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ABSTRACT

Inhibition of Trypanosoma brucei and Leishmania spp. sirtuins has shown promising antiparasitic activ-
ity, indicating that these enzymes may be used as targets for drug discovery against trypanosomatid
infections. In the present work we carried out a virtual screening focused on the C pocket of Sir2 from
Trypanosoma cruzi. Using this approach, the best ligand found was nicotinamide. In vitro tests confirmed
the anti-T. cruzi activity of nicotinamide on epimastigote and trypomastigote forms. Moreover, treat-
ment of T. cruzi-infected macrophages with nicotinamide caused a significant reduction in the number
of amastigotes. In addition, alterations in the mitochondria and an increase in the vacuolization in the
cytoplasm were observed in epimastigotes treated with nicotinamide. Analysis of the complex of Sir2 and
nicotinamide revealed the details of the possible ligand-target interaction. Our data reveal a potential
use of TcSir2 as a target for anti-T. cruzi drug discovery.

Virtual screening

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Trypanosoma cruzi is a hemoflagellate protozoan parasite
causative of Chagas’ disease, or American Trypanosomiasis, a dis-
ease affecting 16-18 millions of persons mainly in Latin American
countries (WHO, 2002). It is transmitted by reduviid bugs to mam-
malian hosts, and in humans the infection courses with two phases.
The acute phase is characterized by intense blood parasitemia and
tissue parasitism, whereas in the chronic phase the parasitism is
scarce, but persistent. The chronic symptomatic form of the dis-
ease appears in about 30% of the individuals, and manifests as
cardiomyopathy, megasyndromes (megacolon and megaesopha-
gus), or both forms (Soares et al., 2001). Currently there are two
drugs available for the treatment of Chagas’ disease, Benznidazole
and Nifurtimox, which are endowed with high toxicity and low effi-
cacy in the chronic phase of infection. Thus, there is a great need
for new drugs more effective against the parasite and less toxic to
humans (Moreira et al., 2009).
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Sirtuins are NAD-dependent deacetylases conserved from bac-
teria to mammals, and genes coding for seven sirtuins (SIRT 1-7)
have been found in the human genome. Sirtuin catalyzes the
deacetylation of acetylated lysine residues of histone and non-
histone substrates. The structural basis for inhibition of sirtuins
has been established through previous structural and functional
studies (Denu, 2003, 2005; Garcia-Salcedo et al., 2003; Hoff et al.,
2006). 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 (Irwin and Shoichet, 2005). In addi-
tion, inhibition of sirtuins from Trypanosoma brucei and Leishmania
sp. showed promising results, indicating that these enzymes may
be considered as targets for drug discovery in parasite infection
(Jacksonetal.,2003; Kadam et al., 2006, 2008; Kowieski et al.,2008).

Several structures of complexes involving sirtuins and inhibitors
have been reported (Hoff et al., 2006; Lipinski et al., 1997; Moreira
et al., 2009). Nicotinamide, a well known sirtuin inhibitor, is a
water-soluble vitamin of the B complex, which together with nico-
tinic acid belongs to vitamin B3 or vitamin PP and it acts as
constituent of the enzyme cofactors NAD (nicotinamide adenine
dinucleotide) and NADP (nicotinamide adenine dinucleotide phos-
phate) (pyridine nucleotides). These molecules function as electron
carriers in cell metabolism of carbohydrates, fatty acids and amino
acids. Nicotinamide has been used to treat pellagra, osteoarthritis
and is currently in trials as a therapy to prevent cancer recurrence
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and insulin-dependent (type I) diabetes. This vitamin is safe even
when administered at high dosage (6g/day) in human (Flodin,
1988; Sereno et al., 2005; Gazanion et al., 2011).

In this context, this study reports homology modeling of Sir2
from T. cruzi (TcSir2) and structure-based virtual screening (SBVS)
focused on the C pocket of TcSir2. The best hit identified in the
SBVS, nicotinamide, was submitted to biological activity test, which
confirmed its anti-T. cruzi activity.

2. Materials and methods
2.1. TcSir2 modeling, docking analysis and virtual screening

The web server PARMODEL was used to model the structure of
Sir2 (EC 3.5.1.) from T. cruzi (gene name: Tc00.1047053447255.20)
(Nguewa et al., 2004; Oprea et al., 2001). The complete amino acid
sequence of TcSir2 was obtained from the NCBI protein database
(Q4CNVO_TRYCR; SWISSPROT Accession Number Q4CNV0-1). We
used the atomic coordinates of Sir2 from Thermotoga maritima
(TmSir2) (PDB access code: 1yc5), which presents 33% identity with
Sir2 from T. cruzi (TcSir2). We applied the flexible docking pro-
tocol available in the program MolDock (Sali and Blundell, 1993).
In order to validate the present docking protocol we performed
the docking simulation against the nicotinamide-binding pocket
(also known as C pocket) of TcSir2 and compared with the modeled
structure, obtained directly from the crystallographic structure of
complex Sir2-nicotinamide (1yc5). We used the default protocol of
MolDock with center at coordinates x=5.73,y=24.93 and z=8.31A
and docking sphere with radius of 7 A. It has been proposed that
nicotinamide is an important template for inhibition of Sir2 from
Leishmania (Kowieski et al., 2008). Based on this observation, we
employed the nicotinamide core to carry out a search in the ZINC
database to build a small-molecule database, using the fingerprint
of nicotinamide with a Tanimoto coefficient cutoff of 90% (Sauve
et al,, 2001). A total of 159 molecules were retrieved and used to
build this database (Sauve and Schramm, 2004).

2.2. Anti-T. cruzi assay on epimastigote and trypomastigote forms

Epimastigotes of T. cruzi (Y and Colombian strains) were cul-
tured at 26 °Cin liver infusion tryptose medium (LIT) supplemented
with 10% fetal bovine serum (FBS) (Cultilab, Campinas, SP, Brazil),
1% hemin (Sigma, St. Louis, MO, USA), 1% R9 medium (Sigma), and
50 wg/mL gentamycin (Sigma). Parasites (107 cells/mL) were cul-
tured in fresh medium in the absence or presence of nicotinamide
(Sigma, St. Louis, MO, USA) at various concentrations (2.46 mM,
0.82 mM, 0.27 mM, 0.09 mM, 0.03 mM, and 0.009 mM), in tripli-
cates. Cell growth was determined after culture for 3-6 days by
counting viable forms in a hemocytometer. Trypomastigote forms
of Y and Colombian T. cruzi strains were obtained from supernatants
of infected LCC-MK2 cell cultures and cultured in 96-well plates
(4 x 10°/well) in DMEM supplemented with 10% FBS and 0.10 mM
gentamycin in the absence or presence of different concentrations
of nicotinamide, in triplicates. Viable parasites were counted in a
hemocytometer 24 h later. The percentage of inhibition was calcu-
lated in relation to untreated cultures.

2.3. Invitro T. cruzi infection assay

Peritoneal exudate cells were obtained by washing with saline
solution the peritoneal cavity of BALB/c mice five days after
injection of 3% thioglycollate (1.5ml per mouse). All animals
were maintained at the animal facilities at the Gon¢alo Moniz
Research Center — FIOCRUZ, Salvador, Bahia, Brazil and the proto-
col was approved by the Animal Ethics Committee of the Centro

de Pesquisas Gongalo Moniz - Fiocruz (protocol number L-029-
09). Peritoneal exudate cells were washed twice with saline and
resuspended in RPMI medium (GIBCO-BRL, Gaithersburg, MD) sup-
plemented with 10% FBS, L-glutamine (2 mM), sodium pyruvate
(1 mM), HEPES (10 mM), and gentamycin (0.10 mM). To evaluate
the trypanocidal activity of nicotinamide on amastigote forms, peri-
toneal exudate cells were plated at 2 x 10° cells/well in 24-well
plates with glass coverslips in the bottom and cultured during 24 h
prior to infection. Macrophages were infected with trypomastig-
otes of Y strain at a ratio of 10 parasites per macrophage. After 2 h
of infection, the free trypomastigotes were removed by successive
washes using saline solution. Cultures were incubated in com-
plete medium alone or with nicotinamide (0.09 mM and 0.9 mM)
or 0.08 mM benznidazole (used as a reference trypanocidal drug).
Six hours later, wells were washed and cultures were incubated
in complete medium for 4 days. Cells were then fixed in methanol
and the percentage of infected macrophages and the mean number
of amastigotes/infected macrophages were determined by count-
ing the slides after Giemsa staining using an optical microscope
(Olympus, Tokyo, Japan), by counting 100 cells per slide.

2.4. Electron microscopy analysis

Epimastigotes of Y strain T. cruzi were incubated for 6 days at
26°C in the absence or presence of nicotinamide. After incubation,
the parasites were fixed for 24 h at 4°C with 2.0% glutaraldehyde
in 0.1 M cacodylate buffer (pH 7.2) and were post-fixed for 1h at
4°C with 1% 0sO4 with the same buffer. The samples were then
routinely processed for transmission electron microscopy and were
examined in an EM109 electron microscope (Zeiss, Germany).

2.5. Statistical analyses

To determine the ICsg value, we used nonlinear regression on
Prism 5.02 GraphPad software. Student’s t test was applied to ascer-
tain the statistical significance of the observed differences in ICsq
values. The one-way ANOVA and Bonferroni tests were used to
determine the statistical significance of the group comparisons in
the in vitro infection study. Results were considered statistically
significant when P<0.05.

3. Results
3.1. TcSir2 modeling

First, we performed a multiple alignment of TcSir2 with the
canonical fold of the sirtuins from T. brucei (Th927.7.1690), L.
infantum (LinJ.26.0200) and the Homo sapiens SIRT1 (uniprot id:
Q96EB6) (Fig. 1). We then performed homology modeling of TcSir2.
The structure obtained from homology modeling presents the
canonical fold of sirtuins, as shown in Fig. 2. The TcSir2 structure
presents a bilobal structure with the larger domain consisting pre-
dominantly of a modified Rossmann fold, found in many diverse
NAD(H)/NADP(H) binding enzymes, and the minor domain that
contains a structural zinc atom. At the interface of the two domains,
thereis alarge groove formed by the four crossovers and three loops
of the large domain. The larger lobe is formed by six [3-strands
that shape a parallel 3-sheet. This central 3 sheet is tightly sur-
rounded by six a helices. Between the two lobes there is a cleft
where NAD* binds. There is a zinc-binding pocket, where the zinc
atom is coordinated by Cys 121, Cys 144, and Thr124.

3.2. Docking studies on TcSir2

The use of the MolDock to the structure of TcSir2 in com-
plex with nicotinamide was capable of correctly predicting the
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Fig.1. Multiple-sequence alignment of the sirtuin catalytic domain. Multiple-sequence alignment of the sirtuin catalytic domain in TcSir2 (template Tc00.1047053447255.20,
whole protein), in T. brucei (template Tb927.7.1690, aminoacid residues 18-327), in L. infantum (template Lin].26.0200, aminoacid residues 20-351) and in Homo sapiens
SIRT1 (template uniprot id: Q96EB6). Identical residues are indicated in black shading and similar residues in gray. The multiple sequence alignment was based on the Clustal

W algorithm.

nicotinamide positioning in the binding pocket of TcSir2, the RMSD
of superposition is 0.59 A. Similar docking protocols have been
employed in SBVS focused on Sir2 from Leishmania (Kowieski et al.,
2008). Since this docking protocol seems capable of reproducing the
crystallographic structure, we applied it to a dataset of molecules

Fig. 2. Structure of TcSir2. The ellipse indicates the larger domain, and the arrow
indicates the C pocket.

which presents nicotinamide core. Nicotinamide presents several
structural properties that make it a promising template for SBVS,
such as cLog P=—0.4, molecular weight of 122.13 g/mol, number of
rotatable bonds =1, polar surface area = 56 A2, H-bond donor = 1 and
H-bond acceptor = 2. All these values satisfy the Lipinski and Veber
rules (Schmidt et al., 2004; Schuetz et al., 2007). In addition, com-
bination of the ideas of lead-likeness, template conservation and
fragment-based screening has generated guidelines for the struc-
tural properties of scaffolds employed in screening libraries. This
knowledge isincorporated in the ‘rule of 3’, which is also satisfied by
nicotinamide (Soares et al., 2001). It has been observed that nicoti-
namide inhibits the deacetylation activity of SIRT1 by interacting
with areaction intermediate. The catalyzed deacetylation conducts
to production of 2’- and 3’-O-acetyl-ADP-ribose and deacetylated
lysine. If nicotinamide binds to the enzyme when it contains
the O-akyl-amidate intermediate, nicotinamide can react with the

\

Fig. 3. C pocket of TcSir2 showing nicotinamide and acetylate lysine.
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Fig. 4. Alterations in T. cruzi epimastigotes caused by nicotinamide. Y strain T. cruzi epimastigotes were cultured for 6 days in the absence (A and B) or presence (C and D) of
nicotinamide (2.46 mM). Transmission electron micrographs showing alterations in the mitochondria and kinetoplast in C and D, compared to untreated controls (A and B).
Arrows indicate the kinetoplasts; (n) nucleus; (fp) flagellar pocket; (f) flagellum; (1) basal corpuscle; (s) lipid inclusions.

intermediate in a procedure known as nicotinamide exchange, in
which NAD* and N6-acetyl-lysine are reformed (Szczepankiewicz
and Ng, 2008; Taunton et al., 1996; Thomsen and Christensen, 2006;
Timmers et al., 2008). Furthermore, the rate of the nicotinamide
exchange reaction can be increased by raising the nicotinamide
concentration, which happens at expense of the deacetylation
activity. These studies suggest that this moiety deserves further
investigation as a potential sirtuin inhibitor.

Docking simulations of these molecules against the active site
of TcSir2 returned nicotinamide as the best ligand (lowest score:
—48.67). Fig. 3 shows nicotinamide docked to TcSir2. Analysis of
the positioning of nicotinamide in the C pocket indicates that it
binds in the substrate binding cleft contiguous to the acetyl lysine
side chain (Fig. 3). Nicotinamide presents intermolecular interac-
tions with main-chain oxygen from Trp32, side-chain oxygen of
Asp98, and main chain nitrogen from Asp98. These residues outline
a hydrophobic pocket, known as the C pocket, and forms hydro-
gen bond interactions that rotate the carboxamide approximately
150° from its favored coplanar conformation with the nicotinamide
ring. The residues Asp 98 presents strong intermolecular hydrogen
bonds with the carboximide moiety, which functions as an anchor
to fix nicotinamide in the C pocket. The positioning of nicotinamide
in the C pocket and the rotation of the carboxamide group are com-
parable to what has been observed in the structure of Sir2Af2 bound
NAD"* in the “productive” conformation (Szczepankiewicz and Ng,
2008).

3.3. Nicotinamide inhibits the growth and viability of T. cruzi

The growth of epimastigotes from Y and Colombian T. cruzi
strains in the presence of nicotinamide was inhibited in a
concentration-dependent manner in axenic cultures. The ICsq

values are shown in Table 1. The observation by light microscopy
of epimastigotes cultured in the presence of nicotinamide showed
the presence of rounded parasites, some of them in division,
whereas in control cultures epimastigotes were highly mobile and
elongated (data not shown). Transmission electron microscopy
analysis was performed in order to evaluate morphological and
ultra-structural alterations in nicotinamide-treated parasites. As
shown in Fig. 4A and B, control parasites presented normal mito-
chondria with bar-shaped kinetoplasts. In contrast, epimastigotes
treated with 2.46 mM, but not 0.82 mM nicotinamide, had alter-
ations in the mitochondria, such as swelling and disorganization
of the kinetoplast and an increase in the vacuolization in the cyto-
plasm (Fig.4C and D). Approximately 60% of the parasites presented
these ultra-structural alterations. Treatment of trypomastigotes of
Y and Colombian T. cruzi strains with nicotinamide had a cytotoxic
effect in a concentration-dependent manner (Fig. 5A and B).

The effects of nicotinamide on the intracellular form of the para-
site were also evaluated in cultures of macrophages infected with T.
cruzi. Treatment of macrophage cultures with nicotinamide caused
a significant reduction in the percentage of macrophages infected
by T. cruzi and in the number of intracellular parasites, in concen-
trations non-toxic to macrophages (Fig. 6A and B).

Table 1

ICsp values of nicotinamide on T. cruzi epimastigotes.
T. cruzi strain 3 days 6 days P
Y 0.037 + 0.016 0.126 + 0.025 0.0145
Colombian 0.025 + 0.001 0.100 £ 0.007 0.0004

Data are expressed as means +SEM in mM of 3-6 independent experiments per-
formed.
2 Compared between the third and sixth day/each strain.
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Fig. 5. Effects of nicotinamide on trypomastigote forms of T. cruzi. Trypomastigotes of Y (A) and Colombian (B) T. cruzi strains were incubated with nicotinamide at different
concentrations. The number of viable trypomastigotes was determined 24 h later by counting the parasite preparations in a hemacytometer. Results are expressed as
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Fig. 6. Effects of nicotinamide on macrophages infected with T. cruzi. Peritoneal
macrophages were infected with Y stran trypomastigotes at a ratio 10:1 (para-
sites/macrophages), and treated with benznidazole (0.08 mM) and nicotinamide
(0.09 and 0.9mM) or not (control), as described in Section 2. The percentage of
infected macrophages (A) and the number of amastigotes (B) were determined
by counting Giemsa-stained slides using a light microscope. Results are expressed
as means =+ SD of triplicates, and represent one of two independent experiments
performed. *P<0.05 vs. control; **P<0.01 vs. control.

4. Discussion

In this study we show the antitrypanosomal properties of nicoti-
namide. Although not much is known on the mechanisms of entry
of nicotinic acid into trypanosoma parasites, we believe that since
these parasites rely on NADP levels for their survival (Leroux et al.,
2011), they should possess functional nicotinic acid/nicotinamide
transporters. Glucose transporters and proteins belonging to the
major facilitator superfamily have been implicated in the trans-
port of nicotinate/nicotinamide (Jeanguenin et al., 2011; Sofue
et al., 1992). Homologs of this major facilitator superfamily are
also present in T. cruzi (i.e. glucose transporter). We have shown
here that nicotinamide is a potential inhibitor of T. cruzi Sir2. We
have also performed a molecular modeling of TcSir2. Little is known
about sirtuins from T. cruzi, compared to other trypanosomatids.
The expression of Sir2 homolog in amastigotes of Y strain T. cruzi
was suggested by using antibodies raised against the Leishmania
major Sir2 recombinant protein LmSir2 (Uchoa et al., 2004). In T.
brucei, a Sir2-related protein (TbSir2RP1) was cloned and charac-
terized from the insect form of the parasite (Veber et al., 2002). This
protein is found located in the nucleus and kinetoplast, associated
to chromosome, and is a NAD-dependent ADP-ribosyltransferase
which also catalyzes the deacetylation of histones, mainly H2A and
H2B. TbSir2RP1 confers resistance to DNA damage caused by the
DNA alkylating agent MMS (Veber et al., 2002). Moreover, Alsford
et al. (2007) identified, in the mammalian-infective bloodstream-
stage of T. brucei, three SirT2 homologs, Sir2rp1-3 (Zemzoumi et al.,
1998). Sir2rp1 had a nuclear localization, while Sir2rp2 and Sir2rp3
were found in the mitochondria. The role of the T. cruzi Sir2 homolog
is unknown, but the alterations in the kinetoplast and growth arrest
observed in our study suggest that this protein also play an impor-
tant role in DNA repair in T. cruzi.

It has been proposed that Sir2 is a promising target for devel-
opment of antitrypanosomal, antiplasmodial and antileishmanial
drugs (Kadam et al., 2008; Prusty et al., 2008; Kowieski et al., 2008).
The sequence alignment between the T. cruzi TcSir2 and the Homo
sapiens SIRT1 protein suggests that despite the homology there are
many differences in the aminoacid sequence of the sirtuin catalytic
domain that could be useful for the evaluation of this protein as a
putative drug target. In addition, an in silico structural and surface
analysis of trypanosomal and human sirtuins suggested the pres-
ence of potentially important structural differences in the inhibitor
binding domain of these proteins, indicating a possible selectiv-
ity of an inhibitor to a specific protein (Kaur et al., 2010). Sereno
et al. (2005) showed that overexpression of a Leishmania cytoplas-
mic SIR2-related protein promoted the survival of amastigote forms
by preventing programmed cell death. The authors suggested that,
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since nicotinamide is an inhibitor of certain deacetylase SIR2 pro-
teins, it may have an impact on the parasite growth by interfering
with metabolic processes involving deacetylase activities depen-
dent on SIR2-like proteins (Sereno et al., 2005). In our tests, SBVS
focused on TcSir2 identified nicotinamide as the best ligand from a
small-molecule database of 159 molecules. In vitro tests confirmed
the anti-T. cruzi activity of this molecule, both against epimastigote
and trypomastigote forms of the parasite, in two different strains. In
addition, nicotinamide was found active against amastigote forms
in an in vitro infection model. The inhibition of TcSir2 arrested the
parasite growth, implicating that it deregulated the parasite cell-
cycle. This is in accordance with Sereno et al. (2005), who suggested
that even at concentration as high as 80 mM, nicotinamide does not
kill instantly the T. brucei and Leishmania, but inhibits the parasite
growth.

Since nicotinamide presents low molecular weight and low
number of hydrogen donors and acceptors, its scaffold is adequate
for further optimization in order to enhance target affinity. Nicoti-
namide is very cheap, has low toxicity and can be administered
at a high dose (10g/day) (Prusty et al., 2008). Further studies are
needed in order to understand the role of Sir2 on T. cruzi.
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