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Abstract. Leishmania spp are responsible for up to 1 million new cases each year. The current 

therapeutic arsenal against Leishmania is largely inadequate and there is an urgent need for better 

drugs. Trypanothione reductase (TR) represents a druggable target since it is essential for the 

parasite and not shared by the human host. Here we report the optimization of a novel class of 

potent and selective LiTR inhibitors realized through a concerted effort involving X-ray 

crystallography, synthesis, structure-activity relationship (SAR) investigation, molecular 

modelling, and in vitro phenotypic assays. 5-Nitrothiazole-2-carboxamides 3, 6e and 8 were 

among the most potent and selective TR inhibitors identified in this study. 6e and 8 displayed 

leishmanicidal activity in the low micromolar range coupled to SI > 50. Our studies could pave 

the way for the use of TR inhibitors not only against leishmaniasis but also against other 

Trypanosomatidae due to the structural similarity of TR enzymes.  
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Leishmaniasis, African sleeping sickness and Chagas’ diseases are vector-borne diseases caused 

by the Trypanosomatidae protozoa Leishmania (L.) spp, Trypanosoma (T.) brucei and T. cruzi, 

respectively. According to WHO data reports, from 700,000 to 1,3 million new cases of 

leishmaniasis occur annually, about 6 million to 7 million people worldwide are estimated to be 
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infected with T. cruzi, while recent years witnessed a drop below 10,000 of annual reported cases 

of sleeping sickness.2-4  

Human leishmaniases, caused by the same 20 Leishmania species, are endemic in over 98 

countries across South America, East Africa, Asia, and the Mediterranean basin. In the European 

region there is an increasing concern about a possible spread principally driven by climate change-

related northward diffusion of Phlebotomus species, the vector of the parasite.5-7 In this 

epidemiological context, zoonotic form caused by L. infantum is a disease of One Health concern 

based on the interconnection among human and animal cases and environmental damage.8 Clinical 

manifestations of human leishmaniases are largely diverse: visceral leishmaniasis (VL), a severe 

condition that causes hepatosplenomegaly and bone marrow suppression, is fatal in almost all 

cases if left untreated, cutaneous leishmaniasis (CL), is benign but often disfiguring condition, and 

mucocutaneous leishmaniasis (ML) is not self-healing and potentially fatal.2 Like other neglected 

tropical diseases, leishmaniasis is not recognized and prioritized politically, its visibility is not 

proportionate to its burden, and national strategies for its control are lacking. Moreover, current 

therapeutic arsenal against Trypanosomatid diseases, and in particular against leishmaniasis, is 

largely inadequate for several reasons: poor efficacy, safety concerns, price, and route of 

administration not suitable for the most affected and poorest countries lacking appropriate 

healthcare infrastructures.9 The urgent need to identify novel drugs prompted research efforts 

aiming at discovering and characterizing novel and druggable targets to be exploited for 

developing effective, orally available and low-cost drugs able to address the unmet clinical needs 

relative to the treatment of leishmaniasis.10-12  

The trypanothione metabolism, shared by all Trypanosomatids, represents a promising target for 

the development of new drugs. Reduced trypanothione ((N1,N8-bis(glutathionyl)spermidine, 
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T(SH)2) plays a key role in the defense from reactive oxygen species (ROS) generated by 

macrophages during infection.Error! Hyperlink reference not valid. T(SH)2 is generated by the 

enzyme trypanothione synthetase (TryS), is maintained in its reduced form by trypanothione 

reductase (TR), and functions as an electron donor in the reduction of hydrogen peroxide to water 

catalyzed by the tryparedoxin/tryparedoxin peroxidase couple (TXN/TXNPx).1-3  

The recent years witnessed a significant research effort toward the identification of effective 

modulators of the enzymes involved in T(SH)2 metabolism, which are both necessary for parasite 

survival and absent in the human host. Since several years, we have focused on the design, 

synthesis, and evaluation of novel molecular scaffolds as anti-leishmania agents also able to 

interfere with the trypanothione metabolism.4-16 Among the drug targets explored in this field, it 

has been demonstrated that pentavalent antimonials affect TR activity, which is essential for 

survival of leishmania inside the macrophages.17,18 Moreover, due to its structural and sequence 

similarity to TR from other trypanosomatids such as T. brucei and T. cruzi, it could also be 

amenable for the development of multi-parasite targeted drugs. With this information in mind, and 

with the aim of identifying novel structural scaffolds able to target trypanothione reductase, Ilari, 

Colotti and co-workers screened against this enzyme the 192 L. donovani inhibitors (LeishBox) 

identified in the GlaxoSmithKline HTS diversity set of 1.8 million compounds.7,19 5-

Nitrothiophene-2-carboxamide derivative 1 (compound A1/7 of the LeishBox) (Figure 1) was 

identified as the best hit, showing a sub-micromolar inhibitory potency against TR of L. infantum 

(IC50 = 0.52 ± 0.14 µM) and a good selectivity index toward glutathione reductase (SI >> 50), the 

closest human enzyme involved in the detoxification of ROS.  
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Figure 1. Reference 5-nitrothiophene-carboxamide (1) and analogues designed and synthesized in 

this work (2a-e, 3, 4, 5a-c, 6a-g, 7a,b and 8). 

Based on the hit compound 1, we implemented a concerted effort involving X-ray 

crystallography, structure-activity relationship (SAR) investigation, and molecular modelling 

aiming to gain a deep understanding of the most important interactions of 1 with its target enzyme 

at a molecular level. Starting from the X-ray structure of 1 with TR reported here, we investigated 

the SARs using a series of analogs of 1 endowed with different structural features. The design of 

the inhibitors presented in this work (2a-e, 3, 4, 5a-c, 6a-g, 7a,b and 8) was guided by the X-ray 

co-crystal structure of 1 while molecular modelling studies were used to rationalize the observed 

SAR and to design optimized inhibitors. Finally, in vitro phenotypic assays against L. infantum 

parasites (both amastigote and promastigote forms) confirmed the interesting anti-leishmania 

properties of the most potent compounds identified during the optimization efforts. 

Results and discussion 
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X-ray crystal structure of TR in complex with compound 1. The structure of the complex 

between TbTR and compound 1 (TR-1) was determined by X-ray crystallography at 2.15 Å 

resolution, allowing the identification of the binding sites of the inhibitor and the definition of the 

details of the interaction (see Table 1 for crystal parameters, data collection and refinement 

statistics).  

Table 1. Crystal parameters, data collection statistics and refinement statistics of TR-1 complex. 

Crystal parameters 

PDB code 7NVP 

Space group P212121 

Unit cell dimension (a,b,c) (Å) 66.10, 133.33, 158.91 

Asymmetric unit composition (molecule, amount, modelled residue range) TbTR, dimer (A:1-489, B:1-488)  

FAD, 2 

 

Wilson B-factor  (Å2) 41.4 

Data analysis statistics 

Resolution range (highest resolution shell) (Å)  158.91-2.15 (2.23-2.15) 

Unique reflections 76940(7477) 

Completeness (%) 99.7 (98.92) 

Redundancy 12.9 (11.5) 

Rmerge (%) 14.39 (159) 

CC(1/2) (%) 99.8 (63.5) 

〈I/σ(I)〉 12.14 (1.64) 

Mod  Refinement statistics 
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RSCCC ligand A , RSCC ligand B 0.66, 0.73 

Resolution range (highest resolution bin) 102.14-2.15 (2.20-2.15) 

Rcrys (%) 23.99 (30.20) 

Rfree (%) 27.77 (36.10) 

rms (angles) (°) 1.522 

rms (bonds) (Å) 0.008 

Mean B value (Å2) 54 

Fo,Fc correlation (EDS) 0.93 

Residues in allowed region of Ramachandran plot / generously allowed (%) 100 (0) 

 

As expected, TR-1 structure is very similar to TbTR either in the apo form or bound to the 

substrates (PDB: 2WOI, 2WOW) indicating that the interaction of the compound with the protein 

does not cause large conformational variations and the overall fold remains unchanged (Figure 2) 

although a local conformational change is present at the level of the 397-403 β-turn (see below). 

Superimposition between TR-1 complex and the apo form of TbTR (PDB code: 2WBA) reveals 

an RMSD of 0.391 Å calculated over the α-carbons, while shifts to 0.902 Å when calculated over 

all atoms; in both cases indicates a highly conserved overall structure.  
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A

B 

Figure 2. X-ray structure of TR in complex with compound 1. A) Overall fold of the structure: 

TR-1 structure is represented as ribbons. The two monomers of the TR dimer are colored in grey 

(monomer A) and magenta (monomer B). The compound 1 molecules in the two monomers are 

represented as spheres. The compound 1 Ca are colored in orange whereas the other atoms are 

colored as follows: oxygen atoms in red, nitrogen atoms in blue and sulfur atoms in yellow. The 

FAD molecule is colored in yellow. B) Close-up view of the compound 1 ligand binding site: 

compound 1 and TR residues interacting with the compound are indicated as sticks. Compound 1 

Cα atoms are colored in orange, the monomer B TR atoms are colored in magenta, the monomer 

A Cα atoms are colored in grey, whereas the other atoms are colored as follows: oxygen atoms in 

red, nitrogen atoms in blue and sulfur atoms in yellow. 

Compound 1 binds into a sub-pocket placed at the dimeric interface lined by the residues of the 

397-403 β-turn, by the catalytic residues H461, E466, and E467 and the K61’ placed on the two-
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fold symmetry-related subunit. In particular, the nitro group of compound 1 forms two hydrogen 

bonds with K61 and the NH atom of L399, respectively (distances: 2.92-2.99 Å and 280-3.34 Å), 

and the NH of the carboxamide moiety forms a hydrogen bond with the OE1 atom of the E467 

(distance: 3.02-3.18 Å); moreover, there is a hydrophobic interaction between the thiophene group 

and the F396 of TR. The phenyl methoxy group of compound 1 occupies part of the trypanothione 

binding site close to the two catalytic cysteines and the oxygen of the phenyl methoxy group forms 

a weak hydrogen bond with the NE2 atom of the H461 (distance: 3.27-4.02 Å). This is the first 

lead compound found to bind this TR sub-pocket, even if De Gasparo et al.20 already identified 

this binding site, which in their structure was occupied by an HEPES molecule (Figure 3).  

 

Figure 3. Superimposition of the TR-1 structure (PDB code: 7NVP) and the structure of TR in 

complex with (+)-N-(cyclobutylmethyl)-3-{5-[1-3(pyrrolidin-1-yl)cyclohexyl]-2-(-{[(2S)-

pyrrolidin-2-yl]methyl}-1H-4-indol-5-yl))-1,3-thiazol-4-yl}prop-2-yn-1-amine  (PDB code: 

6OEZ) binding pocket. The internal surface of TR is represented. Compound 1 and the HEPES 

molecules are represented as sticks. Cα atoms of compound 1 are colored in orange whereas the 

Cα atoms of HEPES are colored in green. The other atoms are colored as follows: oxygen atoms 

in red, nitrogen atoms in blue and sulfur atoms in yellow.  
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Notably, the binding of compound 1 to TbTR caused a local conformational change. In particular, 

the 397-403 β-turn is shifted with respect to its position in the apo structure (PDB code: 2WOI) 

(data not shown). 

The superimposition between the TR-1 complex and GR reveals the basis of selectivity 

(Figure 4). In particular, it shows that in GR the compound 1 binding pocket displays some 

significant differences, i.e. M406 substitutes the L399 and the Y106 substitutes A102 (Figure 4). 

The presence of the bulky Y106 in GR, instead of A102 in TR, hampers the shift of the 397-403 

β-turn required for accommodating the nitro-thiophene moiety into the sub-pocket. Moreover, the 

substitution ofL399 with M406 in GR causes additional steric hindrance and further reduces the 

size of the sub-pocket. 

 

Figure 4. Superimposition of the structures of the TR-1 complex (monomer A colored in grey and 

monomer B in magenta) and that of the human GR, colored in green. As shown in the picture, in 

GR a methionine substitutes the TR L399 and a tyrosine substitutes the TR A102. 
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Chemistry. The preparation of the reference sulfonamide 1, of the analogues 2a-e, 3 and 4 is 

described in Scheme 1.  

Scheme 1. Synthesis of the reference compound 1 and inhibitors 2a-e, 3, 4a 

 

aReagents and conditions: a) Ac2O, dichloromethane (DCM), 0 °C to 25 °C, 12 h; b) ClSO3H, 0 

°C to 25 °C, 1 h; c) 9, pyridine, 80 °C, 1 h; d) K2CO3, MeI, acetonitrile (ACN), 80 °C, 12 h; e) HCl 

(12 N), EtOH, 80 °C, 12 h; f) ClSO3H, 150 °C, 6 h; g) aniline, pyridine, 80 °C, 1 h; h) Fe0, NH4Cl 

s.s., EtOH, 90 °C, 2 h; i) appropriate carboxylic acid, HATU, NMM, DMF, 40 °C, 2 h.  
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to afford intermediate 11. The sulfonylchloride 11 was then reacted with 9, in the presence of 

pyridine as base, providing sulfonamide 12. Intermediate 12 was also alkylated with MeI under 

basic conditions to afford N-methylsulfonamide 13. The acetamide moiety of compounds 12 and 

13 was cleaved with HCl (12 N) in refluxing EtOH providing 14 and 15, respectively. For the 

synthesis of aniline intermediate 19, nitrobenzene 16 was subjected to a sulfonation reaction in 

refluxing chlorosulfonic acid, yielding 17, which was reacted with aniline. The nitro group of the 

resulting sulfonamide 18 was reduced in the presence of Fe0 and NH4Cl to obtain intermediate 19. 

The compounds 1, 2a-e, 4 and 3 were obtained by coupling the amines 14, 15 and 19 with the 

appropriate carboxylic acid in the presence of 1-[bis(dimethylamino)methylene]-1H-1,2,3-

triazolo[4,5-b]pyridinium-3-oxid hexafluorophosphate (HATU) as the catalyst and N-

methylmorpholine (NMM) as the base in N,N-dimethylformammide (DMF). The same coupling 

protocol, starting from the appropriate aniline derivatives was used for the preparation of final 

compounds 5a-c (Scheme S1 of the Supporting Information).  

The synthesis of benzylamine derivatives 6a-g is described in Scheme 2.  

Scheme 2. Synthesis of benzylamine derivatives 6a-ga 
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aReagents and conditions: a) i. MeOH, AcOH, 60 °C, 12 h; ii. NaBH3CN, 25 °C, 2 h; b) Fe0, NH4Cl 

s.s., EtOH, 90 °C, 2 h; c) triethylamine (TEA), DCM, 0 °C to 25 °C, 2 h; d) Fe0, NH4Cl s.s., EtOH, 

90 °C, 2 h; e) LiAlH4, tetrahydrofuran (THF), 25 °C, 12 h; f) 5-nitrothiophene-2-carboxylic acid, 

HATU, NMM, DMF, 40 °C, 2 h. 
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and NH4Cl as previously described, was followed by treatment with LiAlH4 which, upon reduction 

of the amide bond, furnished amine 27. Compounds 6a-g were obtained by means of HATU-

mediated coupling of amines 23a-f and 27 with 5-nitrothiophene-2-carboxylic acid.  

The synthesis of 7a,b was accomplished starting from previously prepared intermediates 19 and 

23b through a reductive amination protocol with 5-nitrothiophene carboxaldehyde (Scheme 3). 

Finally, for the synthesis of cyclic derivative 8 (Scheme 3), p-aminophenol 28 was reacted with 5-

nitrothiophene-2-carboxylic acid by using HATU and NMM. The resulting phenol 29 was 

subjected to a Mannich reaction, in presence of aniline and paraformaldehyde, leading to the 

formation of the intermediate phenol ortho-adduct and the subsequent formation of a methylene 

bridge between aniline nitrogen and phenol hydroxyl group, resulting in the formation of the 

desired inhibitor 8.  

Scheme 3. Synthesis of derivatives 7a,b and 8a 
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aReagents and conditions: a) i. 5-nitrothiophene-2-carboxaldehyde, MeOH, AcOH, 60 °C, 12 h; 

ii. NaBH3CN, 25 °C, 2 h; b) 5-nitrothiophene-2-carboxylic acid, HATU, NMM, DMF, 25 °C, 12 

h; c) aniline, (CH2O)n, xylene, 140 °C, 4 h. 

Investigation of TR inhibitory activity and structure-activity relationship (SAR) analysis. 

The compounds reported in Figure 1 and prepared as described in Schemes 1-6 were tested for 

their ability to inhibit LiTR enzymatic activity. The IC50 values of the synthesized compounds are 

displayed in Table 2 along with the activity against the hGR enzyme and selectivity indexes (SI) 

of the inhibitors with IC50 < 0.5 μM.  

The first structural moiety investigated for its role in inhibition potency toward LiTR was the 5-

nitrothiophene heterocyclic system, which forms a network of H-bonds with K61’ and the NH of 

L399. The replacement of the thiophene ring with the isosteric furan and phenyl rings (2a and 2d 

vs 1) resulted in a 6- and 40-fold decrease in potency, respectively. Also, the shift of the nitro-

group from 5- to 4- (2b), or its replacement with a boronic acid (2c) was detrimental concerning 

the inhibitory potency. The least potent compound of the series is represented by 2e, presenting a 

benzoxaborole substituent in place of the 5-nitrothiophene ring. Inhibitor 3 was designed in order 

to evaluate the role of the methoxy substituents in the binding potency, since from the structure of 

the TR-1 complex, they did not seem to engage with the enzyme in strong interactions. In fact, as 

evident in Figure 2, the pendant aromatic ring of inhibitor 1 projects the methoxy group inside a 

small pocket where it is engaged in a weak H-bonding with H461, while the central methoxy-

group looks solvent exposed. Compound 3 resulted in the most potent inhibitor of the series (IC50 

= 0.12 µM). Next, analogs 4, 5a-c and 6a were synthesized in order to evaluate the role of the 

sulfonamide linker in modulating the activity. Methylation of the acidic NH (4), or replacement of 

the SO2 with a CH2 (6a) (both modifications abolishing the acidity of this group) were tolerated 
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since the corresponding inhibitors showed a slightly lower potency than the reference inhibitor 1. 

Among the thio-derivatives 5a-c the following trend of potency was observed: 5a (S) > 5b (SO) > 

5c (SO2).  

Since the replacement of the methoxy-groups of 1 led to the more potent derivative 3, we 

performed the same modification on the benzylamine-derivative 6a by synthesizing 6b. As 

expected, a 5-fold improved potency was observed. The synthesis of the two isomeric-

monomethoxy analogs 6c and 6d was then accomplished. Inhibitor 6d, bearing the pendant 

arylmethoxy substituent showed an inhibitory potency comparable to 6b, while 6c was slightly 

less potent. 

The straightforward synthetic approach for the preparation of the above-described benzylamine 

analogs allowed a brief investigation of different substitution patterns at the pendant aromatic ring. 

Accordingly, both halogen-substituted inhibitors 6e,f and the 4-aminopyridine derivative 6g 

showed comparable potencies with respect to 6b. Finally, compounds 7a,b, lacking the carbonyl 

group of the carboxamide moiety were synthesized. However, their poor solubility hindered an 

appropriate evaluation of the inhibitory activity against the enzyme. Compound 6b, endowed with 

the highest efficacy vs. Leishmania (see below) was used to assess the mechanism of inhibition, 

the Ki, the effect on cellular thiols and the activity on TbTR. Dixon plots of enzymatic inhibition 

assays demonstrate that the compound 6b is a competitive inhibitor of TS2, and that the Ki is 1.33 

μM (Figure S3).  Compound 6b, tested vs. TbTR, also displayed a submicromolar IC50 value (IC50= 

0.78 ± 0.22 µM, Figure S4). 
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Table 2. Inhibitory activity of the synthesized compounds. In the table are reported the IC50 

against LiTR and hGR (measured for the compounds with IC50 values vs. LiTR < 0.50 µM) and 

the calculated selectivity index.   

Cmpd Structure 
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5c 
 

4.4 ± 1.1 (2.4-8.1) n.t.  

6a 
 

1.6 ± 0.4 (0.97-2.5) n.t.  

6b 
 

0.32 ± 0.09 (0.17-
0.57) 15 46 

6c 
 

1.4 ± 0.3 (0.94-2.0)   

6d 
 

0.40 ± 0.09 (0.23-
0.71) 19 74 

6e 
 

0.21 ± 0.06 (0.12-
0.38) 13 61 

6f 
 

0.27 ± 0.04 (0.20-
0.37) 27 100 

6g 
 

0.39 ± 0.10 (0.23-
0.68) >30 >77 

7a 
 

1.2 ± 0.4 (>0.55)* n.t.  

7b 
 

18 ± 6 (>8)* n.t.  

8 
 

0.27 ± 0.07 (0.15-
0.46) 18 65 

1 
 

0.74 ± 0.14 (0.51-1.1)   

*Low solubility; n.t.= not tested 
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Molecular modelling studies. In order to gain insight into the binding mode of the most 

representative derivatives, we conducted a molecular docking study, using Glide software and 

employing the novel crystal structure of TR in complex with compound 1. The output of molecular 

docking calculation is reported in Figure 5.  
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Figure 5. Putative binding modes of compounds 2d (panel A), 2e (panel B), 3 (panel C), 6b (panel 

D), 8 (panel E), into the TR binding site (PDB ID 7NVP, cyan cartoon). Key residues in the binding 

site are represented by lines. H-bonds are indicated by grey-dotted lines. Pictures were generated 
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by PyMOL (The PyMOL Molecular Graphics System, v1.8; Schrödinger, LLC, New York, NY, 

USA, 2015). 

From the binding mode of compound 2d (Figure 5A), it is evident that the nitro group linked to 

an aromatic ring is not able to form an optimal network of H-bond interactions with K61 with 

respect to the prototypic inhibitor 1, thus hampering the correct orientation of the carboxamide 

moiety, which no longer forms an H-bond with E467. On the other hand, similarly to inhibitor 1, 

the pendant p-OMe-phenyl-ring is correctly projected inside the lipophilic pocket, forming 

hydrophobic interactions with H461 and P462. This binding mode accounted for a docking score 

of -7.123 kcal/mol. The key role of the 5-nitrothiophene-2-carboxamide moiety in “stapling” the 

compound in close contact with K61’ and E467 is further highlighted by the binding mode of 

derivative 2e, the least potent compound of the series. The introduction of a more sterically 

hindered benzoxaborole ring did not allow a correct accommodation of the compound into the 

binding site (Figure 5B). With the exclusion of weak hydrophobic contacts with H461 and P462, 

no other relevant contacts were found between compound 2e and the TR binding site. This lack of 

interactions was reflected in a dramatic drop in the docking score (-3.631 kcal/mol), according to 

the very poor potency against the enzyme. 

As mentioned before, replacing both methoxy groups of inhibitor 1 with hydrogens, afforded 

compound 3 (Figure 5C). This compound was observed to better interact within the binding site 

by a binding mode similar to 1. In fact, inhibitor 3 is able to strongly interact with the active site, 

targeting K61’ and the backbone of L399 by the nitro moiety. Carboxamide NH of analogue 3 

established a H-bond with the sidechain of E467, while the pendant benzyl group interacted with 

H461 and P462 by hydrophobic contacts (docking score = -8.463 kcal/mol). The replacement of 

the arylsulfonamide moiety of 3 by a benzylamine (6b) was well tolerated, supporting the 
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comparable activity against TR enzyme with respect to its counterpart 3. In fact, 6b targeted K61’ 

and E467 by H-bonds and H461 and P462 by a π-π stacking and hydrophobic interactions, 

respectively (Figure 5D). Accordingly, this binding mode accounted for a docking score (-8.298 

kcal/mol) comparable to that found for 3, supporting the submicromolar activity of the compound. 

Based on the above-discussed binding mode and by the SAR data, it was evident that the role of 

the sulfonamide linker is to bring the pendant aromatic ring inside the hydrophobic pocket and its 

nature is not relevant for inhibitory potency. Therefore, we designed inhibitor 8, in which a 

rigidification of the linker through the formation of a bicyclic derivative, could allow the projection 

of the aromatic ring inside the hydrophobic pocket. Gratifyingly, compound 8 proved to be one of 

the most potent inhibitors of the series and molecular modelling studies confirmed that the 

rigidification of the linker was not detrimental to the compound activity since the resulting 

compound was able to strongly interact with the TR binding site as displayed in Figure 5E. 

Accordingly, inhibitor 8 targeted K61 and E467 by H-bonds and could also target H461 and P462 

by a π-π stacking and hydrophobic interactions, respectively. This pattern of interactions 

accounted for a docking score of -8.327 kcal/mol comparable to that found for compound 3, 

supporting their submicromolar activity against TR, as found by in vitro tests.  

In vitro inhibition of Leishmania promastigote and amastigote growth. To assess the 

antileishmanial activity of the synthesized compounds, a reference strain of L. infantum 

(MHOM/TN/80/IPT1) was used. The activity of the most potent TR inhibitors was assessed as 

IC50 in two different stages of the parasite life cycle, i.e., the extracellular promastigote form that 

is found in the sandfly vector, and the intracellular amastigote form that is found in the host cell. 

Moreover, the toxicity against host macrophages was determined for all tested compounds in order 

to determine the SI. As reported in Table 3, all tested compounds displayed interesting activities 
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against the promastigote form of the parasite, with the least potent being the sulfonamide derivative 

3. Regarding intracellular amastigotes, IC50 values in the single-digit micromolar range were 

observed for all compounds except for the 4-aminopyridyl-derivative 6g, which did not show 

leishmanicidal activity at the tested concentrations, despite its good TR inhibitory potency. It is 

worth noting that inhibitor 6g is the only basic inhibitor, mainly protonated already at blood pH 

(pyridyl nitrogen pKa = 3.92; % protonated form at pH 7.4 = 96; % protonated form at pH 5.5 = 

99). CC50 values higher than 25 µM for all inhibitors account for their good SIs. 

 

Table 3. Efficacy of tested compounds, in vitro promastigotes assay, Balb/c macrophages infected 

by L. infantum amastigotes and cytotoxicity on macrophages.* 

Cmpd 
Promastigote 

IC50 ± SE (µM) 
(95% CI) 

Intracellular amastigote 
IC50 ± SE (µM) 

(95% CI) 

Murine Macrophage 
CC50 ± SE (µM) 

(95% CI) 
SI 

3 7.16 ± 0.48 (6.22-8.24) 1.85 ± 0.76 (0.82-4.16) 26.10 ± 1.5 (11-62) 14 
6b 1.03 ± 0.23 (0.65-1.63) 1.21 ± 0.59 (0.46-3.15) >25 >21 

6d 1.54 ± 0.29 (1.04-2.28) 1.67 ± 0.66 (0.76-3.67) >50 >30 

6e 2.25 ± 0.30 (1.70-2.97) 0.82 ± 0.36 (0.32-2.04) >50 >61 

6f 2.09 ± 0.31 (1.50-2.81) 1.59 ± 0.90 (0.54-4.73) >50 >31 
6g 0* 0* 20.61 ± 1.3 (11.8-35.9) - 

8 2.18 ± 0.19 (1.80-2.61) 0.85 ± 0.39 (0.34-2.13) 25.21 ± 1.5 (11.8-53.7) 29 

AmpB 0.8 ± 0.39 (0.37-1.94) 0.54 ± 0.25 (0.18-1.64)  15 30 

*50% inhibitory concentration (IC50) ± standard error (SE); 50% cytotoxic concentration (CC50) ± 
standard error; Selectivity index (SI) = Murine Macrophage CC50/intracellular amastigote IC50 

 

To test whether these compounds act as selective TR inhibitors, we have measured total reduced 

thiol levels and reduced trypanothione levels in promastigotes treated with 0.5 µM and 1.5 µM 

compound 6b, vs. control promastigotes. The experiment (Figure S5) demonstrated that compound 
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6b reduced in a dose-dependent fashion total thiol levels and, in a higher percentage, reduced 

trypanothione levels with respect to untreated promastigotes.   

Conclusions 

Starting from the LeishBox, a set of 192 best antileishmanial compounds selected by 

GlaxoSmithKline, we identified as best hit targeting TR, A1/7 (compound 1 in this work) endowed 

with a sub-micromolar inhibitory potency against TR of L. infantum and a good selectivity index 

toward glutathione reductase (SI >> 50), the closest human enzyme involved in the detoxification 

of ROS. We solved the high-resolution structure of TR in complex with compound 1, 

demonstrating that this inhibitor binds into a sub-pocket placed at the dimeric interface lined by 

the residues of the 397-403 β-turn, by the catalytic residues H461, E466, and E467 and the K61’ 

placed on the two-fold symmetry-related subunit. Based on these results, we designed and 

synthesized a series of compounds that were tested for their inhibitory activity on LiTR and in 

parallel for their activity against hGR enzyme. The SARs analysis showed that the 5-

nitrothiophene heterocyclic system, which forms a network of H-bonds with K61 and the NH of 

L399, is fundamental for the inhibitory activity of this class of compounds. Indeed, both the 

replacement of the thiophene ring with furan and phenyl rings (in compounds 2a and 2d 

respectively) and the shift of the nitro-group (2b) or its replacement with other groups (2c) was 

detrimental concerning the inhibitory potency. Moreover, the SAR analysis suggested that the 

sulfonamide linker can be modified, since the corresponding inhibitors where the acidic NH was 

methylated (4) or the SO2 substituted with a CH2 (6a) showed only a slightly lower potency than 

the reference inhibitor 1 (A1/7). Last but not least, the SARs analysis indicated that the 

replacement of the methoxy-groups of compound 1, led to the synthesis of more potent derivatives. 
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In fact, in compound 3, the most potent inhibitor (IC50 = 0.12 μM) of these series, the methoxy 

groups of compound 1 were replaced with hydrogens.  

The docking analysis indicated that compound 3 is able to strongly interact with the active site, 

targeting K61’ and the backbone of L399 by the nitro moiety, which explains why the replacement 

of the arylsulfonamide moiety of 3 by a benzylamine of 6b showed no effect on its inhibitory 

activity which remains submicromolar. Indeed, as reported in Figure 5D, 6b targeted K61’ and 

E467 by H-bonds and H461 and P462 by π-π stacking and hydrophobic interactions, respectively, 

with a docking score (-8.298 kcal/mol) comparable to that found for 3.  Thus, it is evident that the 

role of the sulfonamide linker is to bring the pendant aromatic ring inside the hydrophobic pocket 

and that its nature is not relevant for inhibitory potency. Indeed, the inhibitor 8, in which the linker 

is constrained through the formation of a bicyclic derivative, was one of the most potent inhibitors 

of the series owing to the strong interaction with the TR binding site (Figure 5E).  

We tested the inhibitors (3, 6b, 6d, 6e, 6f, 6g, 8) displaying the strongest activity against TR on 

Leishmania parasites both at promastigote and amastigote stages and all the compounds displayed 

a strong antiparasitic activity with the exception of 6g. The experiments carried out with the most 

effective inhibitor (6b) show that the compound binds to the trypanothione binding site (with a 

competitive mechanism), thereby reducing trypanothione in promastigotes. The compounds 6b-6f 

displayed a micromolar activity on amastigotes with a high selectivity index and will be further 

studied in animal models. 

Methods 

Chemistry. 
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Moisture-sensitive reactions were carried out under nitrogen atmosphere in oven-dried (120 °C) 

glassware. All reagents and chemicals were purchased from commercial suppliers and used 

without further purification. All purification procedures were carried out with reagent grade 

solvents (purchased form Fisher Scientific) in air. TLC analysis was conducted using aluminum 

foil-supported thin-layer silica gel chromatography plates (F254 indicator). Column 

chromatography was performed using 230–400 mesh, 60 Å pore diameter silica gel. 1H and 13C 

NMR spectra were recorded at room temperature on a Varian 300 MHz spectrometer.  Chemical  

shifts (d values) are reported in parts per million and are referenced to the deuterated residual 

solvent peak. NMR data are reported as: d value (chemical shift, J value (Hz),  integration, where 

s  =  singlet, d =  doublet, t = triplet, q = quartet, br  =  broad peak). Low-resolution mass analyses 

were performed on an Agilent 1100 spectrometer. ESI HRMS were carried out by a Thermo 

Finningan LCQ Deca XP Max ion-trap mass spectrometer equipped with Xcalibur software, 

operating in either positive and negative electrospray ionization mode. Yields refer to purified 

products and are not optimized. Purity of tested compounds was assessed by HPLC analysis 

performed using a Shimadzu Prominence apparatus equipped with a scanning absorbance UV-VIS 

detector (Diode Array SPD-M20A), with a thermostatic chamber and using Purospher®STAR, 

RP-18ɛ (5 μM) column. Purity for all tested compounds was >95%. Synthetic procedures and 

characterization of compounds are reported in the Supporting Information. 

Protein Expression and Purification. TR from L. infantum and from T. brucei were expressed 

and purified as previously reported.5,18,21  

Briefly, the genes, coding for the enzymes (aa 1–492) and codon optimized for the expression 

in E. coli, were obtained from GenScript. The coding sequences were then cloned in the pET15b 

vector in order to have an N-terminal fused 6xHisTag for purification purpose. 
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E. coli BL21(DE3) transfected cells were treated with 0.5 mM IPTG for 18 h at 37 ˚C prior 

harvest. Cells were resuspended in 20 mM Tris pH 8.0, 300 mM NaCl, 5mM imidazole and 

incubated on ice for 40 min prior sonication; the soluble fraction was clarified by centrifugation. 

The protein was purified using immobilized metal affinity chromatography (His trap column, 

GE Healthcare, connected to a FPLC apparatus). Elution was performed using a gradient from 0 

to 100% elution buffer (20 mM Tris pH 8.0, 300 mM NaCl, 500 mM imidazole) over 20 column 

volumes. The protein was eluted with 18-24% buffer B and then dialyzed against 20 mM HEPES 

pH 7.4. Finally the protein was concentrated to 10 mg/mL. 

Protein crystallization and X-ray structure determination 

First, TbTR at a concentration of 10 mg/mL has been co-crystallized with compound 1 (A1/7) 

in ammonium sulfate 2.0–2.2 M, HEPES 0.1 M pH 7–8, polyethylene glycol 400 (PEG400) 5% 

v/v at a temperature of 294 K using the hanging drop vapor diffusion method. These crystals were 

used for streak seeding experiment using a mother liquor solution containing ammonium sulfate 

2.0–2.2 M, HEPES 0.1M pH 7–8, in the absence of PEG400 which binds to the trypanothione 

binding site, and in the absence of compound 1. 

The crystals, obtained from seeding, were soaked in a solution containing 2 mM A1/7 and 10% 

DMSO (stock solution 100 mM A1/7 in DMSO diluted 1:10 with mother liquor). After 12 h, 

crystals were cryo-protected with 20% glycerol and flash-frozen in liquid N2. 

Single wavelength data set (λ = 1.03 Å) was collected at the Synchrotron Radiation Source 

ELETTRA beamline XRD2, using a Dectris Pilatus 6M detector at a temperature of 100 K. The 

data sets were processed and scaled with XDS.22 The structure was solved by molecular 

replacement with the program MOLREP23 using native TbTR (PDB: 2WBA) as search model and 

refined using the program REFMAC5.24 Model building was carried out using the program COOT 
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(Version).25 The structure was deposited under the /NVP PDB accesion number. Crystal 

parameters, data collection statistics and refinement statistics are reported in Table 1. 

Enzymatic Assay. Enzymatic inhibition assays were performed at 20 °C using a diode-array 

HP8453 spectrophotometer. In order to optimize the assay, different buffers and different enzyme 

and substrate concentrations were tried out. The experimental conditions that were used allowed 

for the determination of specific activity and Km values for NADPH and oxidized trypanothione 

(Km, NADPH = 12 μM; Km,TS2 = 72 μM; kcat = 4800 min–1 for trypanothione disulfide).18  

The compounds were tested at concentrations ranging from 100 nM to 25 μM. The solution 

containing buffer (HEPES (50 mM), NaCl (40 mM) at pH 7.4), TR (5 nM), TS2 (150 μM), and 

inhibitor (25 μM) were allowed to equilibrate for 2 min in a quartz Hellma 104-QS cuvette (assay 

volume = 800 μL). Assays were initiated by the addition of NADPH (100 μM), and the absorbance 

decrease was followed at 340 nm, which indicated the oxidation of NADPH. Inhibition was 

calculated for each experiment by measuring the velocity of oxidation of NADPH with respect to 

the experiments carried out in the absence of the inhibitor. To verify selectivity, the best inhibitors 

(IC50 < 0.5 μM) were also tested on GR, the most similar human enzyme. The experiment was 

performed as for the TR inhibition assay (GR (5 nM), GSSG (150 μM), inhibitor (0-25 μM), and 

NADPH (100 μM), in HEPES (50 mM), NaCl (40 mM) at pH 7.4). 

The NADPH concentration was calculated using the molar extinction coefficient ε = 6222 M–1 

cm–1 at 340 nm. Trypanothione disulfide was purchased from Bachem, NADPH, GR and GSSG 

from Sigma-Aldrich. Dixon plots assays were performed at 20 °C using a JASCO V650 

spectrophotometer. The compounds were tested at concentrations ranging from 1 μM to 5 μM. 

Experiments were carried out in 50 mM HEPES pH 7.4, 40 mM NaCl either (A) maintaining 

NADPH concentration at 100 uM and varying TS2 concentration (25 μM, 100 μM and 200 μM) 
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or (B) maintaining TS2 concentration constant at 100 uM and varying NADPH concentration (25 

μM, 100 μM and 200 μM). Assays were initiated upon addition of NADPH, and the oxidation of 

NADPH was followed as a decrease in absorbance at 340 nm. 

Computational details. Molecular docking investigations were performed using Glide software 

(Glide, Schrödinger, LLC, New York, NY, release 2017) employing Maestro Drug Discovery suite 

release 2017 as graphical interface as previously reported.13,26 The crystal structure of TR (PDB ID 

7NVP) reported in this work was employed for the molecular docking study. The protein was 

treated by Protein Preparation Wizard application available in Maestro for obtaining an appropriate 

structure for further computational experiments. Drawing tools in Maestro suite were used to build 

ligands. MacroModel software with force field OPLS-2005 was employed for minimizing 

compounds. The resulting compounds were treated by LigPrep software (LigPrep, Schrödinger, 

LLC, New York, NY, release 2017) to generate the most probable ionization state at cellular pH 

(7.4 ± 0.2). Glide calculations were performed employing the scoring function standard precision 

(SP). Energy grids were prepared using the default value of protein atom scaling factor (1.0 Å) 

within a cubic box centered on crystallized ligands. After grid generation with the introduction of 

metal constrains, the ligands were docked into the enzymes. The number of poses entered to post-

docking minimization was set to 50. For validating the docking protocol, crystallized ligand (1) 

was redocked into the selected binding site, obtaining a RMSD lower than 1 Å (data not shown). 

Parasitological assays 

In vitro assays: inhibition of promastigote growth. Promastigote (extracellular stage of the 

Leishmania life cycle) growth inhibition was evaluated using L. infantum strain 

(MHOM/TN/80/IPT1). To estimate the 50% inhibitory concentration (IC50), the MTT (3-[4.5-

dimethylthiazol-2-yl]-2.5-diphenyltetrazolium bromide) micromethod was used throughout the 
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experiments with modification.9 Promastigotes were grown in Schneider’s Drosophila medium 

(SIGMA) containing 10% heat-inactivated Fetal Calf Serum (FCS)(GIBCO-BRL) and 2% 

gentamicin (50 mg/L)(Sigma) at 22°C. Parasites were adjusted to 1×106 parasites/mL, and 200 µL 

of suspension was seeded in triplicate in 96-well flat bottom microplates and incubated with 

varying concentrations of selected compounds: 150, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, 0.8, 0.4, 

0.2. 0.1, 0.05 µM. Amphotericin B (IC50 0.5 µM) (Euroclone) was used as control. Each 

experiment was conducted in triplicate for each drug concentration and three independent 

experiments were performed. After 72 h of incubation, 30 µL of MTT was added to each well and 

plates were further incubated for 2 h. The absorbance at 550 nm was measured with a 96-well 

scanner. Anti-leishmanial activity was expressed as the percentage of inhibition in the number of 

live parasites compared to the control (non-treated parasites). % inhibition was calculated as 

follows: % growth inhibition= [(Absorb cell with drug x 100)/ Absorb cell control]-100. In 

addition, the promastigote vitality was followed by microscopic observation after 72 h. Results 

were analysed by GraphPad Prism 5.0, dose-response curves were obtained and IC50 deduced 

(GraphPad Software Inc., San Diego, USA). 

Cytotoxicity assay. Peritoneal exudate macrophages were harvested from Balb/c mice, placed 

on 96-well culture plates at 5 × 105 cells/well and incubated with complete RPMI 1640 containing 

10% FCS (GIBCO-BRL) in a 5% CO2 incubator at 37 °C for 5 h in order to achieve cell adhesion. 

After this time, macrophages were incubated with medium alone (control) or containing different 

concentrations (2-fold serial dilution from 150 to 0.1 μM) of the selected compounds for 72 h at 

37 °C in 5% CO2. Cell viability was evaluated using the MTT assay and the concentration of the 

compound that produced a 50% reduction of cell viability in treated culture cells with respect to 

untreated ones (CC50) were determined by GraphPad Prism 5.0 (GraphPad Software Inc., San 
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Diego, USA). The selectivity index for each compound was calculated as the ratio of cytotoxicity 

(CC50) in macrophages cells to activity (IC50) against Leishmania amastigotes. The experiments 

were performed in triplicate and two independent experiments were conducted.  

Ex vivo experiments: inhibition of amastigote growth. Balb/c murine macrophages (5 × 105 

/well) were placed on glass coverslips within a 24-well culture plate and incubated with complete 

RPMI in a 5% CO2 incubator at 37 °C for 3 h to achieve cell adhesion. After this time, L. infantum 

amastigotes from spleens of previously infected hamsters were added onto macrophages adhering 

to the coverslips at the ratio of 10:1 (parasite:macrophage). After 24 h of infection, the non-

internalized amastigotes were removed by washes with phosphate buffered saline (PBS). Infected 

macrophages were incubated with complete RPMI medium (control) or medium containing 

different concentrations of compounds in a 5% CO2 incubator at 37 °C for 72 h. Then, the 

coverslips were fixed with methanol, stained with Giemsa 10% and analyzed by optical 

microscopy. The percentage of infected macrophages and the number of amastigotes per infected 

macrophage were determined by randomly counting of 100 cells in each coverslip. Infection was 

judged to be adequate if more than 70% of the macrophages in the untreated control resulted 

infected. Drug activity for each compound was expressed as percentage of parasite burden 

reduction = Infectivity index of treated cells/ infectivity index of untreated cells. The infectivity 

index was calculated by dividing the number of amastigotes per infected macrophage by number 

of infected macrophage. Non-linear regression analysis (Graph-Pad Software Inc., San Diego, 

USA) was used for curve fitting and calculation of 50% inhibitory concentrations (IC50). The 

experiments were performed in triplicate and two independent experiments were conducted.  
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Intracellular measurement of reduced thiol and trypanothione. The total intracellular reduced 

thiols (top) and trypanothione (T(SH)2, bottom) levels were estimated essentially as reported 

previously (36), with a slightly modified procedure.  

In brief, L. infantum mid-log phase promastigotes (1 × 107 cells) cultures were incubated with 0 

(control promastigotes), 0.5 µM and 1.5 µM compound 6b.  

Following incubation for 24 h, 1 × 107 cells were harvested by centrifugation (10,000 rpm, 10 min, 

4 °C) and washed twice with PBS. Pellet was suspended in 100 µl buffer (10 mM HEPES at pH 

7.5) taken in a dark tube, and lysed by repeated thawing and freezing; 100 µL of 2 mM 

monochlorobimane (Invitrogen, dissolve in ethanol) was added, and suspension was incubated at 

37°C for 3 hours. Cell debris were removed by centrifugation.  

Total thiol content was measured in a Jobin-Yvon Fluoromax-4 spectrofluorimeter, measuring the 

emission at 485 nm upon excitation at 390 nm (unreacted monochlorobimane spectra were 

subtracted as reference) of 20 µL of reaction mix diluted in 2.4 mL 50 mM HEPES at pH 7.5.  

10 µL of reaction mix was analyzed by HPLC on a Waters apparatus consisting of Waters 600 

pumps and 600S pump control unit system equipped with a Xbridge C18, 3.5 μm, 4.6 × 150 mm 

column associated to a guard column of the same material (Waters Corporation, Milford, 

Massachusetts, USA), an inline degasser, a Waters 717 autosampler and a spectrofluorometric 

detector (Jasco, mod FP-920). The mobile phase A consisted of formic acid 0,1% in water, while 

mobile phase B was acetonitrile. Gradient elution was performed starting with 90% A and 10% B 

and linearly increasing B to 100% in 20 minutes at a flow rate of 0,5 mL/ min at 25 °C, with the 

spectrofluorometric detector set at lex 390 nm, lem 485 nm. In these chromatographic conditions, 

Tripanothione (obtained by reacting oxidized trypanothione with excess TCEP) derivatized with 
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monochlorobimane showed a retention time of 6.5 min; the bimane-T(SH)2 complex peak was 

measured for each sample, and area below the curve calculated. 
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