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Chagas disease, Human African Trypanosomiasis, and schistosomiasis are neglected parasitic diseases for
which new treatments are urgently needed. To identify new chemical leads, we screened the 400
compounds of the Open Access Malaria Box against the cysteine proteases, cruzain (Trypanosoma cruzi),
rhodesain (Trypanosoma brucei) and SmCB1 (Schistosoma mansoni), which are therapeutic targets for
these diseases. Whereas just three hits were observed for SmCB1, 70 compounds inhibited cruzain or
rhodesain by at least 50% at 5 mM. Among those, 15 commercially available compounds were selected for
confirmatory assays, given their potency, time-dependent inhibition profile and reported activity against
parasites. Additional assays led to the confirmation of four novel classes of cruzain and rhodesain in-
hibitors, with potency in the low-to mid-micromolar range against enzymes and T. cruzi. Assays against
mammalian cathepsins S and B revealed inhibitor selectivity for parasitic proteases. For the two
competitive inhibitors identified (compounds 7 and 12), their binding mode was predicted by docking,
providing a basis for structure-based optimization efforts. Compound 12 also acted directly against the
trypomastigote and the intracellular amastigote forms of T. cruzi at 3 mM. Therefore, through a combi-
nation of experimental and computational approaches, we report promising hits for optimization in the
development of new trypanocidal drugs.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

The neglected parasitic diseases of poverty afflict millions of
people in most developing countries and are a low priority in the
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pharmaceutical industry's research and development (R&D) pro-
grams. The available treatments present serious problems, such as
low efficacy and high toxicity, leading in some instances to the
discontinuation of treatment [1e3]. American Trypanosomiasis
(Chagas disease) [1], Human African Trypanosomiasis (HAT,
sleeping sickness) [2] and schistosomiasis (blood fluke) [3] are
caused by Trypanosoma cruzi, Trypanosoma brucei and Schistosoma
mansoni, respectively [4]. In the case of Chagas disease, there are no
good treatments available for the chronic infection stage in which
most patients are diagnosed. The world has recently watched
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significant changes in the pattern of transmission and dissemina-
tion of these diseases, especially due to environmental and climate
change events, and population mobility around the globe [5,6].
Thus, tropical diseases, once considered a common public health
issue of developing countries, are gradually becoming a global
health concern.

International efforts supported by public-private partnerships
(PPPs) aim to achieve patients’ needs by identifying and charac-
terizing effective pharmaceutical tools to treat and cure tropical
diseases. Important PPPs include theMedicines for Malaria Venture
(MMV) [7], and the Drugs for Neglected Diseases initiative (DNDi).
One of the strategies to accelerate drug discovery for neglected
tropical diseases (NTDs) was the assembly of sets of freely available
compounds, constituting chemical boxes distributed upon demand,
such as the Malaria box [8], the GlaxoSmithKline kinetoplastid
boxes [9], and the Pathogen box [7]. The Malaria Box is a set of 400
compounds (MMV400) displaying promising pharmacological ac-
tivity against blood-stage Plasmodium falciparum under in vitro
conditions [7,8]. Despite the initial focus on malaria, the library has
already been explored as promising lead compounds against
several pathogenic agents, including T. cruzi, T. brucei and
S. mansoni, to identify new molecules capable of killing these par-
asites [10e14].

In the present study, we screened the MMV400 set against re-
combinant cruzain, rhodesain and SmCB1. These cathepsin L-like
(cruzain and rhodesain) and cathepsin B-like (SmCB1) enzymes are
essential cysteine proteases related to the development and sur-
vival of T. cruzi, T. brucei and S. mansoni, respectively. These proteins
have been validated as pharmacological targets [15e20] and
diverse inhibitor classes have been reported [19,21e38]. Here we
identified two hits, MMV006169 (7) and MMV019918 (12), as
competitive noncovalent inhibitors of cruzain and rhodesain. We
show their chemical novelty when compared to known inhibitors,
their selectivity towards trypanosomal proteases over mammalian
cathepsins and activity against T. cruzi. Thus, they are new inves-
tigatory molecules for the treatment of trypanosomiasis.

2. Results

2.1. Primary screen and prioritization of hits for follow up

To identify potential inhibitors, the 400 compounds of the Open
Access Malaria Box were initially screened at the concentration of
5 mM, in enzymatic assays against cruzain, rhodesain and SmCB1.
Measurement of enzyme activity employed a fluorimetric assay in a
96-well plate format. Two assay conditions were considered; no
pre-incubation and 10min pre-incubation of the compounds with
the enzymes. Seventy compounds inhibited at least one of the
cathepsin L-like cysteine proteases (cruzain and rhodesain) by at
least 50% at 5 mM (Fig. S1, Table S1). Among these, 39 were hits
against both enzymes, 15 only against cruzain and 16 only against
rhodesain, representing respectively 56%, 21% and 23% of all hits.
Thus, the majority of hits for the cathepsin L-like enzymes over-
lapped, as expected based on their high sequence and structural
similarity, including in their respective active sites, and on previ-
ously reported studies describing compounds that inhibit both
enzymes [22,23,26,29,30,32e34,36,39,40]. It is worth noting that
very few compounds were selective for either enzyme, as 23 out of
the 31 molecules classified as hits for a single enzyme also dis-
played between 35 and 50% inhibition for the other trypanosomal
enzyme.

In contrast to the high hit rate for the trypanosomal proteases,
just three compounds were hits (over 50% inhibition at 5 mM)
against the cathepsin B-like SmCB1 and another eight molecules
inhibited this enzyme by at least 35% (Table S2). These did not
overlap with the cruzain and rhodesain hits. Whereas the selec-
tivity against cathepsin L-like versus cathepsin B-like enzymes
might be expected due to sequence and structural differences, as
SmCB1 has only 27e28% sequence identity to cruzain and rhode-
sain, the high difference in hit rates is a surprising result from this
study. High standard errors were also observed for the few SmCB1
hits obtained, leading us, therefore, to focus on the inhibitors of
cathepsin L-like proteases.

A comparison of inhibition profiles indicates a much higher hit
rate under pre-incubation conditions, a likely indication of inhibi-
tion based on covalent ligand-protein interactions. Average per-
centages of inhibition were much higher under pre-incubation
conditions (Fig. S1). To better evaluate time-dependence, we
divided the hits into three categories, depending on whether the
difference between percentages of inhibitionwith andwithout pre-
incubation was: less than 25% (low time-dependence), between 25
and 50% (intermediate time-dependence), or more than 50% (high
time-dependence). Most hits (51% of them) displayed intermediate
time-dependence, while low and high time-dependent categories
represented 24% of hits each.

Aiming to characterize potential inhibitors presenting a
reversible and noncovalent mode of interaction with the cysteine
proteases, which are less likely to affect off-targets, 15 compounds
(Fig. 1) were selected from the first screen, primarily prioritizing
molecules active against both trypanosomal proteases and which
didn't display a high time dependence. Commercial availability,
drug-likeness, synthetic feasibility to obtain derivatives and pre-
viously described in vitro or in vivo activities against T. cruzi and
T. brucei [8] were also considered for compound selection (Table 1).

2.2. Biochemical characterization of prioritized hits

The 15 selected hits were purchased and evaluated for inhibition
of cruzain and rhodesain (Table 2). Most compounds exhibited low
activity in an initial evaluation at 10 mM, showing lower activity
than in the initial screen (Table S3). Thus, to detect less potent in-
hibitors, compounds were also assayed at higher concentrations,
ranging from 20 to 300 mM depending on their solubility at assay
conditions. Based on these assays we selected seven compounds
(compounds 2, 5, 6, 7, 8,12, and 15) for further study. The remaining
eight hits (compounds 1, 3, 4, 9-11, 13 and 14) showed only weak
inhibition in the secondary screen and were not studied further.

Among the seven inhibitors chosen, we could measure activity
for five cruzain inhibitors (IC50 values between 3 and 101 mM) and
four rhodesain inhibitors (IC50 values between 9 and 52 mM)
(Table 2). Analysis of the dose-response curves revealed a high Hill
slope (3.9) for compound 6, suggesting a super-stoichiometric
mechanism [41]. Based on this evidence and on the high rate of
aggregators among screening false positive hits [42,43], we inves-
tigated aggregation as a possible undesirable mechanism of
enzyme inhibition, through two well-established assays [44e46].
First, hits were evaluated in two different Triton X-100 concentra-
tions (0.01% and 0.1%) and in the absence of this detergent. Despite
the fact that all previous assays had been performed in the presence
of 0.01% Triton X-100, which is usually enough to prevent aggregate
formation, it is known that some aggregates are more resistant to
detergent [45,46]. Compounds 5, 6 and 8 were highly sensitive to
Triton, with reduced inhibition at higher detergent concentrations
(Table S4) [44,46]. Also consistent with aggregation, inhibition by
the same compounds was sensitive to pre-incubation with bovine
serum albumin (BSA) (Table S4). Finally, compound 5 and 6 dis-
played fluorescence in the assays, which can be misinterpreted as
inhibition by signal interference [30]. This fluorescence is expected
due to the extended conjugation present in these compounds and
its similarity to well-established fluorescent probes such as



Fig. 1. Molecular structures of 15 potential inhibitors of cruzain and rhodesain selected after initial screening of the MMV400 set.

Table 1
Fifteen screening hits selected for characterization and their respective properties.

Compound Time dependencea Over 50% cruzain and rhodesain inhibition? RO5 Classificationb Reported IC50
c against parasites (mM)

T. cruzid T. brucei bruceie T. brucei rhodesiensef

1 high yes drug-like 17.8 32 30.5
2 intermediate yes drug-like 16.9 11.5 0.4
3 intermediate no probe-like 22.9 32 15.9
4 intermediate yes drug-like 1.9 32 32
5 low yes probe-like 32 32 32
6 low yes probe-like 32 32 32
7 low yes drug-like 1.5 3.4 3.1
8 intermediate no probe-like 3.9 0.7 0.4
9 intermediate yes drug-like 13.3 16.2 10.8
10 intermediate yes drug-like 32 32 32
11 low yes drug-like 32 32 32
12 intermediate no probe-like 1.0 0.1 0.1
13 intermediate yes drug-like 5.5 32 16.1
14 high yes probe-like 15.7 2.7 1.3
15 intermediate yes probe-like 32 32 16.1

a Hits were classified into three levels of time-dependence, depending on whether the difference between percentages of inhibition with and without pre-incubation was:
less than 25% (low), between 25 and 50% (intermediate), or more than 50% (high).

b RO5, Lipinski's rule of five.
c Half Maximal Inhibitory Concentration.
d Data from PubChem Bioassay AID 660868, against T. cruzi Tulahuen C4 LacZ strain.
e Data from PubChem Bioassay AID 660869, against T. brucei brucei (Squib 427) strain.
f Data from PubChem Bioassay AID 660870, against T. brucei rhodesiense (STIB 900) strain.
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Thioflavin T, commonly used to monitor protein aggregation [47].
Thus, 5, 6 and 8 were not studied further.

Compound 15 was a relatively potent cruzain and rhodesain
inhibitor, presenting IC50 values of 5 and 9 mM, respectively, when
pre-incubated with the enzymes. However, a high time depen-
dence was observed in assays against cruzain which potentially
indicates covalent binding. Compound 2 inhibited both enzymes
and displayed a low time dependencewith better activity after pre-
incubation with the enzymes (IC50 values around 51 and 38 mM
against cruzain and rhodesain, respectively). Compounds 7 and 12
inhibited both enzymes in a non-time dependent manner with low
to mid mM IC50 values against cruzain (9 and 26 mM, respectively)
and rhodesain (30 and 53 mM, respectively).

Inhibition by compounds 2, 7 and 12 were not time-dependent
and in general not sensitive to detergent nor BSA incubation,
although some detergent-sensitivity was observed for 7 at 50 mM (a
concentration 5-fold higher than its IC50 against cruzain) (Tables 2
and S4).
We next determined the mechanism of inhibition of the try-
panosomal enzymes by 2, 7 and 12 at several substrate and in-
hibitor concentrations. Compound 2 revealed a mixed mechanism
versus rhodesain (Ki¼ 10 mM), whereas for 7 and 12 a competitive
inhibition against cruzain was observed (Ki¼ 1.4 and 3 mM,
respectively), as determined based on Lineweaver�Burk plots
(Fig. 2).

2.3. Chemical similarity analysis

To gain further insight into the novelty of compounds 2, 7, 12
and 15, we sought to compare their chemical structures to known
cruzain and rhodesain inhibitors. We constructed a library of 750
inhibitors from 64 cruzain studies and 516 structures from 46
rhodesain studies (Table S5).

The heatmaps generated from similarity matrices using Hashed
fingerprints (Fig. 3) show a clustering pattern onmost studies, both
for cruzain and rhodesain inhibitors. Furthermore, a relatively low



Table 2
Secondary screening assays and characterization of selected compounds from MMV400.

Compound CRUZAIN RHODESAIN

Inhibition at highest screening
concentrationa (X± SEM %)

IC50 (mM) Inhibition at highest screening
concentrationa (X± SEM %)

IC50 (mM)

NI I NI I

1 15± 1 10± 1 nd 14± 2 0 ± 0 nd
2 75± 3 80± 2 145± 22 (NI) 51 (I) 67± 2 71 ± 1 38± 3 (I)
3 25± 2 16± 1 nd 16± 4 15 ± 6 nd
4 3± 2 7± 2 nd 4± 2 3 ± 1 nd
5 33± 2 38± 4 nd 14± 1 52 ± 5 nd
6 89± 2 100± 0 2.6 (NI) 46± 6 100 ± 0 nd
7 91± 1 90± 2 9± 2 (NI) 85± 6 94 ± 2 30± 4 (NI)
8 50± 2 67± 3 nd 38± 2 48 ± 1 nd
9 10± 5 19± 1 nd 4± 2 14 ± 4 nd
10 10± 2 23± 1 nd 10± 4 43 ± 4 nd
11 3± 2 11± 2 nd 8± 2 12 ± 2 nd
12 78± 1 84± 1 26± 1 (NI) 96± 1 75 ± 2 53± 2 (NI)
13 9± 1 7± 1 nd 10± 5 21 ± 4 nd
14 7± 2 22± 3 nd 12± 1 14 ± 4 nd
15 29± 3 78± 4 5± 1 (I) 63± 4 75 ± 2 9± 4 (I)

Notes: X, mean; SEM, standard error of the mean; nd, no determined; NI, no pre-incubation; I, 10min of pre-incubation with the enzyme. Results were obtained from at least
one assay in triplicate.

a Maximum solubility of compounds under test conditions: 2.5 mM (11), 10 mM (5, 6, 9, 10, and 13), 20 mM (1 and 4), 100 mM (3, 7, 8, 14 and 15) and 300 mM (2 and 12).
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off-cluster similarity can be seen with off-diagonal regions con-
necting studies exploring similar structures and moieties. This
suggests a relatively well-explored chemical space, as various
structural motifs are reflected in a mostly low similarity heatmap,
as especially seen on the cruzain dataset. Similarity matrices of
MACCS (Molecular ACCess System) fingerprints exhibit a similar
pattern (Fig. S2). However, they produced higher Tanimoto coeffi-
cient values, as expected (Table S6 as a separate spreadsheet). The
overall agreement between results for the two fingerprints, based
on the different methodologies, indicates that they were able to
capture the main data trends. Analysis of substances 2, 7, 12 and 15
suggests a low mean similarity to all known cruzain or rhodesain
inhibitors. The highest Tanimoto coefficient value observed be-
tween any of these compounds and known inhibitors was 0.553,
indicating significant structural differences even for this compound
pair (Table S7).

To conduct an in-depth analysis beyond rawmean similarity, we
used Hashed fingerprints data to construct similarity histograms
for each of substances 2, 7,12 and 15 to the dataset of all previously
reported inhibitors (Fig. S3). In all histograms, the region repre-
senting similarity along all known inhibitors extends onto the
higher similarity region, whereas in histograms for substances 2
and 7, and especially for 12 and 15, structures are seldom found in
this region. Therefore, in this study, we describe a set of novel
cruzain and rhodesain inhibitors, dissimilar to each other and
known inhibitors, despite the previous description of several in-
hibitor classes for these enzymes.

2.4. Selectivity versus mammalian cathepsins

Next, we evaluated the selectivity of compounds 2, 7 and 12,
when compared to the homologous cathepsins, human cathepsin S
and rat cathepsin B. Cathepsin S is a cathepsin L-like enzyme as
cruzain and rhodesain, with respectively 39 and 40% sequence
identity. Also, cruzain and cathepsin B possess similar carbox-
ydipeptidase activities and have in common a glutamate at the
bottom of the S2 subsite, which allows for the recognition of
positively charged groups in this pocket [48]. In addition, the cat-
alytic domain of human and rat cathepsin B share 84% sequence
identity and even greater identity of residues in the active site, and
high structural similarity (overall Ca-RMSD 0.5 Å between human
cathepsin B (Protein Data Bank (PDB) code 1GMY) and rat cathepsin
B (PDB code 1THE)). At the highest concentrations tested (100 mM
for 2 and 12, and 50 mM for 7), the greatest inhibition observed was
30% for cathepsin S by compound 12 and 29% for cathepsin B by
compound 7. In all other cases, the percentages of inhibition were
under 15% (Table S8). These results suggest that compounds 2, 7
and 12 are selective cruzain and rhodesain inhibitors, an important
characteristic for lead compounds in the development of treat-
ments for parasitic infections.

2.5. Binding mode prediction

The newly discovered inhibitors may be starting points for
further optimization efforts. Accordingly, and given the availability
of three-dimensional structural information for cruzain and rho-
desain [29,33,49], we performed docking studies to understand the
binding mode and ligand-protein interactions of competitive in-
hibitors 7 and 12 in the active site of both target enzymes. Protein
flexibility was considered by employing the Glide Induced Fit
Docking (IFD) Protocol [50]. To consider relevant protonation states
during docking, theoretical pKa calculations were performed for the
ligands, indicating a pKa of 6.86 for the N1 quinazoline ring in 7.
Therefore, two ionization states were considered for this com-
pound. No other ionizable centers are predicted to have multiple
relevant ionization states at pH 5.5 for 7 (Fig. S4). In turn, at pH 5.5,
compound 12 was predicted to be protonated at both NHs
encountered in its structure.

Similar binding modes were predicted for compound 7 inter-
acting with both enzymes, regardless of its protonation state
(Fig. 4AeD). The presence of two phenyl rings and a quinazoline
ring on the structure of 7 suggested the prevalence of hydrophobic
interactions to proteins. The accommodation of hydrophobic
groups by the cruzain S2 subsite is well described in the literature
[25,51], and the quinazoline ring is predicted to be enclosed by this
pocket. For the protonated state of 7, vicinal electrostatic in-
teractions are also predicted between the S� of Cys25, and the NHþ

and phenylamine NH, against both cruzain (distances of 2.6 and
2.0 Å, respectively, Fig. 4A) and rhodesain (distances of 2.9 and
2.2 Å, respectively, Fig. 4B). The benzylamine group is directed to
the cruzain S3 pocket and the N4’ of this group forms a hydrogen
bond to the Leu160 main chain carbonyl (distance of 2.2 Å) while



Fig. 2. Mechanism of enzyme inhibition by selected hits. Lineaweaver-Burk plots for
compounds (A) 2 against rhodesain, (B) 7 against cruzain, and (C) 12 against cruzain.
Compounds 7 and 12 displayed competitive behavior, as indicated by the same
maximum velocity (Vmax, y-intercept in graphs) in the presence of different inhibitor
concentrations, while variation both in the maximum velocity and Kapp

m (related to x-
intercept in graphs) indicated that 2 is a mixed-type inhibitor. RFU, Relative Fluores-
cence Units.

Fig. 3. Heatmaps generated from similarity matrices comparing known inhibitors of
cruzain and rhodesain using hashed fingerprints. Novel inhibitors 2, 7, 12 and 15 are
presented using a larger area for clarity.
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the phenyl ring is mostly exposed to solvent. Against rhodesain, the
benzylamine ring is slightly shifted and more solvent exposed, but
still maintains a hydrogen bond to the Leu160 main chain carbonyl
(distance of 2.1 Å) (Fig. 4B). The predicted pose for the deprotonated
form of 7 against cruzain (Fig. 4C) differs significantly from that
obtained for the protonated form solely for the absence of elec-
trostatic interaction between quinazoline NHþ and Cys25. For
rhodesain, the deprotonated form of 7 (Fig. 4D) is more deeply
buried in the S2 pocket, which interacts with both quinazoline and
phenylamine rings, while the benzylamine ring is exposed to the
solvent and no hydrogen bonds nor electrostatic interactions were
predicted.

The predicted binding modes for 12 against cruzain and rho-
desain are very similar, and themain difference is the twisting on 2-
chloro-4-bromo-phenyl ring, which shows the chlorine atom
positioned inside the S2 cavity in case of cruzain (Fig. 4E) and
exposed to solvent when docked against rhodesain (Fig. 4F). The
chlorine atom interacts with the cruzain Leu67main chain nitrogen
through a dipole-dipole interaction (distance of 3.1 Å). Against both
enzymes, the acyclic protonated amine (N1) and the hydrogen of
piperidine's nitrogen (N8) interact with the backbone carbonyl and
carbonyl side chain in Asp161 (distances of 1.7 Å and 1.7 Å for
cruzain and 1.9 Å and 2.2 Å for rhodesain, respectively). Simulta-
neously, possible salt bridges were found between the acyclic
protonated amine (N1) and Cys25 for cruzain and rhodesain (dis-
tances of 2.2 and 2.3 Å, respectively). As observed and discussed for
compound 7, a hydrophobic ring is enclosed in the S2 subsite.
2.6. Evaluation against Trypanosoma cruzi

Next, we investigated the trypanocidal activity of compounds 2,
7, 12 and 15. Previous reports indicated their activity against
T. brucei and the T. cruzi Tuhaluen 2 strain (Table 1). To further
characterize activity against T. cruzi, we evaluated their activity
against the Y strain, which is commonly employed for screening
and is characterized by causing low parasitemia but high mortality



Fig. 4. Predicted binding modes for competitive inhibitors 7 and 12. (A) Compound 7 protonated-cruzain. (B) Compound 7 protonated-rhodesain. (C) Compound 7 deprotonated-
cruzain. (D) Compound 7 deprotonated-rhodesain. (E) Compound 12 -cruzain and (F) Compound 12 -rhodesain. Cruzain and rhodesain cartoon shown in gray and blue respectively.
Hydrogen bond, dipole-dipole and electrostatic interaction are displayed as yellow, purple and red dashes, respectively. Selected residues of the active site are highlighted as sticks.
The figure was prepared using PyMOL. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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in mice depending on their background [52]. An initial screen with
these compounds at 50 mM revealed trypanocidal activity for all of
them (Fig. S5). These assays indicated that compound 12 had good
trypanocidal activity, inhibiting trypomastigote release at 3.125 mM,
and low toxicity against murinemacrophages, and it was, therefore,
chosen for more detailed studies.

We then studied the effect of compound 12 on T. cruzi in infected
macrophages. Macrophages are innate immune cells that play an
important role in controlling the replication of parasites and
stimulating adaptive immunity cells. In peritoneal macrophages
exposed to T. cruzi infection and treated with 12 in a dose-response
manner, we measured a decrease in the release of trypomastigote
forms relative to their controls at all concentrations tested, and
with activity similar to those treated with IFN-g (Fig. 5A). In the cell
viability test, based on measurement of lactate dehydrogenase
(LDH), 3.125 mM of 12 did not exhibit cytotoxic activity as the LDH
levels were equivalent to those detected in the supernatant of the
macrophages incubated with IFN-g or medium alone (Fig. 5B).

To investigate the possible direct action of 12 on the extra-
cellular trypomastigote forms, the parasites were incubated with
3.125 mM 12. There was a significant reduction (77% reduction) in
the number of trypomastigote forms after 1 h when compared to
vehicle controls, indicating the direct action of the compound on
the parasites (Fig. 5C). Next, the trypomastigotes that survived after
1 h of incubation with 12 or medium alone were used to infect the
macrophages. The intracellular replication of 12-treated parasites
was reducedwhen comparedwith untreated parasites (Fig. 5D). For
example, the number of trypomastigotes released 7 days after
infection was 60% smaller for 12-treated parasites. The LDH
viability test demonstrated reduced macrophage damage upon



Fig. 5. Compound 12 acts both in the T. cruzi and host cells reducing the parasite load in vitro. Peritoneal macrophages of C57BL/6 mice were cultured and infected with T. cruzi
trypomastigote forms at the ratio of 5:1 (parasite/cell) and stimulated or not, with IFNɣ ([IFNɣ]¼ 100 ng/ml) or 12 ([12]¼ 3.125, 6.25, 12.5, 25 and 50 mM). Parasite growth was
measured by counting trypomastigote forms released in the supernatant at different times after infection (A). Cell damage was evaluated by measuring Lactate dehydrogenase
(LDH) levels in the medium after 24 h of treatments with the different concentrations of 12 (B). (C) Number of trypomastigote forms before and after incubation with
[12]¼ 3.125 mM for 1 h. (D) Counting trypomastigote forms released in the supernatant of macrophages after infection with trypomastigotes preincubated or not with
([12]¼ 3.125 mM) at 5, 7, 9 and 11 days after infection. (E) Cell damage measured by LDH cytotoxicity assay in the medium of macrophage after 24 h of infection with trypomastigote
forms preincubated or not with [12]¼ 3.125 mM or macrophage treated with 12 after T. cruzi infection in the same concentration. (F) Nitric Oxide measured by Griess method in the
culture supernatant after 11 days. (Data expressed as a meanþ/-SEM, from three independent experiments, each performed in triplicates e Two-way ANOVA, post test Sidak; One-
way ANOVA, post test Dunnett: ****p˂0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; nd ¼ not detected).
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infection with parasites previously treated with 12 as compared to
macrophages treated or not with 12, or IFN-g, and infected with
untreated parasites (Fig. 5E). Compared to these conditions, pre-
treatment with 12 reduced by approximately 30% LDH release.
Altogether, these results suggested that 12 acts both on the host
and parasite cells controlling the replication and release of T. cruzi
in vitro. The increased trypanocidal activity induced by 12 was not
related to an increase in nitric oxide production because the levels
of NO was only increased in the presence of IFN-g (Fig. 5F). Thus,
the trypanocidal activity of 12 is independent of NO release.
2.7. Chemistry

To perform assays against T. cruzi, an additional quantity of 12
was required, and preparation was accomplished straight-forward
following procedures described in the literature [53,54]. The first
step consisted of a Meerwein reaction between 2-
furancarboxaldehyde and the corresponding diazonium salt of 4-
bromo-2-chloroaniline, prepared in situ with of NaNO2 in
aqueous HCl solution while keeping the reaction temperature
below 0 �C. The coupling of the substituted furfural 16 with 4-



Scheme 1. Synthesis of compound 12a
aReagents and conditions: (a) (i) HCl 15% v/v, 0 �C, 10min (ii) NaNO2 (1.4 equiv), 0 �C, H2O, 30min, (b) 2-furancarboxaldehyde (1.2 equiv), CuCl2.2H2O (0.15 equiv), rt, H2O, overnight;
(c) (i) 4-(aminomethyl)piperidine (1.2 equiv), Na2SO4 (6 equiv), CH2Cl2, rt, overnight, (ii) NaBH4 (2 equiv), THF/metanol, rt, 4 h, (iii) ethereal HCl.
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(aminomethyl)piperidine was achieved by reductive amination,
using NaBH4 as reducing agent, added after formation of the cor-
responding imine overnight. The amine obtained was purified by
column chromatography and treated with an ethereal hydrochloric
acid solution to obtain 12 as its more stable dihydrochloride salt
(Scheme 1). All starting reagents were available commercially.

3. Discussion

Here we describe the screen of a privileged set of compounds
towards the discovery of new leads for Chagas disease, HAT and
schistosomiasis. A high hit rate was observed in the biochemical
screen against cruzain and rhodesain, but not SmCB1. Approxi-
mately 12% of all compounds were able to inhibit at least 50% ac-
tivity of cruzain and rhodesain in the primary screen [43]. Similarly,
a high hit rate was also reported for a quantitative high-throughput
screening (qHTS) campaign against cruzain, in which 8% of the
198 k compound library displayed cruzain inhibition in the initial
screen. The higher hit rate in our study may be due to the evalua-
tion also in pre-incubation conditions, as most hits were shown to
be time-dependent. Also, only one compound concentration was
evaluated in this study, while the qHTS allows better initial com-
pound filtering based on dose-response curves.

Taking into account the high false-positive rates commonly re-
ported in experimental screens and practical limitations regarding
the number of compounds we could follow up with, an important
step was the selection of 15 compounds for further characteriza-
tion, when several properties relevant for drug development were
considered. Among the selected molecules, 8 out of 15 could not be
confirmed in secondary assays. This indicates a high false-positive
hit rate from the primary screen, but it is consistent with reports
from previous studies. In a study from Peev and collaborators,
involving screening against three kinetoplastids to assemble the
GlaxoSmithKline (GSK) kinetoplastid boxes, only around 50% of hits
could be confirmed on each case, even though the same assays
were employed in primary and secondary screenings [9]. Later,
Salas-Sarduy and collaborators screened the GSK chemical boxes
against cruzain and reported confirmation of only six out of fifteen
hits in follow up assays [55].

Among the seven inhibitors further validated, three displayed
aggregation behavior. The final four compoundswere characterized
as mixed type (2), competitive (7 and 12) or time-dependent (15)
cysteine protease inhibitors. Our results are important for Chagas
disease and HAT, especially given that the MMV400 compounds
constitute a set of pre-filtered molecules with publicly available
information. Additional advantages of employing the MMV400 are
their free availability and the associated large dataset from a di-
versity of assays. Positive results from screening selected com-
pounds sets have been reported in several cases, and highlight their
potential for drug repurposing. For example, many new activities,
unrelated to malaria, have been discovered by screening the
MMV400 [14], and screening of the GSK HATchemical box revealed
compounds active against cruzain [55].

Among the several reports of activity for the MMV400, a
number are particularly related to our study. Kaiser et al. performed
screening against T. cruzi, T. b. rhodesiense, T. b. brucei and
L. infantum, and trypanocidal compounds were identified. Among
these, analogs of 7 and 12 were selective and active against T. b.
rhodesiense, demonstrating the potential of the 2,4-disubstituted
quinazoline and phenylfuran classes [11]. Another in vitro screen
of the MMV400 led to new chemotypes that inhibited rhodesain
and T. brucei at sub-micromolar concentration, and with low
toxicity against Hep G2 cells at 20 mM [12]. It is interesting to note
the difference in hits obtained in that study and the ones reported
herein. To select our fifteen hits from the primary screen, we
considered the inhibitory activity against two trypanosomal en-
zymes (cruzain and rhodesain) and compounds that did not display
high time dependence, whereas in the above study the compounds
were prioritized considering only their activity against rhodesain
after pre-incubation with the enzyme. Therefore, despite screening
the same compound set against the same target, differences in the
study workflows make our study complementary to the previously
reported, and led to the discovery of additional hits. Another
interesting aspect observed in that study is the presence of benz-
imidazole ring in the molecules evaluated, a motif also present in
compound 2, a mixed-type inhibitor against rhodesain (Ki¼ 10 mM)
and present in a series of rhodesain inhibitors that were recently
characterized by our group [56,57].

Our docking studies provide a hypothesis concerning the
selectivity of compounds 7 and 12 towards trypanosomal cathepsin
L-like enzymes, in which the interaction in the S2 subsite appears
to be the predominant specificity-defining factor. Previous studies
demonstrated that the SmCB1 S2 pocket accommodates bulky
hydrophobic residues such as Phe and Leu well, however,
replacement by larger groups or with bulky substituents such as
Phe-4-CH3 or Phe-3-CF3 reduces both potency against the enzyme
and severity of impact against the parasite [31]. The selectivity of 7
and 12 might be due to differences in the S2 pocket, which is
considerably smaller in SmCB1, in a way that hinders favorable
bindingmodes against SmCB1 [31,58]. Similarly, cathepsin S prefers
aliphatic amino acids and branched hydrophobic residues at the P2
position compared to aromatic residues due to the presence
Phe205 in the S2 pocket which determines this specificity [58,59].

In addition to their activity against cysteine proteases, it is key to
demonstrate compound activity against parasites. As described
above, the MMV400 had already been screened against T. brucei
and T. cruzi Tuhaluen 2 strain. However, it is well known that T. cruzi
strains are highly heterogeneous concerning several properties,
including drug susceptibility [52], enzyme activity levels [60,61]
and infectivity rates [60]. Therefore, we sought to characterize
compound 12, which was the most potently trypanocidal against
T. cruzi Y strain. In addition to demonstrating activity against this
strain, our studies show that the trypanocidal activity of 12 is due to
an effect(s) on multiple stages of the parasite replication cycle,
including direct action on trypomastigote forms, reduction of
intracellular parasite (amastigote form) replication and release by
macrophages. Importantly, the LDH viability test demonstrated
that compound 12 is not cytotoxic for macrophages.
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To conclude, compounds 7 and 12 are novel competitive in-
hibitors of cruzain and rhodesain, and represent promising starting
points for the development of small molecule treatments for Cha-
gas disease and HAT. We are currently working on the structure-
based optimization of these two compound classes.

4. Conclusions

Evaluation of the MMV400 against the major cathepsin L-like
proteases of T. cruzi and T. brucei as well as the cathepsin B-like
enzyme of S. mansoni led to the discovery of novel enzyme in-
hibitors. Compound 2 was identified as a novel mixed rhodesain
inhibitor (Ki¼ 1.4 mM). Compounds 7 and 12 showed low-
micromolar potency against cruzain (Ki¼ 1.4 and 3 mM, respec-
tively) and modest activity against rhodesain (IC50¼ 30 and 50 mM,
respectively). They also are new noncovalent competitive and se-
lective inhibitors for trypanosomal cathepsin L-like proteases and
are active in vitro against the T. cruzi Y strain. Therefore, they
represent starting points for the structure-based optimization and
development of cruzain and rhodesain inhibitors as new drug
candidates for the treatment of trypanosomiasis.

5. Experimental section

5.1. Compounds

The 400 compounds from the Open Access Malaria Box [41]
were supplied in 96-well plates containing frozen solutions (20 mL,
10mM) in dimethylsulfoxide (DMSO). Solid samples for the
following compounds were purchased from Ambinter:
MMV665940 (1, Amb19544542), MMV665875 (2, Amb19787487),
MMV665874 (3, Amb69119), MMV665994 (4, Amb1771002),
MMV665891 (5, Amb6343408), MMV019202 (6, Amb6566900),
MMV006169 (7, Amb673569), MMV019017 (8, Amb1291555),
MMV396664 (9, Amb1264811), MMV666124 (10, Amb4182850),
MMV086103 (11, Amb19794162), MMV019918 (12, Amb1095348),
MMV001239 (13, Amb5231017), MMV665979 (14, Amb10816165)
and MMV666072 (15, Amb11065479). Ambinter purchased com-
pounds are assured to have >90% purity and were evaluated by
NMR, mass spectrometry, IR spectrometry, UVeVis spectrometry
and elemental analysis.

5.1.1. Synthesis and characterization of compound 12
All reagents of analytical grade were obtained from commercial

suppliers and used without further purification. The melting points
were determined on aMicroquímica MQAPF 301 apparatus. The FT-
IR spectra were recorded using a PerkinElmer Spectrum One
infrared spectrometer and absorptions are reported as wave
numbers (cm�1). The NMR spectra were recorded on a Bruker
AVANCE DRX400 instrument, using tetramethylsilane (TMS) as the
internal standard or solvent peak(s) of CDCl3 (7.27 and 77.23 ppm)
or CD3OD (3.31 and 49.0 ppm). Data for 1H NMR spectra are re-
ported as follows: chemical shift (d ppm), multiplicity, coupling
constant (Hz), and integration. Splitting patterns are designated as
follows: s, singlet; d, doublet; dd, doublet of doublets; m, multiplet;
br, broad. The purity of the final compound was determined to
be� 95% by UHPLC (Shimadzu Nexera; column: Shimadzu Shim-
pack XR-ODSIII, C18, 2.2 mm, 80 Å, 2.0� 150mm). High-resolution
mass spectra (HRMS) was acquired in positive mode using ESI as
the ionization type (Bruker maXis ETD).

5.1.1.1. 5-(4-Bromo-2-chlorophenyl)-2-furancarboxaldehyde (16)
[54]. Initially, the diazonium salt of 4-bromo-2-chloroaniline was
prepared as described in the literature, using HCl 15% and dropwise
addition of an aqueous solution of NaNO2 (1.4 equiv) while
maintaining the reaction temperature below 0 �C. Subsequently, 2-
furancarboxaldehyde (1.2 equiv) and CuCl2.2H2O (0.15 equiv) were
added to the solution and the reaction kept at room temperature
overnight. The reaction was extracted with CH2Cl2 and washed
with distilled water, a saturated NaHCO3 solution and distilled
water once again. The organic layer was dried over Na2SO4, filtered,
and concentrated under reduced pressure. After workup, the crude
was recrystallized with isopropanol to afford compound 16 as a
pale-yellow solid (698mg, 51% yield). mp: 153.5e154.6 �C. IR (neat,
cm�1): 3158, 3100, 2839, 1677, 1663, 1580, 1510, 1456. 1H NMR
(400MHz, CDCl3): d 9.70 (s, 1H), 7.89 (d, J¼ 8.4 Hz, 1H), 7.66 (d,
J¼ 2.0 Hz, 1H), 7.51 (dd, J¼ 8.4, 2.0 Hz, 1H), 7.35 (d, J¼ 3.6 Hz, 1H),
7.32 (d, J¼ 3.6 Hz, 1H). 13C NMR (101MHz, CDCl3) d 177.6, 154.6,
151.8, 133.7, 132.4, 130.8, 130.2, 126.8, 123.767, 123.1, 113.7.

5 .1.1.2 . 1- [5- (4-Bromo-2-ch lorophenyl ) -2- fu ryl ] -N- (4-
piperidinylmethyl)methanamine dihydrochloride (12) [53]. To a so-
lution of 16 in CH2Cl2 were added 4-(aminomethyl)piperidine (1.2
equiv) and Na2SO4 (6 equiv.). The reaction was kept at room tem-
perature overnight and then filtered, the solvent removed under
reduced pressure and replaced by a 3:1 mixture of THF/methanol,
followed by addition of NaBH4 (2 equiv.) in an ice bath. The reaction
was magnetically stirred at room temperature for 4 h while being
monitored by TLC and then quenched with a 1M NaOH solution.
After extraction with CH2Cl2, the organic layer was dried over
Na2SO4, filtered, and concentrated under reduced pressure fol-
lowed by separation by column chromatography with neutral
alumina (eluent: CH2Cl2/methanol 0.5% þ NH4OH 0.5%). After pu-
rification, the product was solubilized in diethyl ether and precip-
itated as its dihydrochloride salt by adding an ethereal HCl solution.
After solvent evaporation 12 was obtained as a pale-yellow solid in
an average 30% yield. mp: 208e210 �C. IR (neat, cm�1): 3378, 2951,
1611, 1582, 1465, 1207, 1087. 1H NMR (400MHz, MeOH-d4): d 7.89
(d, J¼ 8.4 Hz, 1H), 7.71 (d, J¼ 1.2 Hz, 1H), 7.59 (d, J¼ 8.4 Hz, 1H), 7.19
(d, J¼ 3.2 Hz, 1H), 6.86 (d, J¼ 3.2 Hz, 1H), 4.43 (s, 2H), 3.44 (d,
J¼ 12.8 Hz, 2H), 3.11e3.00 (m, 4H), 2.19 (br s, 1H), 2.07 (d,
J¼ 14.0 Hz, 2H), 1.65e1.51 (m, 2H). 13C NMR (101MHz, MeOH-d4)
d 152.3, 146.3, 134.2, 132.2, 131.7, 130.7, 128.8, 122.8, 116.1, 113.6,
52.7, 44.8, 44.4 (2C), 32.4, 27.5 (2C). HRMS (ESI): (m/z) 383.0521
[MþH]þ, calcd 383.0520C17H20N2OBrCl (free base). The 1H NMR for
this compound, together with the assignment of each peak is
shown as Fig. S6.

5.2. Expression and purification of cysteine proteases

Recombinant cruzain was kindly provided by Allison Doak and
Dr. Brian K. Shoichet, from the University of California San Fran-
cisco, California, USA. Recombinant rhodesain and SmCB1 were
expressed and purified as previously described [31,62,63]. Recom-
binant human cathepsin S was expressed, purified and activated as
previously described [64], while rat cathepsin B was gently pro-
vided by Dr. Lukas Mach (BOKU Vienna).

5.3. Assays against cruzain, rhodesain and SmCB1

In vitro activity of trypanosomal cysteine proteases was assayed
as previously described [30]. Enzymatic activity was measured by
monitoring the cleavage of a fluorogenic substrate, Z-Phe-Arg-
amidomethylcoumarin (Z-FR-AMC). Fluoresce was monitored at
340/440 nm excitation/emission for 5min at 12s intervals for cru-
zain and rhodesain kinetics, and for 30min at 23s intervals for
SmCB1 kinetics, in a Synergy2 Biotek plate reader using BioTek's
Gen5™ Reader Control and Data Analysis Software. Assays against
cruzain and rhodesain were carried out using 2.5 mM substrate
(Km¼ 0.5± 0.1 mM against cruzain and Km¼ 0.5± 0.1 mM against
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rhodesain) and 1 nM enzyme in sodium acetate buffer 0.1M, pH
5.5, containing 0.01% Triton X-100 and 1mM b-mercaptoethanol. In
parallel, assays against SmCB1 were performed using 20 mM sub-
strate (Km¼ 12± 1 mM) and 8 nM enzyme in sodium acetate buffer
0.1M, pH 5.5, containing 0.01% Triton X-100 and 4mM b-mercap-
toethanol. Negative and positive controls (DMSO and E-64,
respectively) were employed in all assays. Reported values corre-
spond to the mean and standard error of the mean of experiments
performed in triplicate. This assay was performed for compound
screening, IC50 determination, mechanism of inhibition and ag-
gregation assays, with slight differences as described below.

5.4. Compound screening, IC50 values determination and
mechanism of inhibition

The MMV400 was initially screened at 5 mM against the three
recombinant proteases. Experiments were performed at two con-
ditions: (i) no enzyme-compound pre-incubation and (ii) 10min
enzyme-compound pre-incubation, in two duplicates at each
condition. Afterward, fifteen compounds were selected for a sec-
ondary screening, considering the percentage of inhibition in the
first screening greater than 50% inhibition against both trypano-
somal cathepsins and meeting criteria such as commercial avail-
ability, synthetic feasibility and previously described bioactivity.

Confirmatory (secondary) screening with the fifteen com-
pounds selected was carried out at higher concentrations, which
differed according to solubility limitations under assay conditions:
2.5 mM (11), 10 mM (5, 6, 9,10, and 13), 20 mM (1 and 4) 100 mM (3, 7,
8, 14 and 15) and 300 mM (2 and 12). IC50 values were obtained for
compounds presenting inhibition higher than 70% in the secondary
screening. At least two independent IC50 assays were performed,
each using at least six compound concentrations in triplicate. IC50
curves were determined by nonlinear regression analysis using
GraphPad Prism 6 [65].

To determine the mechanism of inhibition and Ki values, cruzain
and rhodesain activities were monitored at least six different sub-
strate concentrations (0.3e20.0 mM) and five inhibitor concentra-
tions (variable depending on compound potency). Results were
calculated by nonlinear regression of (i) log(inhibitor) vs response -
variable slope (four parameters), (ii) Enzyme Kinetic - Substrate vs
Velocity (Michaelis Menten) and (iii) linear regression (Lineweaver-
Burk plots) using GraphPad Prism 6 [65].

5.5. Aggregation assays

Assays were performed as described above, with the following
modifications. To evaluate detergent sensitivity, cruzain was pre-
incubated with compounds for 10min at room temperature in
the absence and in the presence of Triton X-100 (0.1% and 0.01%)
[45,46]. Percentages of enzyme inhibition at these different Triton
concentrations were compared.

In an additional assay, compounds were incubated for 5min
with BSA (2mg/mL in Triton X-100 0.001%) followed by 5min in-
cubation in the presence of 1 nM cruzain, and then addition of
substrate solution and monitoring of enzyme activity [44,45]. For
comparison, assays were performed in parallel in the absence of
BSA and otherwise identical conditions.

5.6. Evaluation against mammalian cathepsins (human cathepsin S
and rat cathepsin B)

Proteolytic activity was determined as previously described,
using substrates CBZ-Val-Val-Arg-7-amido-4-methylcoumarin (Z-
VVR-AMC) for cathepsin S and CBZ-Phe-Arg-
amidomethylcoumarin (Z-FR-AMC) for cathepsin B, with the
release of fluorescent 4-amino-7-metyhlcoumarin monitored in an
Infinite 200 PRO microplate reader of the Structural Biology Group
of Universit€at Salzburg. Fluorescence was monitored employing
380 nm wavelength for excitation and 460 nm or 440 nm wave-
length for emission (460 nm in the cathepsin S assays and 440 nm
in the cathepsin B assays). All assays were performed in 96-well
black plates, without and with pre-incubation (5min) of the com-
pounds with the enzyme. Compounds 2 and 12 were assayed at
100 mM while 7 was assayed at 50 mM. For each compound, two
independent experiments were performed, each in triplicate and
monitored for 15min. Percentage of inhibition was calculated by
comparison to a DMSO control (final concentration of 2%). Cysteine
protease inhibitor E64 (1 mM) was used as a positive control of in-
hibition. Cathepsin S assays were performed at 37 �C, in a final
volume of 55 mL of 50mM sodium acetate buffer, 100mM sodium
chloride, 5mM ethylenediaminetetraacetic acid (EDTA), 2mM
Dithiothreitol (DTT), pH 5.5, in the presence of 5 nM enzyme and
50 mM of Z-VVR-AMC (Km¼ 107± 11.3 mM, similar to the value re-
ported in a previous study (Km¼ 102.2± 1.52 mM) [66]. Cathepsin B
assays were performed at 25 �C in a final volume of 50 mL of
100mM sodium phosphate buffer, 100mM sodium chloride, 1mM
EDTA, 1mM DTT and 0.01% CHAPS, (3-((3-cholamidopropyl)
dimethylammonio)-1-propanesulfonate), in the presence of 20 nM
enzyme and 50 mM of Z-FR-AMC (Km¼ 22.3± 8 mM) [67].

5.7. Docking studies

Preparation of ligands (7 and 12), proteins (cruzain and rhode-
sain) and docking calculations were performed using the Maestro
unified interface, by the Schr€odinger Small Molecule Discovery
Suite [68]. LigPrep was used to obtain ionization states for 7 and 12,
by Epik program at pH 5.5, optimizing conformations by MMFF
force field [69e72]. The PDB structures employed for docking were
cruzain PDB ID 3KKU [29] and rhodesain PDB ID 2P86 [73]. All
structures employed consist of complexes with inhibitors. These
proteins were prepared by using the Protein Preparation tool
[74,75], considering calculations of residues’ protonation states at
pH 5.5 using PROPKA. In addition to PROPKA calculations, two
changes were performed on the structure of proteins: deprotona-
tion of Cys25 and protonation of His162, forming an ion-pair at the
catalytic site responsible for the hydrolytic activity [76,77], and the
Glu208 residue on S2 pocket cruzain was also deprotonated. All
waters and ligands were removed from all protein structures. Grids
were generated on Glide and defined as all atoms within a distance
of 12 Å from the catalytic cysteine sulfur atoms (Glide, version 6.8)
[78e80]. Docking studies inducing conformational changes in
active sites of proteins were performed with the Induced Fit
Docking protocol [50,81]. Initial dockingwas performed using Glide
SP, ligand van der Waals radii of both receptor and ligand were
scaled to 0.5. The maximum of 20 poses per ligand were generated.
Protein conformations were then generated with Prime, consid-
ering flexible all residues within 5 Å from ligand poses, and the
conformations whose energy was up to 30 kcal/mol from the best
structure and classified within the first 20 poses were selected for
redocking. The final IFD redocking round was then performed with
Glide XP [50,81]. Figures were prepared with Pymol [82].

5.8. Chemical similarity analysis

Structures of previously described cruzain and rhodesain
competitive inhibitors were obtained PubChem, ScienceDirect, and
from the BindingDB database [83] and compounds with IC50 or Ki

up to 100 mM were considered. To search for studies reporting
cruzain or rhodesain inhibitors, all papers containing either “cru-
zain” or “rhodesain” on either PubChem or ScienceDirect were
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verified. To manually curate this data, compounds which were re-
ported as detergent-sensitive inhibitors, aggregators and or un-
specific inhibitors were discarded. Chemical structures from
BindingDB were manually verified against references. Structures of
MMV400 compounds were obtained from its supporting informa-
tion. Fingerprints were calculated using either 166-bits MACCS
fragments [84] or a Hashing algorithm, both through the imple-
mentation in RDKit.[85] Hashing fingerprint was generated using a
topological linear algorithm and Daylight-like atom types with two
up to seven atoms fragments. Tanimoto coefficient of each pair was
calculated and similarity matrices were generated through a Py-
thon implementation. Similarity matrices were also used to
generate heatmaps and histograms. Heatmaps were generated
directly from unnormalized data, while diagonal elements were
discarded to prepare histograms and calculate means.

5.9. T. cruzi culture

T. cruzi (Y strain) trypomastigote formswere cultured onMacaca
mulatta fibroblast cells line (LLCMK2) in culture flasks (TPP®) with
Roswell ParkMemorial Institute 1640medium (RPMI) supplemented
with 5% fetal bovine serum, 1% L-glutamine (200mM) and 1%
penicillin and 1% streptomycin (RPMIc).

5.10. Animals

Wild-type (WT) C57BL/6 female mice, between 8 and 10 weeks
old, were obtained from the Animal Care Facilities of UFMG, Minas
Gerais, Brazil.

5.11. Macrophage culture

Macrophages (MO) were isolated from the peritoneal cavity of
female C57BL/6 mice 72 h after the injection of 2mL of sterile so-
dium thioglycolate 3%. Cells were collected by the wash of perito-
neal cavity using sterile, frozen phosphate-buffered saline (PBS),
centrifuged at 290�g for 10min, resuspended in a volume of 1ml of
medium (RPMIc). Cells were counted in Neubauer's chamber for
plaque of 2� 105 macrophages/mL/well in a 96-well plate and
incubated at 37 �C, 5% CO2 for 3 h for adherence. After this period
the wells were washed and left overnight for further stimuli. Three
independent experiments were performed, with three mice
employed in each.

5.12. Infection of the macrophages

Culture medium containing the parasites were withdrawn from
the culture flask and centrifuged for 5min at 50�g and the su-
pernatant collected, then centrifuged at 2438�g for 10min, the
supernatant was discarded and the pellet resuspended in 1mL of
RPMIc. The parasites were counted in Neubauer's chamber for
infection of the macrophages plated in the 96-well plate. Macro-
phages were infected in a ratio of 5:1 (parasite:cell) for 2 h at 37 �C,
5% CO2, then the extracellular parasites were washed with RPMIc.

5.13. Macrophage stimulation with compound 12

Non-infected or T. cruzi-infected macrophages were stimulated
with 12at concentrations of 3.125, 6.25, 12.5, 25 and 50 mM (dose-
response curve) or with IFN-g (100 ng/mL - Sigma) and maintained
throughout the remainder of the oven experiment at 37 �C, 5% CO2.
After 24 h 20 mL of supernatant was withdrawn for enzyme Lactate
dehydrogenase (LDH) cytotoxicity assay analysis (Lactate Dehy-
drogenase LDH UV kit; Bioclin), an assay based on the release of LDH
in the culture supernatant.
5.14. Pre-incubation of trypomastigote forms with compound 12

Trypomastigotes forms (1� 106 cells/mL) were pre-incubated
with 12 at 3.125 mM concentration in RPMIc medium for 1 h at
37 �C, 5% CO2. After incubation the solution was centrifuged at
2438�g for 10min, the supernatant removed and the pellet
resuspended in 1mL of RPMIc for recounting and subsequent
infection of the plated macrophages.

5.15. Count of trypomastigote forms

The growth of the parasites was quantified by the number of
trypomastigote forms released in the supernatants from 3 days
after infection until day 11. 10 mL of the supernatant from the
infected wells stimulated or not was collected, placed in the Neu-
bauer chamber and the number of trypomastigote forms counted.

5.16. Nitric oxide detection

Nitric oxide levels were determined (Griess method) in the su-
pernatants harvested at 11 days after infection and/or stimulation
of macrophage culture. The nitrite concentration was analyzed by
adding 50 mL of the culture supernatant to 0.1mL of the Griess re-
agent. After 10min of reaction, the absorbance at 540 nmwas read
and the NO2 concentration was determined.
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Å angstrom(s)
�C degrees Celsius
eq equation
h hours
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Ki inhibition constant
Km Michaelis constant
M molar
mL milliliter
mM millimolar
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nM nanomolar
PDB Protein Data Bank
qHTS quantitative High-throughput screening qHTS
rpm revolutions per minute
CHAPS (3-((3-cholamidopropyl) dimethylammonio)-1-

propanesulfonate)
DMSO dimethylsulfoxide;
EDTA ethylenediaminetetraacetic acid
Z-VVR-AMC CBZ-Val-Val-Arg-7-amino-4- methylcoumarin
Z-FR-AMC CBZ-Phe-Arg-amidomethylcoumarin
LLCMK2 Macaca mulatta fibroblast cells line;
RPMI Roswell Park Memorial Institute 1640 medium
RPMIc RPMI supplemented with 5% fetal bovine serum, 1% L-

glutamine, 1% penicillin and 1% streptomycin
MO macrophages
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