3 regulation of mitochondrial oxidative stress. Exp Gerontol. 2013 Jul; 48
(7):634-9. doi: 10.1016/j.exger.2012.08.007 PMID: 22964489

Figueiredo RC, Rosa DS, Soares MJ. Differentiation of Trypanosoma cruzi epimastigotes: metacyclo-
genesis and adhesion to substrate are triggered by nutritional stress. J Parasitol. 2000 Dec; 86
(6):1213-8. PMID: 11191893

Wainszelbaum MJ, Belaunzaran ML, Lammel EM, Florin-Christensen M, Florin-Christensen J, Isola
EL. Free fatty acids induce cell differentiation to infective forms in Trypanosoma cruzi. Biochem J. 2003
Nov 1; 375(Pt 3):705-12. PMID: 12887332

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003725  April 15,2015 21/22


http://dx.doi.org/10.1016/j.ijpara.2008.11.013
http://www.ncbi.nlm.nih.gov/pubmed/19136002
http://www.ncbi.nlm.nih.gov/pubmed/8139463
http://www.ncbi.nlm.nih.gov/pubmed/3818788
http://www.ncbi.nlm.nih.gov/pubmed/12024216
http://dx.doi.org/10.1038/nature12864
http://www.ncbi.nlm.nih.gov/pubmed/24336212
http://www.ncbi.nlm.nih.gov/pubmed/22876953
http://www.ncbi.nlm.nih.gov/pubmed/19275558
http://dx.doi.org/10.1016/j.actatropica.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22281243
http://dx.doi.org/10.1016/j.bbamcr.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23499872
http://dx.doi.org/10.1016/j.bmc.2009.10.003
http://www.ncbi.nlm.nih.gov/pubmed/19861237
http://dx.doi.org/10.1021/ml3002709
http://www.ncbi.nlm.nih.gov/pubmed/24900427
http://dx.doi.org/10.1038/nrm3293
http://www.ncbi.nlm.nih.gov/pubmed/22395773
http://dx.doi.org/10.1016/j.molcel.2011.04.028
http://www.ncbi.nlm.nih.gov/pubmed/21726808
http://www.ncbi.nlm.nih.gov/pubmed/16959573
http://www.ncbi.nlm.nih.gov/pubmed/17923681
http://dx.doi.org/10.1016/j.jmb.2008.07.048
http://www.ncbi.nlm.nih.gov/pubmed/18680753
http://dx.doi.org/10.1016/j.mib.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25460800
http://dx.doi.org/10.1016/j.tem.2012.07.004
http://www.ncbi.nlm.nih.gov/pubmed/22902903
http://dx.doi.org/10.1016/j.exger.2012.08.007
http://www.ncbi.nlm.nih.gov/pubmed/22964489
http://www.ncbi.nlm.nih.gov/pubmed/11191893
http://www.ncbi.nlm.nih.gov/pubmed/12887332

‘@ PLOS | TRSHEA Biseases

Sirtuins from Trypanosoma cruzi

56.

57.

58.

59.

60.

61.

Sereno D, Vanhille L, Vergnes B, Monte-Allegre A, Ouaissi A. Experimental study of the function of the
excreted/secreted Leishmania LmSIR2 protein by heterologous expression in eukaryotic cell line. Kine-
toplastid Biol Dis. 2005 Jan 24; 4(1):1. PMID: 15667659

Prusty D, Mehra P, Srivastava S, Shivange AV, Gupta A, Roy N, et al. Nicotinamide inhibits Plasmodi-
um falciparum Sir2 activity in vitro and parasite growth. FEMS Microbiol Lett. 2008 May; 282(2):266—
72.doi: 10.1111/j.1574-6968.2008.01135.x PMID: 18397290

Kaur S, Shivange AV, Roy N. Structural analysis of trypanosomal sirtuin: an insight for selective drug
design. Mol Divers. 2010 Feb; 14(1):169-78. doi: 10.1007/s11030-009-9147-7 PMID: 19404761

Sacconnay L, Angleviel M, Randazzo GM, Queiroz MM, Queiroz EF, Wolfender JL, et al. Computation-
al studies on sirtuins from Trypanosoma cruzi: structures, conformations and interactions with phyto-
chemicals. PLoS Negl Trop Dis. 2014 Feb; 8(2):€2689. doi: 10.1371/journal.pntd.0002689 PMID:
24551254

Chang JH, Kim HC, Hwang KY, Lee JW, Jackson SP, Bell SD, et al. Structural basis for the NAD-de-
pendent deacetylase mechanism of Sir2. J Biol Chem. 2002 Sep 13; 277(37):34489-98. PMID:
12091395

Min J, Landry J, Sternglanz R, Xu RM. Crystal structure of a SIR2 homolog-NAD complex. Cell. 2001
Apr 20; 105(2):269-79. PMID: 11336676

PLOS Neglected Tropical Diseases | DOI:10.1371/journal.pntd.0003725  April 15,2015 22/22


http://www.ncbi.nlm.nih.gov/pubmed/15667659
http://dx.doi.org/10.1111/j.1574-6968.2008.01135.x
http://www.ncbi.nlm.nih.gov/pubmed/18397290
http://dx.doi.org/10.1007/s11030-009-9147-7
http://www.ncbi.nlm.nih.gov/pubmed/19404761
http://dx.doi.org/10.1371/journal.pntd.0002689
http://www.ncbi.nlm.nih.gov/pubmed/24551254
http://www.ncbi.nlm.nih.gov/pubmed/12091395
http://www.ncbi.nlm.nih.gov/pubmed/11336676


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


