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Abstract: Chagas disease is an illness caused by the protozoan parasite Trypanosoma cruzi, a↵ecting
more than 7 million people in the world. Benznidazole and nifurtimox are the only drugs available
for treatment and in addition to causing several side e↵ects, are only satisfactory in the acute phase
of the disease. Sirtuins are NAD+ -dependent deacetylases involved in several biological processes,
which have become drug target candidates in various disease settings. T. cruzi presents two sirtuins,
one cytosolic (TcSir2rp1) and the latter mitochondrial (TcSir2rp3). Here, we characterized the e↵ects
of human sirtuin inhibitors against T. cruzi sirtuins as an initial approach to develop specific parasite
inhibitors. We found that, of 33 compounds tested, two inhibited TcSir2rp1 (15 and 17), while other
five inhibited TcSir2rp3 (8, 12, 13, 30, and 32), indicating that specific inhibitors can be devised for
each one of the enzymes. Furthermore, all inhibiting compounds prevented parasite proliferation in
cultured mammalian cells. When combining the most e↵ective inhibitors with benznidazole at least
two compounds, 17 and 32, demonstrated synergistic e↵ects. Altogether, these results support the
importance of exploring T. cruzi sirtuins as drug targets and provide key elements to develop specific
inhibitors for these enzymes as potential targets for Chagas disease treatment.
Keywords: sirtuins; Trypanosoma cruzi; sirtuin inhibitors; deacetylation

1. Introduction
Trypanosoma cruzi is a flagellate protozoan parasite that causes Chagas disease in humans. In spite
of extensive e↵orts to control its transmission by elimination of the insect vector, there are nearly
7 million people infected with the parasite, of whom 20%–30% may develop serious symptoms of
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Chagas disease, mainly in Latin American [1,2]. The disease is also spreading to other parts of the
world, including the United States, Europe, Asia, and Oceania, as a consequence of blood transfusion,
and there is a constant risk of transmission by oral route and by the uncontrolled human occupancy of
new habitats [1,2].
Existing treatment for Chagas disease relies primarily on two drugs, nifurtimox (NFX) and
benznidazole (BZN), which are more e↵ective against T. cruzi infection during the acute phase,
with poor e↵ect during the chronic phase of the disease [3]. Furthermore, the use of these drugs can
display di↵erent side e↵ects [3,4], indicating the need to seek for new therapeutic alternatives.
T. cruzi migrates from invertebrate to vertebrate hosts, which obligate the parasite to change
its morphology, metabolism, and gene expression to adapt and exploit the host environment [1,5].
This occurs by changes in enzymatic activities and di↵erential gene expression regulated by numerous
post-translational modifications such as phosphorylation, methylation, and acetylation [5]. Recently,
protein acetylation has been demonstrated in several proteins from di↵erent cellular compartments
mediating diverse molecular processes in T. cruzi and Trypanosoma brucei [6]. Protein acetylation levels
are regulated by the counteracting activity of two families of enzymes: Lysine acetyltransferases (KATs)
and lysine deacetylases (KDACs). The latter can be classified in two classes, zinc-dependent lysine
deacetylases (classical KDACs) and NAD+ -dependent lysine deacetylases, or sirtuins [7]. Sirtuins
are evolutionarily conserved enzymes present from bacteria to humans, acting in several biological
processes, from metabolism to gene expression regulation [8].
Di↵erent organisms have distinct Sir2 orthologues: For example, in humans there are seven
sirtuins, SIRT1-7, while in bacteria have only one [8,9]. Due to the fact that these proteins are involved
in vital cellular processes, they have attracted attention as potential pharmacological targets for
the treatment of di↵erent diseases, including cancer [10]. T. brucei and Leishmania spp. have three
sirtuins [11], while T. cruzi presents only two genes coding for sirtuins, TcSir2rp1 and TcSir2rp3, located
in the cytoplasm and mitochondria, respectively [12,13]. Sirtuins have been explored as potential
drug targets in di↵erent pathogens, including T. brucei and Leishmania spp., demonstrating promising
anti-parasitic activity, and indicating that these enzymes may be used as alternative therapeutic targets
against parasite infections [14]. In T. cruzi, it was shown that TcSir2 inhibition by nicotinamide can cause
parasite morphologic alterations and growth arrest, suggesting a potential use for the development of
new drugs against Chagas disease [15]. Recently, it was reported that the overexpression of sirtuins in
T. cruzi a↵ects growth and di↵erentiation of the parasite, reinforcing the importance of these enzymes
in this context, and that some natural compounds isolated from cashew nut (Anacardium occidentale)
inhibited both the T. cruzi sirtuins and are active against the amastigote forms [12,13]. However, it is not
clear if both the parasite sirtuins can be inhibited by the same compounds, and if both can be targeted
for eventual therapy. Consequently, the structural and biochemical di↵erences between sirtuins found
in humans and in T. cruzi parasites have been explored for developing novel anti-parasitic therapeutics,
based on selective targeting of the parasitic sirtuins [14,16].
In this context, we decided to evaluate the action of a small library of human sirtuin inhibitors
(SIRTi), endowed with great chemical diversity, against the recombinant and purified T. cruzi sirtuins,
and whether the most e↵ective inhibitors could also prevent the parasite development in infected
mammalian cells. In addition, as BZN acts generating oxidative species to kill the parasite [17],
and sirtuins have been shown to modulate anti-oxidant responses [18,19], we investigated if these
inhibitors could act synergistically with BZN when used in combination against T. cruzi.
2. Results
2.1. T. cruzi Has Two Distinct Sirtuins
Compared to higher eukaryotes, Trypanosomatids have a limited number of genes encoding for
sirtuins. While humans have seven sirtuins (SIRT1-7) [20], T. brucei and Leishmania have three genes,
whereas T. cruzi has only two genes (TcSir2rp1 and TcSir2rp3) [12].
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Comparison between the modeled structures of TcSir2rp1, TcSir2rp3 and related human sirtuins
allowed to get insights on structural di↵erences. In the case of TcSir2rp1 and its human homologue
SIRT2 the active site is highly conserved but showing some peripherical di↵erent residue couples:
Val42/Thr89, Ala43/Ser90, Asn66/Pro113, Ser67/Tyr114, Thr69/Glu116, Val185/Ile232, His219/Gln267,
Leu239/Lys287, Val242/Ala290, Asp307/Glu323, and Gln309/Asp325 (Figure 1C).
In the case of TcSir2rp3 and its human homologue SIRT5 the binding site residues showed minor
conservation with respect to TcSir2rp1/SIRT2. However, the core binding site residues are retained.
Non-conserved residues in this region are: Val37/Ala82, Glu38/Gln83, Val97/Ile142, Ile154/Val220,
Pro161/Leu227, Gly184/Ser252, Asn185/Val253, Leu208/Val276, Asp209/Glu277, Lys224/Pro292,
and Ala225/Cys293 (Figure 1D).
2.2. E↵ect of Inhibitors on TcSir2rp1 and rp3 Deacetylase Activity
In order to further explore the potential of T. cruzi sirtuins as drug targets, we selected a set of
sirtuin inhibitors (SIRTi) (Figure 2), which were previously tested against human SIRTs. These inhibitors
were selected based on their chemical diversity, which included benzodeazaoxaflavins [21], salermide
analogues [22], cambinol [23], and its analogues, 1,2,4-oxadiazoles [24], lysine-based compounds [25],
MC2494 analogues [9,26], thiobarbiturates [27], and pyrroloquinoxalines [28], as well as on their
potency against human enzymes, including those with weak potency, making them attractive to be
tested against the parasite sirtuins. This was performed with recombinant T. cruzi sirtuins using a
well-established deacetylase activity assay [12]. For the initial tests, assays were performed in the
absence or presence of 5 µM of each SIRTi. Most of the tested compounds showed poor inhibitory
capability at this concentration, including 12 and 27, potent inhibitors of human SIRT2 (IC50 values =
6.3 (12) and 10.5 (27) µM, unpublished results). More interestingly, the compounds displayed di↵erent
inhibitory potency for the di↵erent T. cruzi enzymes. While we found only two compounds that
inhibited TcSir2rp1 activity corresponding to cambinol analogues (15 and 17, Figure 3A), for TcSir2rp3
we detected five compounds with inhibitory activity (% of inhibition >30%): 8 (salermide analogue),
12, 13 (both cambinol analogues), 30 and 32 (both thiobarbiturates) (Figure 3B). These results indicate
di↵erent susceptibility of the two T. cruzi enzymes to sirtuin inhibitors. About their e↵ects in human
sirtuins, 8 inhibited better SIRT2 than SIRT1 (IC50 values around 20 (SIRT2) and 40 (SIRT1) µM),
while 12, 13, and 15 showed selective SIRT2 inhibition with single-digit micromolar IC50 values, and no
activity against SIRT1 up to 150 µM (22 and unpublished results). Compound 17 displayed similar,
low potency (IC50 values around 50 µM) against both the two SIRT isoforms (unpublished results),
whereas 30 and 32 were equally potent (IC50 values at single-digit micromolar level) against SIRT1,
SIRT2, and SIRT5 (27 and unpublished results).
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Figure 2. Sirtuin inhibitors (SIRTi) inhibitors used in this study. The 33 SIRTi tested against T. cruzi
sirtuins, TcSir2rp1 and TcSir2rp3, classified based on its chemical structure.
sirtuins, TcSir2rp1 and TcSir2rp3, classified based on its chemical structure.

Using the data obtained from the initial screening we determined the IC50 for the most potent
Using the data obtained from the initial screening we determined the IC50 for the most potent
inhibitors of TcSir2rp1 (15 and 17) and TcSir2rp3 (8, 12, 13, 30, and 32). The TcSir2rp3 inhibitor 12
inhibitors of TcSir2rp1 (15 and 17) and TcSir2rp3 (8, 12, 13, 30, and 32). The TcSir2rp3 inhibitor 12
exhibited the lowest IC50 value, 14.4 µM, while 17 was the strongest TcSir2rp1 inhibitor with IC50 of
exhibited the lowest IC50 value, 14.4 µM, while 17 was the strongest TcSir2rp1 inhibitor with IC50 of
25.5 µM (Table 1).
25.5 µM (Table 1).
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trypanocidal activity, with EC50 values of 8.5 (17) and 19.4 (15) µM. The inhibitory e↵ects observed for
the five compounds in TcSir2rp3 deacetylase activity, also inhibited intracellular T. cruzi proliferation.
However, in this case the trypanocidal activity was detected only with higher concentrations (Table 2).
Interestingly, compound 27 (a MC2494 analogue) that did not show potent inhibitory e↵ect on in vitro
deacetylase activity for both T. cruzi enzymes showed the best trypanocidal activity with EC50 = 5.73 µM
and selectivity index of 8.18 (Table 2), but we cannot exclude an indirect e↵ect of this compound.
Table 2. EC50 values from high-content assays of compounds with anti-deacetylation activity against
TcSir2rp1 and TcSir2rp3.
Compound

EC50 Value (µM)

CC50 (µM)

SI

BZN
27 a
17 b
15 b
12 c
32 c
8c
30 c
13 c

1.96
5.73
8.5
19.35
35.4
39.8
40.6
42.7
45.1

>200
46.87
19.6
36.4
48.8
77
76.8
>100
>100

102
8.18
2.31
1.89
1.38
1.93
1.89
1.93
2.2

a Compound with no inhibitory activity against TcSir2rp1 or TcSir2rp3 in deacetylation in vitro assays; b Compounds
with inhibitory activity against TcSir2rp1 in deacetylation in vitro assays; c Compounds with inhibitory activity
against TcSir2rp3 in deacetylation in vitro assays. EC50 value: concentration of compound which reduces 50% of
infected cells number, compared to the non-treated control. CC50 : concentration of compound which reduces 50% of
U2OS cell number, compared to the non-treated control. CC50 values indicate a prediction of a compound cytotoxicity.
SI: selectivity index is calculated as the ratio between compound values of CC50 and EC50 [SI’ = CC50/EC50].

2.5. Combinatory Trypanocidal E↵ect of SIRTi and Benznidazole
Based on deacetylase inhibitory potency and trypanocidal e↵ect, we selected the best compounds
to perform combinatory high content assays (HCA) with the reference drug for treatment of Chagas
disease, BZN. It is proposed that sirtuins would be involved in anti-oxidative stress responses in
T. cruzi (Moura et al., in preparation), and it is believed that BZN acts on T. cruzi generating oxidative
stresses [17]. Three compounds were selected, 17 inhibiting TcSir2rp1, and 12 and 32 that inhibited
TcSir2rp3. For combinatory e↵ect assays, the SIRTi were used in association with BZN at constant
concentration ratios (1/32; 1/16; 1/8; 1/4/ 1/2; 1/1; and 2/1) based on the pre-determined EC50 values of
each drug, and the trypanocidal activity of combined compounds was compared with the activity of
the compounds alone. The results of combinatory e↵ect of 12 and BZN demonstrated no di↵erence in
the trypanocidal activity compared to BZN alone (Figure 5A). However, no di↵erence was observed
comparing BZN alone with BZN+12 (Figure 5A). The analysis of the ratios separately showed a
synergistic e↵ect at 1/4 ratio; an additive e↵ect at 1/8, 1/2 and 1/1; and antagonistic e↵ect at ratios lower
than 1/8 (Table S4). The same pattern was observed for 17 and BZN, with an increase in the trypanocidal
activity of 17+BZN compared to 17 alone, but no increase in trypanocidal activity was observed when
compared to BZN alone (Figure 5B). By analyzing the drug combination ratio separately, we observed
a tendency towards a synergistic e↵ect at ratios lower than 1/4, while to 1/2, 1, and 2, was observed
antagonistic e↵ect (Table S5).
Finally, similar to that observed for the previous two compounds, the combinations of 32 with
BZN increased the trypanocidal activity compared to 32 alone but not if compared to BZN alone
(Figure 5C). A synergistic e↵ect was detected for all concentration ratios lower than 1/2 (Table S6).
3. Discussion
Only two genes coding for sirtuins are present in T. cruzi, TcSir2rp1 and TcSir2rp3, which are
cytosolic and mitochondrial proteins, respectively [12,13]. Both proteins have central roles in the
multiplication of parasite replicative stages, in the host cell-parasite interplay, and in di↵erentiation
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deacetylation assays, suggesting that it may be acting on a di↵erent target, especially considering the
distinct molecular structure when compared to 17 (Figure 2), which in contrast inhibited TcSir2rp1.
We cannot exclude, however, whether it targets other deacetylases in the parasite.
Regarding to TcSir2rp3 inhibitors in deacetylation assays, the most potent against parasites was 12,
with an EC50 = 35.4 µM, relatively high to be used as an inhibitory compound. The poor e↵ect against
dividing amastigotes could be due to a low penetration in the cell, particularly in the mitochondria,
as TcSir2rp3 is a mitochondrial protein [12]. The fact that TcSir2rp3 is relevant as a target is because its
overexpression increase amastigote replication [12].
As the two available drugs for Chagas disease treatment are not completely e↵ective and present
high toxicity, any alternative treatment or combinatory use with other drugs that could increase the e↵ect
and/or reduce toxicity is always needed. In this way, it was selected the SIRTi with higher inhibitory
activity in the HCA experiments to evaluate their combinatory e↵ect with BZD. The combinations
showed an increase in the trypanocidal activity compared to the activity observed with the SIRTi
alone, but not if compared to BZD alone. Both 17 and 32 presented synergistic e↵ects with BZN,
although at di↵erent ratios. Other SIRTi had shown low or no synergism, such as 12 (Figure 5A).
These di↵erent properties may suggest that the synergistic action could be not due to direct action on the
T. cruzi sirtuins. Alternatively, the inhibitory mechanism could be di↵erent in the in vivo environment.
We have observed that TcSirRp3-overexpressing parasites are more resistant to benznidazole and
nifurtimox, pointing the role of this sirtuin in the regulation of oxidative stress response in T. cruzi
(Moura et al., in preparation).
The compounds identified here could be used as a start point for development of new molecules
to inhibit sirtuins, through chemical modifications that would increase their inhibitory activity and
specificity. Also, there is a vast number of SIRTi available that were already tested in other models,
such as cancer, that could be explored for Chagas disease, using the repurposing strategy, saving
time and money in the development of new drugs to combat this disease that has still a poor
therapeutic arsenal.
4. Materials and Methods
4.1. TcSir2rp1 and TcSir2rp3 Heterologous Expression and Purification
TcSir2rp1 heterologous protein was obtained as described in [31]. Briefly, Escherichia coli BL21
(DE3), bearing the construct pET28a-TcSir2rp1, in LB medium containing 50 µg/mL kanamycin at
0.8 units of absorbance (600 nm) was incubated with 0.1 mM of isopropyl -d-1-thiogalactopyranoside
(IPTG) at 37 C. After 3 h, bacterial cells were collected by centrifugation and lysed using French Press
apparatus (Thermo Electron Corporation, Beverly, MA, USA) in presence of lysis bu↵er (200 mM
NaCl, 5% glycerol, 5 mM 2-mercaptoethanol, and 25 mM HEPES-NaOH, pH 7.5 and protease inhibitor
cocktail) (Sigma-Aldrich, St. Louis, MO, USA). The recombinant protein was purified from clarified
bacterial protein extracts by incubation with Ni-NTA Superflow beads (Qiagen, Gaithersburg, MD,
USA) for 30 min at 4 C. The resin was washed with lysis bu↵er containing 20 mM imidazole, and the
enzyme was eluted with one volume of the same bu↵er containing 250 mM imidazole and stored at
80 C until use. Recombinant TcSir2rp3 was obtained as described previously [12].
4.2. SIRTi Library
The SIRTi library used in this study contains already published compounds [9,14,20–24,26–28] as
well as new compounds whose synthesis will be reported elsewhere. The structure of each compound
is described in Figure 2. The structures were confirmed by 1 H-NMR, 13 C-NMR and mass spectra.
The compounds were stored dissolved in DMSO at 10 mM, at 80 C and when used diluted at specific
concentrations. The inhibitors used were selected according to their chemical diversity, including also
compounds showing low potency against human sirtuins.
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4.3. Deacetylase Activity Assay
All in vitro deacetylation activity assays were performed based on the previously established
protocol [12]. The assays consisted in two steps: 1) deacetylation enzymatic step: A synthetic peptide
was used as the substrate (Abz-Gly-Pro-acetyl-Lys-Ser-Gln-EDDnp, where Abz is ortho-aminobenzoic
acid and EDDnp is N-(2,4-dinitrophenyl)ethylenediamine), dissolved in 50 µL of 25 mM Tris-HCl,
pH 8.0, 137 mM NaCl, 2.7 mM KCl, 1 mM MgCl2 containing 0.6 mM NAD+ (Sigma-Aldrich, St. Louis,
MO, USA), and incubated with recombinant and purified TcSir2rp1 or TcSir2rp3; 2) fluorescence
detection step: The reactions were stopped by the addition of 50 µL of 12 mM nicotinamide, followed by
incubation of the product reaction with 0.6 mg/mL trypsin (Sigma-Aldrich, St. Louis, MO, USA) during
15 min at 37 C. Finally, fluorescence was detected at 420 nm (excitation, 320 nm) using SpectraMax
M3 plate reader instrument (Molecular Devices, Sunnyvale, CA, USA). The percentage of deacetylase
activity was determined in comparison with the negative control.
For the inhibitory assay using SIRTi, the enzymes were pre-incubated with the indicated
compounds at 5 µM for 30 min at room temperature prior addition of substrate and beginning
of the reaction. From this preliminary inhibitory assay, the best compounds ( 30% of inhibition) were
selected for IC50 determination.
4.4. Molecular Modeling
4.4.1. Homology Modeling of T. cruzi Sirtuins
For modeling the 3D protein structures of T. cruzi sirtuins, the amino acidic sequences of TcSir2RP1
and TcSir2RP3 (Tritryp gene id: TcCLB.507519.60 and TcCLB.506559.80, respectively) were retrieved
from Uniprot [32]. Comparative models for TcSir2RP1 and TcSir2RP3 were obtained from the
SWISS-MODEL web server [33]. The Leishmania infantum Sir2RP1 (PDB ID: 5OL0) [34] showing a
sequence identity of 62% was selected as template for TcSir2RP1. Whereas for TcSir2RP3 the E. coli
cobB (PDB ID: 1S5P) [35] was selected as a template showing a sequence identity of 60%.
4.4.2. Conformation Preparation of T cruzi Sirtuins Complexes
Four di↵erent T. cruzi sirtuins systems were modeled on the basis of experimental available data
from the PDB. In particular the proteins were modeled in the apo-form, in binary complexes with the
unreacted NAD+ cofactor or its reaction product 20 -O-acetyl-ADP-d-ribose (AAR) and also in a ternary
complex with NAD+ and the acetyl lysine (ALY) containing substrate peptide. The TcSir2RP1 and
TcSir2RP3 homology modeled structures were added of the hydrogens and zinc finger cysteines were
modeled in anionic forms. Residue protonation states were adjusted in agreement with the pdb2pqr
program at pH = 7.0 [36,37]. The structure of the NAD+ cofactor was taken from pdb entries 4I5I [38]
and 1ICI [39] for TcSir2RP1 and TcSir2RP3, respectively, AAR was taken from 2H59 [40], ALY containing
peptides were directly taken from the used templates. Molecular mechanics parameters for NAD+
and ALY were taken from literature [41], while general amber force field (GAFF) [42] parameters for
AAR were calculated by means of antechamber [43] using semiempirical calculations (AM1-BCC) [44].
All the modeled complexes were solvated in an orthorhombic box using the OPC water model and
neutralized with NaCl [45] setting to 12 Å the box boundaries distance from the protein. The ↵14SB
force field was used for protein [46]. The complete parameter and topology files were obtained
using the Ambertools18 suite [47]. Each of the systems (apoprotein, sirtuin/NAD+ , sirtuin/AAR,
and sirtuin/NAD+ /peptide) were then subjected to molecular dynamics (MD) runs using in house
python code with OpenMM library [48]. Details of all the molecular modeling procedure to prepare
and select the subsequent representative systems conformations will be reported elsewhere. From each
of the MD simulations 15 di↵erent conformations were sampled and directly used for the molecular
docking investigation of the titled derivatives.
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4.4.3. Molecular Docking Simulations
Docking Assessment
Prior any docking application any program should be assessed for its usability and limits. To this
aim, and as no experimental structures for TcSir2RP1 and TcSir2RP3 were available, the docking
assessment was carried out on selected experimental available T cruzi sirtuin homologues co-crystallized
with an inhibitor (Table S7).
As from a literature survey no e↵orts is yet reported in justifying the use of a given molecular
docking software for structure-based (SB) investigation on sirtuin proteins, it was decided to perform a
docking assessment on the Plants [49,50] and smina [51] programs (free for academics). As the two
programs require the definition of docking space it was calculated to include both all co-crystallized
inhibitors and cofactors in the definition of the docking box. This choice was necessary as the
kinetic of the inhibitor mechanism of binding is not clear yet. Moreover, many inhibitors were found
complexed either in presence or in absence of the cofactor (Table S7). Briefly, the most suitable docking
software was selected using all the program/minimization/scoring function combinations with a total
of 9 combinations. The selection of the program was done by means of root mean squared deviation
(RMSD) on the basis of ability to reproduce the sirtuins experimental complexes with the least error
calculated by the docking accuracy (DA) [52] (Equation (1))
DA = rmsd  2.0 + 0.5 (rmsd  3.0

rmsd < 2.0)

(1)

Re-docking simulations with experimental and randomized initial ligand conformations revealed
that smina in combination with the Vina scoring function while using the complex minimization
feature was able to reproduce the experimental complexes with the least error, displaying DAs% of
about 74% and 67%, regardless the presence or the absence of bound cofactor (Table S2).
Molecular Docking of the SIRT Inhibitors
The selected modeled T. cruzi sirtuins conformations were structure-based aligned by means of the
matchmaker UCSF Chimera module (mmaker). For the alignments, the pre-superimposed TcSir2RP1
and TcSir2RP3 homology models were used.
Due to their selective inhibitory activity (Table 1), 15 and 17 were only docked into TcSir2RP1s
modeled structures, whereas 8, 12, 13, 30, and 32, were docked into TcSir2RP3s. As 8 contains a chiral
center and a double bond, and the experimental IC50 was determined for the racemic mixture, all the
four 8 stereoisomers were modeled (Table S3). Undefined double bonds are also in 17, 30, 31, and 32,
and thus the two E and Z stereoisomers for each molecule were modeled (Table S3). As described
above (see molecular dynamics section) TcSir2RP1 and TcSir2RP3 were modeled in di↵erent ways:
complexed with NAD+ , complexed with AAR, complexed with NAD+ and Aly containing substrate
and the apoprotein. While the TcSir2RP1 and TcSir2RP3 complexes with NAD+ and substrate can give
some hints in the structure or eventually to investigate potential activators, they were not used for the
MCs’ docking studies. For each inhibitor three final complexes were modeled (Table S3). In general,
in the case of TcSir2RP1 lowest energy docked poses were obtained in the presence of NAD+ , while for
TcSir2RP3 the apoprotein was energetically preferred.
4.5. Parasites
The experiments were performed with Y strain of T. cruzi. Cell-derived trypomastigotes were
obtained from infected LLC-MK2 cells maintained in low-glucose Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 10% fetal bovine serum (FBS), streptomycin (100 mg/mL), and penicillin
(100 U/mL) in a humidified 5% CO2 atmosphere at 37 C, as described previously [12].
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4.6. High Content Assays (HCA)
HCA were performed based on [53]. In summary, U2OS cells (ATCC HTB-96), obtained from Prof.
Dr. Lucio Holanda Freitas-Junior laboratory, were seeded at 384 wells-plate followed by the infection
with trypomastigote forms from T. cruzi Y H10 strain 24 h after cell seeding. After 24 h of infection,
SIRTi were added, to the infected-cells plate, which was incubated for 96 hours. The cells were then
fixed with paraformaldehyde 4% in PBS and stained with Draq5, a DNA intercalating agent (Biostatus,
Leicestershire, UK). Images from plates were obtained using INCell Analyzer (GE Biosciences) to
determine the infection ratio, number of host cells. The EC50 and CC50 values, and the selectivity
indexes for each compound tested were calculated as described in [54]. The same approach was
used for combination assays of SIRTi with BZN. The drug concentrations used for these assays were
determined based on the EC50 value of each SIRTi. BZN and SIRTi were used at di↵erent concentration
ratios of 1/32, 1/16, 1/8, 1/4, 1/2, 1/1, and 2/1. The trypanocidal activity of each SIRTi combined with
BZN was compared to the activity of each SIRTi used alone. The data obtained were analyzed using the
CompuSyn software to determine the combinatory index (CI) and to characterize the type of interaction
of SIRTi and BZN. For this study, we considered: CI < 1 synergistic; CI = 1 additive/indi↵erent; and CI
> 1 antagonistic.
5. Conclusions
In conclusion, our results showed some potential structures to be used to develop T. cruzi sirtuins
inhibitors. Also, we demonstrated the di↵erential specificity of the inhibitors against each parasite
sirtuin, which open the opportunity to combinatory formulation of inhibitors to be used against
the parasite.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/10/3659/
s1. Table S1. Comparative analysis of amino acid sequence of T. cruzi vs human sirtuins (% identity); Table S2.
Comparison of Smina and Plants docking software; Table S3. Molecular docking numerical results for the active
MC inhibitors; Table S4. Combinatory index (CI) of 12 and BZN; Table S5. Trypanocidal e↵ect of drug combination
17 and BZN; Table S6. Trypanocidal e↵ect of drug combination 32 and BZN; Table S7. List of complexes used for
the docking assessment
Author Contributions: Conceptualization, T.M.B., M.B.P.S., L.A. (Lorenzo Antonini), R.R., A.M., S.S. and N.S.M.;
Methodology, N.M., L.A. (Lorenzo Antonini), M.S. and R.R.; Validation, T.M.B., N.M, D.R., L.A. (Lorenzo Antonini),
M.S., R.R. and N.S.M.; Investigation, T.M.B., L.A. (Lorenzo Antonini), C.H.F., L.A. (Laura Alcântara), M.S., N.M.,
R.R., N.S.M.; Resources, M.B.P.S., L.H.F.-J., C.B.M., R.R., D.R., S.S., M.M., A.M., N.S.M.; Writing—Original Draft
Preparation, S.S., R.R., A.M., N.S.M; Writing—Review and Editing, T.M.B., L.A. (Lorenzo Antonini), C.H.F., L.A.
(Laura Alcântara), L.H.F.-J., C.B.M., R.R., D.R., M.B.P.S., A.M., S.S. and N.S.M.; Visualization, L.A. (Lorenzo
Antonini), R.R., S.S., A.M. and N.S.M.; Supervision, S.S., M.B.P.S. and N.S.M.; Project Administration, N.S.M.;
Funding Acquisition, R.R., M.B.P.S., S.S., A.M., N.S.M.” All authors have read and agreed to the published version
of the manuscript.
Funding: This work was supported by Fundação de Amparo à Pesquisa do Estado de São Paulo [grant number
2018/09948-0 to NSM and 2015/22031-0 to SS]; Fundação de Amparo à Pesquisa do Estado da Bahia [grant number
PNX0002/2014]; and Conselho Nacional de Desenvolvimento Científico Tecnológico [grant number 424729/2018-0
to NSM and 477143/2011-3, 445655/2014-3, and INCTV, to SS], PRIN 2016 (prot. 20152TE5PK) (to AM), AIRC 2016
(n. 19162) (to AM), and PE-2013-02355271 (to AM), PRIN 2017 (prot. 2017JL8SRX) (to RR).
Acknowledgments: The authors thank and Claudio Rogério de Oliveira for technical assistance and members
from Schenckman’s and Moretti’s lab for helpful discussions.
Conflicts of Interest: The authors of this paper declare no conflicts of interest.

References
1.

2.

Bernatchez, J.A.; Chen, E.; Hull, M.V.; McNamara, C.W.; McKerrow, J.H.; Siqueira-Neto, J.L. High-throughput
screening of the ReFRAME library identifies potential drug repurposing candidates for Trypanosoma cruzi.
Trends Parasitol. 2019. [CrossRef]
Zulantay, I.; Apt, W.; Ramos, D.; Godoy, L.; Valencia, C.; Molina, M.; Sepulveda, E.; Thieme, P.; Martinez, G.;
Corral, G. The Epidemiological Relevance of Family Study in Chagas Disease. PLoS Negl. Trop. Dis. 2013, 7,
e1959. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 3659

3.
4.
5.
6.
7.
8.

9.

10.
11.

12.

13.

14.
15.
16.
17.
18.

19.

20.
21.

22.

23.

14 of 16

Bermudez, J.; Davies, C.; Simonazzi, A.; Real, J.P.; Palma, S. Current drug therapy and pharmaceutical
challenges for Chagas disease. Acta Trop. 2016, 156, 1–16. [CrossRef] [PubMed]
Coura, J.R. Current prospects of specific treatment of Chagas’ disease. Boletín chileno de parasitología 1996, 51,
69–75.
Moretti, N.S.; Schenkman, S. Chromatin modifications in trypanosomes due to stress. Cell. Microbiol. 2013,
15, 709–717. [CrossRef] [PubMed]
Moretti, N.S.; Cestari, I.; Anupama, A.; Stuart, K.; Schenkman, S. Comparative Proteomic Analysis of Lysine
Acetylation in Trypanosomes. J. Proteome Res. 2017, 17, 374–385. [CrossRef]
Hyndman, K.A.; Knepper, M.A. Dynamic regulation of lysine acetylation: The balance between
acetyltransferase and deacetylase activities. Am. J. Physiol. Physiol. 2017, 313, F842–F846. [CrossRef]
Brachmann, C.B.; Pillus, L.; Sherman, J.M.; Devine, S.E.; Cameron, E.E.; Boeke, J.D. The SIR2 gene family,
conserved from bacteria to humans, functions in silencing, cell cycle progression, and chromosome stability.
Genes Dev. 1995, 9, 2888–2902. [CrossRef]
Carafa, V.; Rotili, D.; Forgione, M.; Cuomo, F.; Serretiello, E.; Hailu, G.S.; Jarho, E.; Lahtela-Kakkonen, M.;
Mai, A.; Altucci, L. Sirtuin functions and modulation: From chemistry to the clinic. Clin. Epigenetics 2016,
8, 61. [CrossRef]
Religa, A.A.; Waters, A.P. Sirtuins of parasitic protozoa: In search of function(s). Mol. Biochem. Parasitol.
2012, 185, 71–88. [CrossRef]
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, 63,
724–736. [CrossRef] [PubMed]
Moretti, N.S.; Augusto, L.D.S.; Clemente, T.M.; Antunes, R.P.P.; Yoshida, N.; Torrecilhas, A.C.; Cano, M.I.N.;
Schenkman, S. Characterization of Trypanosoma cruzi Sirtuins as Possible Drug Targets for Chagas Disease.
Antimicrob. Agents Chemother. 2015, 59, 4669–4679. [CrossRef] [PubMed]
Ritagliati, C.; Alonso, V.L.; Manarin, R.; Cribb, P.; Serra, E.C. Overexpression of Cytoplasmic TcSIR2RP1
and Mitochondrial TcSIR2RP3 Impacts on Trypanosoma cruzi Growth and Cell Invasion. PLOS Neglected
Trop. Dis. 2015, 9, e0003725. [CrossRef] [PubMed]
Wang, Q.; Rosa, B.A.; Nare, B.; Powell, K.; Valente, S.; Rotili, D.; Mai, A.; Marshall, G.; Mitreva, M. Targeting
Lysine Deacetylases (KDACs) in Parasites. PLOS Neglected Trop. Dis. 2015, 9, e0004026. [CrossRef] [PubMed]
Soares, M.; Silva, C.V.; Bastos, T.M.; Guimarães, E.T.; Figueira, C.P.; Smirlis, D.; Azevedo, W.F., Jr.
Anti-Trypanosoma cruzi activity of nicotinamide. Acta Trop. 2012, 122, 224–229. [CrossRef]
Zheng, W. Sirtuins as emerging anti-parasitic targets. Eur. J. Med. Chem. 2013, 59, 132–140. [CrossRef]
Wilkinson, S.R.; Taylor, M.C.; Horn, D.; Kelly, J.M.; Cheeseman, I.H. A mechanism for cross-resistance to
nifurtimox and benznidazole in trypanosomes. Proc. Natl. Acad. Sci. USA 2008, 105, 5022–5027. [CrossRef]
Tao, R.; Vassilopoulos, A.; Parisiadou, L.; Yan, Y.; Gius, D.R. Regulation of MnSOD Enzymatic Activity by
Sirt3 Connects the Mitochondrial Acetylome Signaling Networks to Aging and Carcinogenesis. Antioxidants
Redox Signal. 2014, 20, 1646–1654. [CrossRef]
Lu, J.; Zhang, H.; Chen, X.; Zou, Y.; Li, J.; Wang, L.; Wu, M.; Zang, J.; Yu, Y.; Zhuang, W.; et al. A small
molecule activator of SIRT3 promotes deacetylation and activation of manganese superoxide dismutase.
Free. Radic. Boil. Med. 2017, 112, 287–297. [CrossRef]
Dali-Youcef, N.; Lagouge, M.; Froelich, S.; Koehl, C.; Schoonjans, K.; Auwerx, J. Sirtuins: The ‘magnificent
seven’, function, metabolism and longevity. Ann. Med. 2007, 39, 335–345. [CrossRef]
Rotili, D.; Tarantino, D.; Carafa, V.; Paolini, C.; Schemies, J.; Jung, M.; Botta, G.; Di Maro, S.; Novellino, E.;
Steinkühler, C.; et al. Benzodeazaoxaflavins as Sirtuin Inhibitors with Antiproliferative Properties in Cancer
Stem Cells. J. Med. Chem. 2012, 55, 8193–8197. [CrossRef]
Rotili, D.; Tarantino, D.; Nebbioso, A.; Paolini, C.; Huidobro, C.; Lara, E.; Mellini, P.; Lenoci, A.; Pezzi, R.;
Botta, G.; et al. Discovery of Salermide-Related Sirtuin Inhibitors: Binding Mode Studies and Antiproliferative
E↵ects in Cancer Cells Including Cancer Stem Cells. J. Med. Chem. 2012, 55, 10937–10947. [CrossRef]
Heltweg, B. Antitumor Activity of a Small-Molecule Inhibitor of Human Silent Information Regulator 2
Enzymes. Cancer Res. 2006, 66, 4368–4377. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 3659

24.

25.

26.

27.

28.

29.
30.

31.

32.
33.

34.

35.
36.
37.

38.

39.
40.
41.

42.

15 of 16

Moniot, S.; Forgione, M.; Lucidi, A.; Hailu, G.S.; Nebbioso, A.; Carafa, V.; Baratta, F.; Altucci, L.; Giacché, N.;
Passeri, D.; et al. Development of 1,2,4-Oxadiazoles as Potent and Selective Inhibitors of the Human
Deacetylase Sirtuin 2: Structure–Activity Relationship, X-ray Crystal Structure, and Anticancer Activity.
J. Med. Chem. 2017, 60, 2344–2360. [CrossRef] [PubMed]
Polletta, L.; Vernucci, E.; Carnevale, I.; Arcangeli, T.; Rotili, D.; Palmerio, S.; Steegborn, C.; Nowak, T.;
Schutkowski, M.; Pellegrini, L.; et al. SIRT5 regulation of ammonia-induced autophagy and mitophagy.
Autophagy 2015, 11, 253–270. [CrossRef] [PubMed]
Carafa, V.; Nebbioso, A.; Cuomo, F.; Rotili, D.; Cobellis, G.; Bontempo, P.; Baldi, A.; Spugnini, E.P.; Citro, G.;
Chambery, A.; et al. RIP1–HAT1–SIRT Complex Identification and Targeting in Treatment and Prevention of
Cancer. Clin. Cancer Res. 2018, 24, 2886–2900. [CrossRef]
Maurer, B.; Rumpf, T.; Scharfe, M.; Stolfa, D.A.; Schmitt, M.L.; He, W.; Verdin, E.; Sippl, W.; Jung, M. Inhibitors
of the NAD+-Dependent Protein Desuccinylase and Demalonylase Sirt5. ACS Med. Chem. Lett. 2012, 3,
1050–1053. [CrossRef]
You, W.; Rotili, D.; Li, T.-M.; Kambach, C.; Meleshin, M.; Schutkowski, M.; Chua, K.F.; Mai, A.; Steegborn, C.
Structural Basis of Sirtuin 6 Activation by Synthetic Small Molecules. Angew. Chem. Int. Ed. 2016, 56, 1007–1011.
[CrossRef]
Ragno, R.; Frasca, S.; Manetti, F.; Brizzi, A.; Massa, S. HIV-Reverse Transcriptase Inhibition: Inclusion of
Ligand-Induced Fit by Cross-Docking Studies. J. Med. Chem. 2005, 48, 200–212. [CrossRef]
Gaspar, L.; Coron, R.P.; Kong-Thoo-Lin, P.; Costa, D.; Pérez-Cabezas, B.; Tavares, J.; Roura-Ferrer, M.;
Ramos, I.; Ronin, C.; Major, L.; et al. Inhibitors of Trypanosoma cruzi Sir2 related protein 1 as potential drugs
against Chagas disease. PLOS Neglected Trop. Dis. 2018, 12, e0006180. [CrossRef]
Bastos, T.M.; Russo, H.M.; Moretti, N.S.; Schenkman, S.; Marcourt, L.; Gupta, M.P.; Wolfender, J.-L.;
Queiroz, E.F.; Soares, M. Chemical Constituents of Anacardium occidentale as Inhibitors of Trypanosoma
cruzi Sirtuins. Mol. 2019, 24, 1299. [CrossRef] [PubMed]
The UniProt Consortium UniProt: The universal protein knowledgebase. Nucleic Acids Res. 2018, 46, 2699.
[CrossRef] [PubMed]
Waterhouse, A.; Bertoni, M.; Bienert, S.; Studer, G.; Tauriello, G.; Gumienny, R.; Heer, F.T.; Beer, T.A.P.D.;
Rempfer, C.; Bordoli, L.; et al. SWISS-MODEL: Homology modelling of protein structures and complexes.
Nucleic Acids Res. 2018, 46, W296–W303. [CrossRef] [PubMed]
Ronin, C.; Costa, D.; Tavares, J.; Faria, J.; Ciesielski, F.; Ciapetti, P.; Smith, T.K.; MacDougall, J.; Da Silva, A.C.;
Pemberton, I. The crystal structure of the Leishmania infantum Silent Information Regulator 2 related protein
1: Implications to protein function and drug design. PLoS ONE 2018, 13, e0193602. [CrossRef]
Zhao, K.; Chai, X.; Marmorstein, R. Structure and Substrate Binding Properties of cobB, a Sir2 Homolog
Protein Deacetylase from Escherichia coli. J. Mol. Boil. 2004, 337, 731–741. [CrossRef]
Bas, D.C.; Rogers, D.; Jensen, J.H. Very fast prediction and rationalization of pKa values for protein-ligand
complexes. Proteins: Struct. Funct. Bioinform. 2008, 73, 765–783. [CrossRef]
Dolinsky, T.J.; Czodrowski, P.; Li, H.; Nielsen, J.E.; Jensen, J.H.; Klebe, G.; Baker, N.A. PDB2PQR:
Expanding and upgrading automated preparation of biomolecular structures for molecular simulations.
Nucleic Acids Res. 2007, 35, W522–W525. [CrossRef]
Zhao, X.; Allison, D.; Condon, B.; Zhang, F.; Gheyi, T.; Zhang, A.; Ashok, S.; Russell, M.; MacEwan, I.;
Qian, Y.; et al. The 2.5 Å Crystal Structure of the SIRT1 Catalytic Domain Bound to Nicotinamide Adenine
Dinucleotide (NAD+) and an Indole (EX527 Analogue) Reveals a Novel Mechanism of Histone Deacetylase
Inhibition. J. Med. Chem. 2013, 56, 963–969. [CrossRef]
Min, J.; Landry, J.; Sternglanz, R.; Xu, R.-M. Crystal Structure of a SIR2 Homolog–NAD Complex. Cell 2001,
105, 269–279. [CrossRef]
Ho↵, K.G.; Avalos, J.L.; Sens, K.; Wolberger, C. Insights into the Sirtuin Mechanism from Ternary Complexes
Containing NAD+ and Acetylated Peptide. Struct. 2006, 14, 1231–1240. [CrossRef]
Papamokos, G.; Tziatzos, G.; Papageorgiou, D.G.; Georgatos, S.; Politou, A.S.; Kaxiras, E. Structural Role of
RKS Motifs in Chromatin Interactions: A Molecular Dynamics Study of HP1 Bound to a Variably Modified
Histone Tail. Biophys. J. 2012, 102, 1926–1933. [CrossRef] [PubMed]
Wang, J.; Wolf, R.M.; Caldwell, J.W.; Kollman, P.A.; Case, D.A. Development and testing of a general amber
force field. J. Comput. Chem. 2004, 25, 1157–1174. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 3659

43.
44.
45.
46.

47.

48.

49.
50.
51.
52.

53.

54.

16 of 16

Wang, J.; Wang, W.; Kollman, P.A.; Case, D.A. Automatic atom type and bond type perception in molecular
mechanical calculations. J. Mol. Graph. Model. 2006, 25, 247–260. [CrossRef] [PubMed]
Jakalian, A.; Jack, D.B.; Bayly, C.I. Fast, efficient generation of high-quality atomic charges. AM1-BCC model:
II. Parameterization and validation. J. Comput. Chem. 2002, 23, 1623–1641. [CrossRef]
Izadi, S.; Anandakrishnan, R.; Onufriev, A.V. Building Water Models: A Di↵erent Approach. J. Phys.
Chem. Lett. 2014, 5, 3863–3871. [CrossRef]
Maier, J.A.; Martinez, C.; Kasavajhala, K.; Wickstrom, L.; Hauser, K.; Simmerling, C.L. ↵14SB: Improving the
Accuracy of Protein Side Chain and Backbone Parameters from ↵99SB. J. Chem. Theory Comput. 2015, 11,
3696–3713. [CrossRef]
David, A.; Case, R.C.; Walker, T.E.; Cheatham, C., III; Simmerling, A.; Roitberg, K.M.; Merz, R.; Luo, T.;
Darden, J.; Wang, R.E.; et al. AMBER 2018 Reference Manual Covers Amber18 and AmberTools18. 2018.
Available online: https://ambermd.org/doc12/Amber18.pdf (accessed on 28 April 2020).
Eastman, P.; Swails, J.; Chodera, J.D.; McGibbon, R.T.; Zhao, Y.; Beauchamp, K.A.; Wang, L.-P.; Simmonett, A.;
Harrigan, M.; Stern, C.D.; et al. OpenMM 7: Rapid development of high performance algorithms for
molecular dynamics. PLoS Comput. Boil. 2017, 13, e1005659. [CrossRef]
Korb, O.; Monecke, P.; Hessler, G.; Stutzle, T.; Exner, T.E. pharmACOphore: Multiple flexible ligand alignment
based on ant colony optimization. J. Chem. Inf. Model. 2010, 50, 1669–1681. [CrossRef]
Korb, O.; Möller, H.M.; Exner, T.E. NMR-Guided Molecular Docking of a Protein-Peptide Complex Based on
Ant Colony Optimization. ChemMedChem 2010, 5, 1001–1006. [CrossRef]
Koes, D.R.; Baumgartner, M.; Camacho, C.J. Lessons Learned in Empirical Scoring with smina from the
CSAR 2011 Benchmarking Exercise. J. Chem. Inf. Model. 2013, 53, 1893–1904. [CrossRef]
Ragno, R.; Ballante, F.; Pirolli, A.; Wickersham, R.B.; Patsilinakos, A.; Hesse, S.; Perspicace, E.; Kirsch, G.
Vascular endothelial growth factor receptor-2 (VEGFR-2) inhibitors: Development and validation of predictive
3-D QSAR models through extensive ligand- and structure-based approaches. J. Comput. Mol. Des. 2015, 29,
757–776. [CrossRef] [PubMed]
Siqueira-Neto, J.; Moon, S.; Jang, J.; Yang, G.; Lee, C.; Moon, H.K.; Chatelain, E.; Genovesio, A.; Cechetto, J.;
Freitas-Junior, L.H. An Image-Based High-Content Screening Assay for Compounds Targeting Intracellular
Leishmania donovani Amastigotes in Human Macrophages. PLoS Negl. Trop. Dis. 2012, 6, e1671. [CrossRef]
[PubMed]
Franco, C.H.; Alcântara, L.M.; Chatelain, E.; Freitas-Junior, L.; Moraes, C.B. Drug Discovery for Chagas
Disease: Impact of Di↵erent Host Cell Lines on Assay Performance and Hit Compound Selection. Trop. Med.
Infect. Dis. 2019, 4, 82. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

