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Abstract 

Pteridine reductase 1 (PTR1) is a catalytic protein belonging to the folate metabolic pathway in 

Trypanosmatidic parasites. PTR1 is considered a target for the medicinal chemistry development of 

antiparasitic agents against Trypanosomiasis and Leishmaniasis. In previous studies, new nitro 

derivatives were elaborated as PTR1 inhibitors. The compounds showing a diammino-pyrimidine 

core structure were previously developed but they showed limited efficacy. Therefore a new class 

phenyl-, heteroaryl- and benzyloxy- nitro derivatives of the 2-nitroethyl-2,4,6-triaminopyrimidine 

scaffold were designed and tested. The compounds were assayed for their ability to inhibit T. brucei 

and L. major PTR1 enzymes and for their antiparasitic activity towards T. brucei and L. infantum 

parasites. To understand the structure-activity relationships of the compounds against TbPTR1, the 

x-ray crystallographic structure of the 2,4,6-triaminopyrimidine (TAP) was obtained and molecular 

modelling studies were performed. As a next step, only the most effective T. brucei inhibitors were 

then tested against the amastigote cellular stage of T. cruzi, searching for a broad-spectrum 

antiprotozoal agent. An early ADME-Tox profile evaluation was performed. The early toxicity profile 

of this class of compounds was investigated by measuring their inhibition of hERG and five 

cytochrome P450 isoforms (CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4), cytotoxicity 

towards A549 cells and mitochondrial toxicity. Pharmacokinetic studies were performed on selected 

compounds using hydroxypropyl-β-cyclodextrins (50% w/v) to preliminarily study the 

pharmacokinetic (SNAP-PK) (compounds administered in mice per os at a dose of 20 mg/kg). 

Finally, compound 1p showing the optimal pharmacodynamic and pharmacokinetic properties was 

evaluated in a mouse model of T. brucei infection showing some efficacy up to 6 hours from the 

administration. Compound 1p can be considered a good candidate for further bioavailability and 

efficacy studies. 
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Introduction 

Protozoan parasites represent a significant risk to health of billions world-wide and cause an estimated 

810000 deaths annually [1], in addition to significant morbidity and large negative economic impact 

[2]. Among microparasites, Trypanosomatids are the etiologic agents of diseases such as 

leishmaniasis (caused by different species of Leishmania), Human African Trypanosomiasis (HAT, 

caused by Trypanosoma brucei gambiense and rhodesiense), and Chagas disease (caused by T. cruzi) 

[3,4]. Leishmaniasis is endemic in many tropical and sub-tropical countries and leading to 

approximately 1.3 million new cases of the disease and a mortality rate of 30,000 deaths per year [5]. 

On the base of morbidity and disability-adjusted life years (DALYs) leishmaniasis is considered to 

be as the third-most-common vector-borne disease after schistosomiasis and malaria [6]. The 

pathogen parasites (promastigotes) causing leishmaniasis are transmitted to mammalian hosts 

following a bite by infected sandfly which undergo cellular differentiation into amastigotes within 

mammalian macrophages. This eventually damages skin, mucosa or internal tissues and organs, 

causing cutaneous (CL), muco-cutaneous (MC) and visceral (VL) Leishmaniasis [7]. The last form 

is fatal in absence of treatment. Current therapies used to treat leishmaniasis include pentavalent 

antimonials, pentamidine, paromomycin, amphotericin B and miltefosine (MIL) which is the only 

oral agent. African trypanosomiasis, also known as African sleeping sickness, is caused by a parasitic 

protozoan of the genus Trypanosoma. The two forms, West African and East African 

trypanosomiasis, are caused by Trypanosoma brucei gambiense and Trypanosoma brucei 

rhodesiense, respectively [8]. T. b. gambiense accounts for more than 95% of cases and causes 

chronic infection which can emerge as severe disease many years after parasite infection [9]. T. b. 

rhodesiense causes acute infection, which can rapidly result in infection of the central nervous system 

when the parasites cross the blood–brain–barrier [10,11]. A third subspecies, T. b. brucei, is widely 

used in research owing to its non-pathogenicity to humans, while maintaining all the other 

characteristics of the two pathogenic species. The two species of Trypanosoma pathogenic to humans 

have different clinical manifestations with dissimilar course and severity [12]. T. b. gambiense is 

associated with a chronic form of the disease with a slower clinical course and a delayed manifestation 

compared to the time of infection [13]. T. b. rhodesiense is associated with a form of acute pathology 

with a faster course, and tendentially lethal within 2 weeks of infection [14]. In humans, the first 

manifestation of Human African Trypanosomiasis (HAT) occurs after a minimum of 5 days following 

inoculation and evolves in two distinct clinical phases: the first phase refers to the parasitic infection 

at the systemic level with symptoms overlapping with those of a common cold with fever, headache, 

and joint pain. The transition to the second phase takes several weeks (spp rhodesiense) or months 

(spp gambiense) after infection, when the parasite crosses the blood–brain–barrier via an unknown 
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mechanism, infecting the central nervous system [12,15]. The drugs used during the first stage of 

infection are pentamidine and suramin; the drugs used for the treatment of the second stage of the 

infection are mainly melarsoprol, eflornithine, and nifurtimox [5,16]. These parasitic infections are 

characterized by different phases and affect different organs during the course of the infections, 

therefore the currently used drugs do not fully meet the medical need and are characterized by heavy 

toxicity, limited efficacy and sometimes long periods of treatment. Many of them are used in therapy 

for over 50 years with the consequent appearance of resistance phenomena and treatment failure [17]. 

Thus, there is still a strong need for identifying new compounds active against Leishmania and 

Trypanosoma [16]. Studies performed on these parasites have shown that protozoa belonging to the 

genus Leishmania, and Trypanosoma are auxotrophic for folates and other pteridines are compounds 

necessary for the biosynthesis of nucleic acids and proteins [18]. These parasites have developed a 

sophisticated biochemical supply and reuse of these compounds from the infected host. This has made 

it possible to support the concept that pteridine reductase (PTR1), an enzyme that reduces the 

biopterins, could be a valid drug target for the treatment of Leishmaniasis and Trypanosomiasis [19]. 

The positive outcome from this approach could provide a valuable therapeutic option with respect to 

marketed drugs for Leishmaniasis and Trypanosomiasis. 

PTR1 shows different functions in the Trypanosomatidic parasites yet to be completely disclosed 

[20,21]. Its role in the production of reduced pteridines is crucial to counterbalance the decrease 

activity of dihydrofolate reductase (DHFR) when the antifolates are delivered to the parasites. It was 

proven to be essential through genetic methods. Some inhibition strategies are directed to target both 

DHFR and PTR1 metabolic reactions to exclude the cross talk among the respective pathways, that 

allows the recovering of some metabolic activity after inhibition [19]. The known enzymatic reaction 

reported in Figure 1 shows how the pterin reduction pathway provides tetrahydrobiopterin that is 

useful for different pathways including the quinoid dihydrobiopterin and tetrahydrobiopterin-

carbinolamine reactions [21]. The reduction steps involving PTR1 can also transform folate to 

dihydrofolate and then to tetrahydrofolate. When the parasitic DHFR is inhibited due to antifolates 

treatment, PTR1 is overexpressed to contribute to the pteridine reduction pathway balancing the 

DHFR block. The crosstalk between the biopterin and pteridines pathways is a matter of study today.  
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Figure 1. Biopterin and folate metabolic pathways. Enzymes present in both Trypanosoma and 

Leishmania parasites are shown in light blue or green, those only present in Leishmania spp are 

shown in orange. PAH, phenylalanine-4-hydroxylase; Phe, phenylalanine; Tyr, tyrosine; PCD, 

pterin-4a-carbinolamine dehydratase; qDPR, quinonoid dihydropteridin reductase.  

PTR1 inhibitors present a wide range of different scaffolds showing a similar mechanism consistent 

with competition with the biopterin substrate [22]. Pyrimidines are known privileged structures in 

drug discovery, as they resemble the nucleobases and when included in bicyclic systems, such as 

pteridines and biopterins, they can replace the cofactor metabolites and occupy the respective binding 

sites in the enzymes catalytic site.  The pyrimidine core shows different substitution sites that permit 

to control selectivity and physicochemical properties of the title compounds due to an appropriate 

functionalization [23]. Hunter et al. described the antiparasitic activity of some nitroalkylpyrimidines, 

prepared as chemical intermediates of pyrrolopyrimidines, targeting the parasitic pteridine reductase 

1 (PTR1). In particular, four 2,4,6-triaminopyrimidine derivatives (compounds D1-D4, Figure 2) 

were found to be active in in vitro against T. b. brucei, with an IC50 in the low micromolar range [24]. 

However, these compounds exhibited a poor inhibitory activity against TbPTR1 in the high 

micromolar range thus reasonably assuming that other pathways and targets could be involved in 

their mechanism of action. 
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Figure 2. (a) Antiprotozoal drugs incorporating a pyrimidine ring (pyrimetamine, Pyr) or an isostere 

thereof, dihydrotriazine, (cycloguanil, Cyc) or a nitrofuran group (nifurtimox, NFX), as key chemical 

features for the activity; (b) previously reported anti-Trypanosoma brucei agents (D1-D4), combining 

the triamino pyrimidine core with a nitro group, sharing marginal activity versus PTR1 [24]. 

 

The aim of the present work is to expand the D1-D4 class of derivatives, to increase their inhibition 

potency against PTR1 and their antiparasitic activity. The 2-nitroethyl-2,4,6-triaminopyrimidine 

scaffold was decorated with phenyl-, heteroaryl- and benzyloxy- fragments (see Table 1). The 

compounds were assayed for their ability to inhibit T. brucei and L. major PTR1 enzymes and for 

their antiparasitic activity towards T. brucei and the amastigote form of L. infantum parasites. To 

understand the on-target structure-activity relationships, the X-ray crystallographic structure of the 

2,4,6-triaminopyrimidine (TAP) was obtained and molecular modelling studies were performed. As 

a next step, only the most effective T. brucei inhibitors were tested against the amastigote cellular 

form of T. cruzi, searching for a broad spectrum antiprotozoan agent. The toxicity of the compounds 

towards THP-1 human macrophages was evaluated due to the importance of the cells in the body 

immune reactivity. The CC50 (concentration of compound able to produce the half of the maximal 

concentration showing non-toxic effects) was taken as a parameter of reference for the toxicity of the 

compounds against human cells and used to calculate the Selectivity Index (SI), the ratio between 

CC50 and the EC50 (compound concentration causing the inhibition of the 50% of the cell growth). To 

further investigate the early toxicity profile of this class of compounds, inhibition of hERG and five 
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cytochrome P450 isoforms (CYP1A2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4), cytotoxicity 

towards A549 cells and mitochondrial toxicity were assessed. 

Pharmacokinetic studies were finally performed on selected compounds showing a suitable ADME-

Tox profile, in complex with hydroxypropyl-β-cyclodextrins (50% w/v). A preliminarily snapshot 

PK approach (SNAP-PK) (compounds administered in mice per os at a dose of 20 mg/kg) was 

performed to limit the animal overuse. Finally, the compound with the optimal pharmacodynamic 

and pharmacokinetic properties was evaluated in a mouse model of T. brucei infection. 

Results and Discussion 

Compounds design  

The design of the 5-(2-nitro-1-arylethyl)-2,4,6-triaminopyrimidines was based on the X-ray 

crystallographic complex of TbPTR1-Pyr (PDB ID: 7OPJ [19]) in which the diamino pyrimidine ring 

resembles the TAP structure. The X-ray crystal structure shows Pyr in the active site of the T.brucei 

binding at the biopterin site. the pyrimidine ring is sandwiched between the cofactor nicotinamide 

and Phe97, forming an array of hydrogen bonds with catalytic residues and the cofactor phosphate 

and ribose (Figure 3).  Visual inspection of the crystallographic complex suggests that alkyl-aryl 

substituents can be added in position 5 of the pyrimidine ring to reach either the hydrophobic pocket 

S1, lined by Val206, Leu209, Pro210, Met213, and Trp221, or the more hydrophilic pocket S2, lined 

by Cys168, Glu161, Phe171, and Tyr 174. Figure 3 shows the direction of fragment growing out of 

position 5 of the pyrimidine ring towards the pockets S1, in orange, and S2, in blue. 
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Figure 3.  X-ray pose of Pyr (in stick, green carbons) in the TbPTR1 active site (light cyan cartoon 

and carbons; NAPD(H) in stick, cyan carbons; PDB ID:7OPJ [19]). The cofactor NAPD(H) is shown 

in stick (cyan carbons) and the Pyr H-bonds with the catalytic residues and the cofactor as black 

dashed lines. The hydrophobic pocket S1, lined by Val206, Leu209, Pro210, Met213, and Trp221, is 

highlighted in orange whereas the more hydrophilic pocket S2, lines by Cys168, Glu161, Phe171, 

and Tyr 174, in colored blue. The two arrows (color-coded as the targeted pockets) indicate the 

directions of fragment growing out of position 5 of the pyrimidine ring. 

 

Chemistry 

The 5-(2-nitro-1-arylethyl)-2,4,6-triaminopyrimidines 1a-q and 2a-e were obtained in good yield 

(45-70 %) and purity (>95 %), by Michael’s addition of 2,4,6-triaminopyrimidine to the appropriate 

nitro-styrene derivative (3a-q and 4a-e) in water/ethyl acetate 1:1 (v/v) at 60 °C, overnight. Nitro-

styrenes 3a-q were synthesized starting from the respective commercially available aryl-

carboxaldehyde with refluxing nitromethane (Henry reaction), using ammonium acetate as a 

buffering agent. For the synthesis of the intermediate nitro-styrenes 4a-e, the proper benzyloxy-

benzaldehydes (5a-e) were initially prepared by reacting the hydroxy-benzaldehyde with the 
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appropriate benzyl chloride in standard SN2 conditions (Scheme 1). All the compounds were 

characterized by NMR and MS. Purity (>98%) was assessed thought HPLC-UV/Vis analysis.  

 

 

Scheme 1. Reagents and conditions: a. NH4AcO (1.5 eq.), nitromethane, reflux, 6 h, 75-90 % yield; 
b. 2,4,6-triaminopyrimidine (1 eq.), H2O/AcOEt 1:1, 60 °C, overnight, 45-70 % yield. 
 

 

PTR1 inhibitory activity 

All 22 new 1-aryl-2-nitroethyl pyrimidines 1a-q and 2a-e were initially screened at 50 µM for their 

inhibitory activity against T. brucei and L. major PTR1 enzymes. The two enzymes share 50% amino 

acid sequence similarity and comparisons indicate that the architecture of the cofactor binding site, 

and the catalytic core are highly conserved [23]. Compounds yielding >80 % inhibition of TbPTR1 

and LmPTR1 were profiled in dose-response experiments (compound concentrations from 0.10 to 

100 µM) to determine their potencies. These results are shown in Table 1, in comparison with those 

of TAP, as the fragment of reference present in all the investigated derivatives, Pyr and pentamidine, 

as reference drugs. 

 



 10 

 

Table 1. Compound inhibition data (IC50) of 5-(1-aryl-2-nitroethyl) pyrimidines-2,4,6-triamine 1a-q 

and 2a-e towards TbPTR1 and LmPTR1.  

 

Ar  
TbPTR1 LmPTR1 

IC50 (µM)a 

1a 
 

<0.10c NDb 

1b 
 

0.15 60.2 

1c 
 

<0.10c 64.1 

1d 
 

0.05 58.1 

1e 
 

<0.10c 63.4 

1f 
 

0.12 2.4 

1g 
 

0.07 19.8 

1h 

 

0.13 70.7 

1i  0.16 63.8 

1j 
 

0.19 4.90 

1k 
 

0.39 NDb 

1l 
 

0.25 NDb 

1m 
 

0.03 47.6 

1n 
 

0.39 21.3 
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1o 
 

0.23 2.50 

1p 
 

0.30 47.4 

1q 
 

<0.10c 13.9 

2a 
 

0.27 46.0 

2b 
 

0.24 51.3 

2c 

 

0.26 46.2 

2d 
 

0.60 51.3 

2e 
 

0.22 49.7 

          TAP                  
  

2.38 4.01 

         Pyr                     
 0.09 13.6 

    Pentamidine                 
                                        

 

 77.9   87.1  

 aData are representative of three independent experiments and are expressed as means or % 

of inhibition (errors on IC50 are within 10 %); bND: not detectable (no inhibition at 50 µM); c 

the shape of the dose-response effect allowed only an IC50 estimation. 
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All tested compounds were proven to be active against the PTR1 enzymes from both species (T.brucei 

and L.major) and in some cases with improved potencies relative to the reference compound Pyr 

(Table 1). It is also noteworthy that Trypanosoma brucei is more sensitive to this class of compounds 

with many compounds associated with sub-micromolar potencies.  On the other hand, the activity of 

2,4,6-triaminopyrimidine is comparable for Tb and LmPTR1. Inhibition of PTR1 activity is mainly 

driven by the 1-aryl-2-nitroethyl pyrimidine structure and decoration/disposition of substituents on 

the aromatic/heteroaromatic moiety.  

 

Structural analysis of TbPTR1 in complex with the 2,4,6-triaminopyrimidine  

Different attempts to obtain the X-ray crystal structure of the synthesized compounds could not 

provide any results. Therefore, TAP, the scaffold of the compounds library synthesized, was tested, 

and the structure of the ternary complex TbPTR1-NADP(H)-TAP was solved at 1.48 Å resolution 

(Table S1, Table S2). The crystal asymmetric unit includes a whole TbPTR1 tetramer, representing 

the functional assembly of the enzyme. The overall structure of TbPTR1 is highly conserved with 

those previously described [19]. The four subunits were completely traced apart for two surface-

exposed loops, including residues 104–113 and 143–151, usually poorly ordered in TbPTR1 

structures [25]. The cofactor NADP(H) binds to the enzyme in an extended conformation, stabilized 

by a tight network of conserved H-bonds [25]. The formation of the holoenzyme is essential for 

creating both the catalytic site and the substrate binding pocket, where the pterin moieties of the 

substrates and substrate-like inhibitors bind in a peculiar π-sandwich between the nicotinamide ring 

of NADP(H) and the aromatic side chain of Phe97 (Figure 4a) [26]. Within the TbPTR1 catalytic 

cavity, the substrate and cofactor molecules are further stabilized by the interactions entailed with the 

flexible substrate-binding loop, including residues 207-215. 
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Figure 4. a. Active site view of TbPTR1 (transparent electrostatic surface, light cyan cartoon and 

carbons) in complex with the cofactor NAPD(H) (in stick, cyan carbons), and TAP (in sticks, orange 

carbons), overlapped with the structure of the complex LmPTR1-NAPD(H)-dihydrobiopterin (DHB, 

in sticks, yellow carbons; PDB id 2BF7 [26]). Substrate and substrate-like inhibitors bind in a peculiar 

π-sandwich between the nicotinamide ring of NADP(H) and the aromatic side chain of Phe97. For 

clarity, only the substrate is displayed in the complex LmPTR1-NAPD(H)-DHB, whereas, in the 

structure of TbPTR1, the segment 205-215, covering the biopterin-binding pocket, is not shown; b. 

Binging interaction of TAP (surrounded by the omit map, green mesh, contoured at the 3σ level) 

within the TbPTR1 active site. Hydrogen bonds are displayed as orange dashed lines and water 

molecules as red spheres (arbitrary radius); c,d. Active site view of the superimposition with the 

complexes c) TbPTR1-NADP(H)-cycloguanil (Cyc, in sticks, lilac carbons; PDB id 6HNC [27] and 

d. TbPTR1-NADP(H)-pyrimethamine (Pyr, in sticks, green carbons; PDB id 7OPJ [19]). The binding 

mode of TAP matches those of the analogous moieties of Cyc and Pyr. In all panels, oxygen atoms 

are colored red, nitrogen blue, phosphorous magenta, and chlorine grey.  
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In the structure of the complex with TAP, the presence of the inhibitor was detected in the active site 

of all subunits of the TbPTR1 tetramer, where it occupies the biopterin-binding pocket, stacked in the 

peculiar Phe97 – NADP(H) nicotinamide p-sandwich (Figure 4a). Inside the cavity, TAP is further 

stabilized by a tight network of conserved H-bonds with the cofactor and the surrounding residues 

exposed in the active site (Figure 4b). The amine moiety in positions 2 of the TAP pyrimidine ring 

donates a H-bond to Tyr174. The TAP pyrimidine nitrogen in position 3 accepts a H-bond from the 

NADP(H) ribose hydroxyl, whereas its C(4) amine moiety donates two H-bonds to Ser95 and the 

cofactor b-phosphate. Additional water mediated interactions are formed by the amine moiety at the 

TAP C(6) with both the cofactor b-phosphate (Wat1, Figure 4b) and the Leu208 backbone carbonyl 

(Wat2, Figure 4b). The binding mode of TAP closely resembles those formerly described for the 

analogous moieties of Cyc (Figure 4c) and Pyr (Figure 4d) and of pyrimidine-based inhibitors 

[19,27]. The X-ray complex PTR1:TAP represents a structural reference for the development of new 

compounds including the same core fragment. 

 

Structure-activity relationships based on molecular docking studies 

Molecular docking studies were performed to elucidate how the ligands complement the active site 

of PTR1 and to investigate the binding interactions at the base of the enzyme inhibitory potency of 

most active compounds. All the 22 derivatives underwent docking studies, as well as Pyr and TAP 

that contain the diamine-pyrimidine fragment present also in all 1-aryl-2-nitroethyl pyrimidine 

derivatives herein reported. Simulations were performed using the coordinates deriving from the 

binary complex of TbPTR1 with Pyr (PDB ID: 7OPJ [19]), in comparison with TbPTR1:TAP 

complex, using the Extra Precision (XP) Glide implemented in the Schrodinger LLC suite, version 

2022-2 (Schrödinger LLC, New York, USA [27,28]). The designed docking procedure was 

previously validated by redocking the co-crystallized Pyr in the active site of the enzyme, resulting 

in an optimal superposition between the X-ray structure and the predicted one (Figure S1).  Extra 

Precision (XP) ligand docking against TbPTR1 predicted the active ligands could fit appropriately in 

the active site and establish valuable interactions with the surrounding residues as discussed hereafter, 

and with the pyrimidine core closely resembling the available crystallographic orientation of Pyr. 

For compounds shown in Table 1, the pyrimidine ring assumes an orientation closely like that 

assumed by Pyr and TAP in their respective crystallographic complexes. Overall, for most of the 

candidates, the amine moiety at C(2) of the pyrimidine ring H-bonds to the Ser95 hydroxyl and 

backbone carbonyl groups. The pyrimidine nitrogen atoms in position 1 and 3 directly interact with 

the cofactor, forming H-bonds with the ribose hydroxyl and b-phosphate groups, respectively. 
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Noteworthy the amine moiety at C(4) H-bonds to the Tyr174 hydroxyl group, that is further H-bonded 

with the Asp161 carboxylate [23], a key interaction within the TbPTR1 catalytic cavity, playing a 

prominent role during catalysis. Additionally, the pyrimidine core of the present inhibitors binds 

through the peculiar π-sandwich between the cofactor NADPH and the aromatic side chain of Phe97, 

as previously mentioned for Pyr (Figure 5). 

The nitroethyl group is generally positioned in a subpocket delimited by Val206, Leu209, Pro210, 

Met213 and Trp221 (subpocket S1, Figure 6), eventually interacting with the latter through two p-

cation contacts. Other frequent interactions involve hydrophobic contacts between the aromatic 

substituent and Pro210, Phe97, Trp221, Cys168 and Met213 residues. Additionally, the aromatic or 

heterocyclic rings (Ar moiety in Table 1) of the inhibitors are usually involved in p-p stacking 

interactions with Phe97 and/or Trp221. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. a. Binding interactions of TAP in TbPTR1 active site (PDB ID: 8OF2); b. Binding 

interactions of candidate 1p docked in TbPTR1 active site; c. Tri-dimensional crystal pose of TAP in 

a. b. 

c. d. 
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TbPTR1 active site (PDB ID: 8OF2); d. Comparison of the crystal pose of TAP (yellow) and the 

docked compound 1p (magenta). The compounds, cofactor NADPH (cyan) and residues that line the 

pocket are shown as capped sticks. Figures a and b were prepared with LigPLOT [29]. Figures c and 

d was prepared with PyMOL (PyMOL Molecular Graphics System, Version 2.5 Schrödinger, LLC) 

[30]. 

 

The docking models obtained for the compounds are discussed below and the corresponding figures 

are reported in Supporting Information section, as mentioned below. For the halogen para-substituted 

candidates 1a and 1c (IC50 <0.10 µM) (Figure S2a, S2c) the pyrimidine core slightly deviates from 

the orientation experimentally observed for Pyr (IC50 0.09) and TAP, weakening the interactions 

with Ser95 and Tyr174, but TAP remains less active than Pyr and 1a and 1c.  The introduction of a 

substituent in meta of the aryl ring, as for compounds 1b and 1d (IC50 of 0.15 µM and 0.05 µM 

respectively) (Figure S2b, S2d), allows a better accommodation of the ligands in the binding site, 

enhancing the key interactions between the pyrimidine moiety and Ser95/Tyr174, as seen for Pyr and 

TAP. However, the presence of a chlorine atom in para (1b) results in steric clashes with Trp221 and 

Cys168 that does not significantly alter its affinity, when compared to the halogen meta-substituted 

candidate 1d. The presence of a bulkier group in meta position in the aryl ring as the nitro moiety of 

compound 1e (Figure S3a), results in the orientation of the aryl and the nitroethyl group towards a 

solvent-exposed region delimited by hydrophobic residues and this geometry change does not affect 

the affinity of 1e with respect to 1a and 1c. Candidates 1f and 1g (IC50 0.12 µM and 0.07 µM) (Figure 

S3b, S3c), accommodate in the binding site adopting two possible orientations: the methoxy group 

in meta alternatively points towards an inner subpocket enclosed by Cys168, Phe97, Phe171, Tyr174 

and Asp161 (subpocket S2; Figure 6) or a more solvent exposed region. In both cases, they establish 

favorable interactions between the pyrimidine core and the aforementioned serine and tyrosine 

residues, as well as NADPH. Overall, the presence of a solvent exposed hydroxyl in para (1g) does 

not change significantly the inhibitory activity compared to the bulkier methoxylated analogue 1f 

despite the possible clash with the bridge formed by Trp221 and Cy168. Interestingly, the 

introduction of a more cumbersome substituent in ortho position, as for 1h (Figure S3d), leads to the 

rotation of the molecule by orienting one of the methoxy groups towards the hydrophobic cavity S1 

and the nitro moiety in a S2 subpocket; this rotation results in a loss of interaction between the 

pyrimidine and Ser95, while other key contacts are maintained and overall, no IC50 change (0.13 µM). 
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Figure 6. Organization of the TbPTR1 active site. A surface representation of the TbPTR1 subunit 

with cofactor NADPH (cyan) bound and three water molecules (PDB ID: 7OPJ) with a zoom on the 

two subpockets S1 (orange) and S2 (blue). Residues that line the cavity and cofactor are shown as 

capped sticks, water molecules as red spheres. Figures were prepared with PyMOL (PyMOL 

Molecular Graphics System, Version 2.5 Schrödinger, LLC) [30].  

 

The pyrimidine core of heterocycle-substituted candidates 1i and 1j traces the key stabilizing 

interactions previously observed for Pyr and TAP-derivatives; the only difference between these two 

candidates is the opposite orientation of the furan/thiophene and nitroethyl moiety towards S1/S2 

subpockets (Figure 7). The binding pose of 1k (Figure S4a) closely resembles that assumed by its 

analogue 1j, but the introduction of a methyl on the thiophene moiety causes steric hindrance without 

affecting the inhibitory potency (IC50 = 0.39 µM for 1k with respect to 0.19 µM for 1j). 
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Figure 7. a. Binding interactions of 1i docked in TbPTR1 active site; b. Binding interactions of 

candidate 1j docked in TbPTR1 active site. The candidate is shown in purple lines, NADPH and 

residues involved in H-bonds with the ligand are reported in orange. H-bonds are represented as 

dashed green lines, while residues involved in hydrophobic contacts are shown as red semi-circles. 

Figures were prepared with LigPLOT [29]. 

 

According to the in vitro experimental data, candidates 1l, 1n and 1o (Figure S4b, S4c, S4d) exhibit 

comparable potency (IC50 between 0.23 to 0.39 µM, Table 1): these compounds share similar binding 

pose characterized by the orientation of the nitroethyl moiety in the S1 subpocket described above 

and the accommodation of the aromatic substituent in a solvent accessible channel enclosed by Phe97, 

Pro210, Cys168 and Trp221. Compound 1m, the most active TbPTR1 inhibitor (IC50 0.03 µM) shows 

the same interactions pattern so far reported for the pyrimidine core and the nitroethyl moiety, while 

the benzodioxolyl substituent in ortho, alternatively pointing towards S2 or a solvent-accessible area, 

allows the formation of a stabilizing intramolecular H-bond and an optimal occupation of the binding 

site (Figure 8a) that support the 10-fold IC50 increase compared to 1l.  

The docking procedure predicted that 1p is embedded within the binding site by several H-bonds 

involving the amino-pyrimidine core, the cofactor NADPH and residues Ser95 and Tyr174, as well 

as the peculiar π-sandwich between the cofactor NADPH and the aromatic side chain of Phe97. 

Additionally, the positioning of the nitroethyl moiety in the S1 subpocket allows the establishment 

of π-cation interactions with the aromatic residue Trp221 (5.6-6.2 Å), while the benzothiophene ring 

a. 

b. a. 
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is oriented towards the hydrophobic S2 (Figure 5b). 1p shows similar IC50 compared to 1n and 1o 

bearing a similar double ring heterocyclic moiety (1p IC50 = 0.30). The afore-mentioned interactions 

pattern is retraced by candidate 1q where the thiophene moiety is replaced by an indole motif (Figure 

S4e) and this shows an apparent similar IC50 compared to 1p. In both cases (1p and 1q) the heteroatom 

does not establish specific interactions with the enzyme residues thus supporting the similar binding 

pattern. 

Interestingly, among the benzyloxyphenyl derivatives, the introduction of a bulkier and flat 

substituent result in a higher number of π-stacking between the Ar moiety and the aromatic residues 

in the binding site Phe97, Phe171, Trp221, however resulting in a variable displacement of the 

pyrimidine core. For candidates 2b (Figure S5b) and 2d (Figure 8b), the pyrimidine moiety, despite 

its slight rotation compared to TAP orientation (1.2 Å), maintains key stabilizing interactions with 

NADPH, Ser95 and Tyr174, while the positioning of nitroethyl in S1 subpocket results in weak π-

cation contacts with Trp221 (6.4-6.6 Å) and Phe97 (6.3 Å). The structural similarity between these 

two compounds results in superimposable docking poses characterized by the benzyl (2b) and 3-

chlorobenzyl (2d) rings forming extra p-p stacking with Phe97 and Phe171 and, overall, the presence 

of a chlorine atom doesn’t distort the binding orientation since it turns out to be solvent-exposed and 

shows a similar IC50 (2b IC50=0.24 µM and 2d IC50 0.60 µM). 

Differently, the introduction of bulkier substituents as in 2a and 2c (IC50=0.27 µM and 0.26 µM, 

respectively) (Figure S5a, S5c) leads to a re-orientation of the molecule with the Ar moiety embedded 

in S1 establishing p-p stacking with Trp221 (5.0-5.3 Å) and the nitroethyl group pointing toward S2 

subpocket interacting with Phe171 (5.6 Å). The latter residue is also involved in the formation of 

stabilizing p-p contacts with the chlorobenzyl and nitrobenzyl rings, belonging to 2a and 2c 

respectively. As previously mentioned, the presence of cumbersome groups leads to a displacement 

of the pyrimidine core thus losing contact with Ser95 and weakening those with NADPH and Tyr174. 

Similarly behaves candidate 2e (Figure S5d), whose pyrimidine moiety is shifted compared to TAP 

losing the key interactions, while ensuring a better accommodation within the binding site, featured 

by the occupation of the S1 subpocket by the nitroethyl and the positioning of the Ar group in the 

channel delimited by Phe97, Pro210, Cys168 and Trp221.  
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Figure 8. a. Binding interactions of 1m docked in TbPTR1 active site b. Binding interactions of 

candidate 2d docked in TbPTR1 active site. The candidate is shown in purple lines, NADPH and 

residues involved in H-bonds with the ligand are reported in orange. H-bonds are represented as 

dashed green lines, while residues involved in hydrophobic contacts are shown as red semi-circles. 

Figures were prepared with LigPLOT [29]. 

 

In vitro anti-parasitic screening  

The synthesized 1-aryl-2-nitroethyl pyrimidines 1a-q and 2a-e were evaluated first for their in vitro 

anti-parasitic activities against cultured bloodstream form of T. brucei. To evaluate the potential 

broad-spectrum anti-trypanosomatidic activity, all compounds were screened against the intracellular 

amastigote stage of L. infantum. We employed resazurin-based approach for the screening, that 

enables robust anti-parasitic evaluation using bloodstream forms. The anti-parasitic potential of this 

class of compounds against T. brucei was evaluated by reporting the EC50 when the cell growth 

inhibition at 10 μM was higher than 50%, for the less active molecules it only reported activity at 10 

μM (Table 2). The intracellular amastigote form of L. infantum was used as a more physiological 

cellular model of the infection and this increases the difficulty of the identification of new anti-

Lehismanial compounds because more membrane barriers should be crossed to reach the intracellular 

form of the parasite. Compounds with more than 80% activity at 50 µM in this intracellular model, 

a. b. 
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underwent dose-response experiments for the determination of their potency (EC50) (Table 2).  

Pentamidine was used as reference compound in T. brucei assay, exhibiting an EC50 3.8 nM which is 

comparable with the value reported in the literature [31], whereas miltefosine was utilized as positive 

controls in the L. infantum assay yielding an EC50 of 1.29 μM [32]. The complete antiparasitic 

profiling against T. brucei and L. infantum is reported in Table 2.   

 

Table 2. Anti-parasitic activitiesa against T. brucei, and the amastigote form of L. infantum of 1-aryl-

2-nitroethyl pyrimidines 1a-q and 2a-e. 

Compound 
T. brucei L. infantum 

EC50 µM CC50 rangeb SI % inhibition at 50 µM 

1a 1.28 ]50;25[ 19 ND 

1b 0.82 ]50;25[ 31 53.9 

1c 1.59 ]50;25[ 16 83.4 

1d 0.65 
 

]100; 50[ 
 

118  30.2 

1e 1.19 ]100; 50[ 
 42 74.2 

1f 2.33 ]50;25[ 11 62.4 

1g 2.13 ]100; 50[ 
 23 21.6 

1h 1.68 ]25; 12.5[ 7 79.8 

1i 5.05 
 

]100; 50[ 
 

10 ND 

1j 3.33 ]100; 50[ 
 15 22.5 

1k 2.41 100 42 15.4 

1l 0.50 ]50;25[ 50 ND 

          1m          1.21         ]25; 12.5[   10 36.0 

          1n          4.40 
 
         ]100; 50[ 
 

  11 21.1 

          1o          1.11          ]25; 12.5[   11 54.4 

          1p          0.09          ]25; 12.5[  139 49.0 
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1q 28 % at 10 µM ND ND 4.0 

 2a 0.30 ]50;25[   83 11.7 

 2b 0.60    >100 167 81.1 

 2c 48 % at 10 µM     ND ND 11.7 

 2d 0.40 ]25; 12.5[   31 61.0 

 2e 0.34 ]100; 50[ 
 147 11.4 

Pentamidine 0.0038 - - - 

Miltefosine 
 

- 
 - - 1.29 

 
aData are representative of three independent experiments and are expressed as means or % of inhibition (errors 
on EC50 are within 10 %); b The toxicity was determined using an approach in which we report the last non-
toxic concentration using for concentrations 100, 50, 25,12,5. N.D.= Not Determined, means no detectable 
data at the measured concentration. 
 

Almost all the tested 1-aryl-2-nitroethyl pyrimidines yielded a complete cell growth inhibition against 

T. brucei at the tested concentration, resulting in an EC50 ranging from 90 nM (for 1p) to 5.05 µM 

(for 1i). Only 1q and 2c were an exception due to their low anti-T. brucei activity since the percentage 

of cell growth inhibition was of 28 % and 48 % at 10 µM, respectively. These two unexpected results 

could be reasonably ascribed to the poor solubility/bioavailability. Conversely, no compounds 

showed an appreciable anti-parasitic activity against the intracellular form of L. infantum (% cell 

growth inhibition <74 % at 50 μM, Table 2) and, therefore they were not considered for further studies 

against this parasite. In addition, the most active compound against T. brucei (1p, EC50 90 nM) was 

tested against the intracellular amastigote stage of T. cruzi, to probe its potential activity toward other 

parasitic species. Interestingly, compound 1p showed the ability to inhibit T. cruzi parasites with an 

EC50 14.1 µM. Thus, 1p was the best performing compound in the series, being endowed with a broad 

anti-parasitic activity (T. brucei EC50 0.09 µM and T. cruzi EC50 14.1 µM). As an added value, the 

potency of 1p against the two Trypanosoma parasites was in the low micromolar IC50 range (T. cruzi 

EC50 2.4 µM). The IC50 values against PTR1 enzymes and the EC50 against L. infantum and T. brucei 

were reported in a graphical representation in Figure 9a and 9b. The corresponding data are reported 

in Table S3 and Table S4. 
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Figure 9. a. Comparison of IC50 between TbPTR1 and EC50 from dose-response experiments in T. 

brucei parasites; b.  Comparison of IC50 between LmPTR1 and the % of inhibition of L. infantum 

parasites at 50μM.  

 

Early ADME-Toxicity Studies 

Early ADME-toxicity studies were performed for all compounds that were synthesized with the aim 

to identify liabilities and to select the safest and most active for progression in the drug discovery 

value chain. Cytotoxicity studies were the first to be performed against THP-1 macrophages, 

commonly used to grow protozoan parasites (Table 2). Cytotoxicity was expressed as CC50 

corresponding to the concentration of compound able to produce the half of the maximal 

concentration showing non-toxic effects (Table 2). Moreover, the compounds were assessed for 

cardiac toxicity by measuring the inhibitory effect on the hERG ion-channel, inhibition of 

representative cytochrome P450 isoforms, mitochondrial toxicity, and for cytotoxicity against A549 

human lung carcinoma cells.  Compounds were screened at 10 μM, and the results are reported as % 
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inhibition (Figure 10a) and compared with their EC50 (Figure 10b) where the ratio between the 

percentage of inhibition of metabolic enzymes and their antiparasitic activity are reported. Figure 10b 

better represents the ADME-Tox profile of the compounds. 

 

Figure 10. a. Early-Toxicity studies Heatmap representing the % inhibition for the investigated 

compounds (at 10 µM) against hERG, five CYP450 isoforms, mitochondrial toxicity and cytotoxicity 

against the A549 cell-line (or cell inhibition for hA549 line). Data are representative of three 

independent experiments and are expressed as % of inhibition (errors are within 10 % of the mean 

data); b. HeatMap representing the selectivity index (S.I.) between the percentage of inhibition of 

metabolic enzymes and their antiparasitic activity. S.I. is expressed as the ratio between the inverse 
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of mean CYP inhibition and EC50 on T. brucei, i.e. values were obtained by subtracting to 100 the 

percentage of enzyme inhibition, and this number was divided by their EC50 (namely, [(100-% 

enzyme inhibition) / EC50]. Higher values (green cells, >1) represent non-toxic compounds, where 

red cells (values >10) represent the most toxic compounds. Values < 0% of enzyme inhibition were 

reported as 0.01, while values >100% were reported to 100. The corresponding data are reported in 

Table S3 and S4. The Heatmap are obtained with Excel 2022 by input of a three-color legenda with 

the mean colour being at the half of the interval for figure a, and at 10% of the scale for figure b, 

respectively.     

 

Apart from 1a, 1e, 1n, 2b and 2c, none of the compounds exhibited toxicity against hERG, which is 

a pivotal parameter for proceeding a compound further in the drug discovery process (Figure 10a). 

This profile remains similar only for compounds 1n, 2a and 2c from SI reported in Figure 10b. In 

contrast, a significant inhibition of at least one of the CYP450 isoforms was observed in all the 

compounds, especially considering CYP1A2 and CYP2D6. Only compounds 1m was associated with 

mitochondrial toxicity as shown in Figure 10b. Importantly, no significant cytotoxicity was detected 

against the A549 cell-line for all compounds (yellow tiles in Figure 10a) apart from 2c and 2e that 

were cytotoxic (Figure 10a). From Figure 10b, 1p and 2e are the least toxic compounds with respect 

to their EC50. The toxicity profile of the two best performing compounds (1p and 2e) against T. brucei 

in terms of anti-parasitic activity and SI respect with THP-1 cell-line was in-depth investigated, 

determining the IC50 against hERG, CYP isoforms and mitochondria, and the GI50 against A549 cell 

line. The selectivity index for each toxicity parameter was calculated (Table 3), as the ratio between 

the IC50 or GI50 and the antiparasitic EC50 showed against T. brucei. 

Table 3. Early-toxicity profile of compounds 1p and 2a against some key targets and corresponding 

SI with respect to the EC50 against T.brucei. 

Cmp T. b. EC50 
(µM) 

hERG IC50 
(µM) 
[SI] 

1A2 IC50 
(µM) 
[SI] 

2C9 IC50 
(µM) 
[SI] 

2C19 IC50 
(µM) 
[SI] 

2D6 IC50 
(µM) 
[SI] 

3A4 IC50 
(µM) 
[SI] 

A549 GI50 
(µM) 
[SI] 

Mitotoxicity 
IC50 (µM) 

[SI] 

1p 0.09 16.0 
[178] 

3.0 
[33] 

24.4 
[271] 

15.3 
[170] 

10.2 
[113] 

>100 
[>1100] 

10.6 
[117] 

10.4 
[115] 

2a 0.3 >100 
[>300] 

1.2 
[4] 

3.2 
[11] 

8.0 
[26] 

5.9 
[20] 

5.9 
[20] 

10.0 
[33] 

3.9 
[13] 
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Importantly, 1p and 2a elicited additional interest for their general low toxicity (Table 3) leading to 

corresponding high values of SI, which depict a wide therapeutic window for this class of compounds. 

Accordingly, SI was used as a key parameter for the qualitative selection of the dose of the compound 

necessary to achieve the desired pharmacological effect and minimal toxicity, as discussed in the 

subsequent in vivo tests. 

Pharmacokinetics evaluation and in vivo study on infected mice 

Based on the anti-parasitic vs. toxicity profile of the tested compounds, 1m, 1o, 1p, 2a, 2d, 2e were 

selected for in vivo studies since they were the most promising for the treatment of T. brucei infection. 

The selection was based on the ADME-Tox selectivity (Figure 10b) and EC50 observed against 

T.brucei (Table 3). Before proceeding to test the anti-parasitic activity in mice models, preliminary 

pharmacokinetic studies in healthy BALB/c mice, using a SNAP-PK approach, were performed. 2a 

was chosen as pilot compound and was initially assessed IV at 1 mg/kg and per os at 20 mg/kg. 

However, 2a in both routes of administration was not able to reach a plasmatic concentration above 

its anti-parasitic EC50 (0.30 µM), and after 1 hour it was no more detectable in plasma (data not 

shown). The low plasmatic level of 2a could be due to the low water solubility of the compound. Due 

to the structural similarity, also compounds 1m, 1o-p, 2d-e are expected to behave in the same way. 

With the aim of improving solubility and the oral bioavailability, 2a and other selected compounds 

(1m, 1o-p, 2d-e) were complexed with hydroxypropyl-β-cyclodextrin (HP-β-CD) and administered 

per os at the dose of 20 mg/kg. Plasma samples were taken at 30, 45 minutes and 1, 3, 24, 48 and 72 

h after administration. The plasmatic concentration was quantified by LC-qqqMS (Figure 11). The 

plasmatic profile and the key pharmacokinetic parameters are reported in Figure 11 and Table 4, 

respectively. The samples analysis was interrupted after 24 hours, because all compounds did not 

show a detectable plasma concentration. 
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Figure 11. Absolute plasma concentrations (ng/mL) for compounds 1m, 1o, 1p, 2a, 2d, 2e determined 

in SNAP-PK studies on BALB/c mice after oral administration of 20 mg/kg dose complex with 

cyclodextrin. 

 

Table 4. Pharmacokinetic parameters of compounds 1m, 1o-p, 2a, 2d-e.  

Compound Dose 
(mg/kg) Cmax (ng/mL) Cmax  

(µM) Tmax (h) AUClast 
(ng/mL*h) 

AUClast 
(nM*h) 

T½  
(h) 

1m 20 399 1.3 0.5 2703 8490.8 2.1 

1o 20 25 0.1 1 107 323.3 4.5 

1p 20 828 2.5 1 5291 16013.2 2.1 

2a 20 373 0.4 0.5 1180 1183 3.0 

2d 20 446 1.1 0.5 1818 4328.5 2.4 

2e 20 63 0.1 2 435 967.1 3.0 

 

Before proceeding to in vivo studies on infected mice, the capability of 1p and 2e to achieve plasma 

concentrations consistent with parasite elimination was evaluated. To evaluate the anti-parasitic 

potential of the detected plasma concentrations, expressed in µM, these were normalized to the T. 

brucei anti-parasitic activity by dividing the concentration detected in each time points by the EC50 

of the respective compound. These normalized pharmacokinetic profiles are shown in Figure 12. 

Values >1 indicate that plasma concentrations are higher than the anti-parasitic EC50 and therefore 

the tested compounds should be able to kill the bloodstream form of T. brucei. Compound 2e showed 

a normalized pharmacokinetic profile <1 in the 24 h, thus its plasma concentration is not expected to 
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be sufficient for parasite elimination; whilst 1p reached in the same conditions a 28-fold higher 

plasmatic concentration than its anti-T. brucei EC50 and kept it above the 10-fold in the first 5 h after 

administration. Notwithstanding the molecule presents a swift elimination, after 24 hours it was 

undetectable. This was a concern because the molecule must be maintained at a high level for a 

sufficient time span to be effective, the date presented a rather short time window. Therefore, 

considering the promising biological and pharmacokinetic profile, 1p was deemed suitable for in vivo 

tests in infected mice.  

 

 

Figure 12. Plasma concentration detected for compounds 1m, 1o-p, 2a, 2d-e, determined in Snap-

PK studies on BALB/c mice after oral administration of 20mg/Kg of 20 mg/kg dose complex with 

cyclodextrin, normalized for anti-T. brucei activity (EC50 in µM). This is calculated by dividing the 

concentration detected in each time points by the EC50 of the respective compound. The dashed line 

represents when the concentration in the blood is equal to the EC50.  

Considering the 1p optimal anti-trypanosomal activity, in vitro inhibition of TbPTR1, toxicity and 

promising pharmacokinetic profile for oral administration, we performed an in vivo anti-parasitic 

evaluation using a BALB/c T. brucei model of infection. The experimental setup was bi-daily 

administration of 20 mg/kg of 1p in a 50% cyclodextrin suspension. In these conditions, 1p was not 

capable of controlling infection with similar parasitemia and survival to untreated controls. 
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Intraperitoneal pentamidine at 5mg/kg/day fully cleared infection (data not shown). The lack of 

activity in murine models of infection might be related to the fast elimination of 1p. This might result 

in a rapid decrease of the compounds concentrations for the time lapse required to be anti-parasitic. 

Considering the possible compound mechanism of action associated with PTR1 inhibition, this might 

require a constant high concentration of 1p to maintain a sustainable biological activity. 

 

Conclusions  

In the present work, the activity of differently substituted nitroalkylpyrimidine, was investigated 

towards the parasitic pteridine reductase 1 (PTR1) of both T. brucei and L. infantum. The starting 

compounds were active against the parasites but without sufficient activity towards the target protein. 

Basing our design on the 5 nitroethyl-pyrimidine we were able to obtain 23 compounds showing low 

nanomolar efficacy against the PTR1 protein. The addition of one single aromatic ring infers higher 

affinity (10 folds) than fused double rings heterocycles and phenoxy derivatives. PTR1 enzyme can 

allocate the tested compounds in its active site where the TAP fragment binds (orthosteric site). The 

different fragments cause small difference in the binding geometries, sometimes allocating them 

towards the S1 hydrophobic cavity (aromatic ring). While the nitro-ethyl is located in S2 sub-pocket. 

We have demonstrated that the synthesized library of compounds is active on low micromolar to high 

nanomolar activity on parasitic cell lines. Their structure relationships activities were better 

investigated with computational strategies, that evidenced that, despite the different binding mode of 

the heterocyclic substituent, their inhibitory activity is predominantly exerted by the pyrimidine core. 

The compound showing the best pharmacokinetic activity is 1p, that also displays an EC50 (T. brucei) 

of 0.09 µM and an IC50 of 0.3 µM on the recombinant TbPTR1. If we directly compare the plasma 

concentration of 1p and 2d with their respective EC50 (T. brucei) (Figure 1), it emerges that both 

compounds 1p and 2d reach respectively 30 and 2.5-fold the parasitic EC50, being good candidates 

for in vitro administration and retaining their trypanocidal activity. In particular, 1p maintains a 

plasma concentration 10-30 fold higher than its predicted anti-T. brucei activity IC50(T. brucei) during 

the 5 hours after its administration, and will be employed in the next studies to test the antiparasitic 

activity against T.brucei infected mice. Finally, the toxicity of all compounds was investigated by 

measuring the inhibitory effect on the hERG ion-channel (cardiotoxicity), inhibition of representative 

cytochrome P450 isoforms (hepatotoxicity), mitochondrial toxicity, and for cytotoxicity against 

A549 human lung carcinoma cells. If compared to their EC50, these studies evidence that 1p and 2e 

display up to 100 selectivity towards their targets with toxicity compared to that of the reference 
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compounds miltefosine and pentamidine. Despite containing a nitrobenzene moiety, our compounds 

1p and 2e do not display cardiotoxicity and hepatotoxicity on in vitro preliminary tests, suggesting 

that they may not be metabolized by human reductases. Overall, the enhancement of properties of 

compounds 1p and 2e are summarized in Figure 13, that displays the improvement of the activity on 

target, in vitro and on the animal model expressed as direct 1p/2e. Despite they both represent a good 

starting point for the development of new antiparasitic agent for their on target and in vitro properties, 

compound 1p displays better in vivo properties compared to 2e, with 15-fold increase in its plasma 

concentration expressed as AUC, and 100-fold increase in its plasma concentration normalized to 

EC50 on Tb.  

Figure 13. Graphical representation of the biological properties’ variations for compounds 1p and 2e. 

On the x-axis the observable data ratio for 1p and 2a are reported regarding IC50 against TbPTR1, 

EC50 against Tb, Selectivity Index (SI), AUC and Plasma concentration normalized to EC50. This 

latest parameter is obtained by dividing the maximum plasma concentration of 1p and 2e by their 

calculated EC50 against Tb, as reported in Figure 12. Numerical values employed to build this 

trendline are reported in Table S5, Supplementary Information. 

 

The nitro group moiety present in the active compound 1p, can be important for its toxicity.  However 

the presence of higher concentration of nitroreductases (NTRs) in parasite cytosolic environment 

which are able to metabolize the nitro group containing drugs such as nifurtimox and benznidazole 

before they develop human cytotoxicity [33,34], may leverage the expected effect.  In the next step 
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experiments, in vivo activity will reveal the occurrence of an accountable nitro reduction to 

hydroxylamine and to aniline, and if this conversion determines a partial loss of trypanocidal activity. 

Overall, in this paper we demonstrate that nitroalkylpyrimidine is a suitable chemical scaffold for the 

development of anti-parasitic molecules with both good on target activity and adequate in vivo PK 

properties. Our docking poses and SAR analyses provide the basis for the rationale design of more 

potent and selective derivatives with improved selectivity and longer in vivo half-life, able to 

overcome the issues of the currently marketed drugs for trypanosomiases and leishmaniases. 

 

Experimental section 

Synthetic procedures 

 All commercially available chemicals and solvents were reagent grade and were used without further 

purification unless otherwise specified.  Reactions were monitored by thin-layer chromatography on 

silica gel plates (60F-254, E. Merck) and visualized with UV light, iodine vapors, cerium ammonium 

sulphate or alkaline KMnO4 aqueous solution. The following solvents and reagents have been 

abbreviated: ethyl ether (Et2O), dimethyl sulfoxide (DMSO), ethyl acetate (EtOAc), dichloromethane 

(DCM), methanol (MeOH). All reactions were carried out with standard techniques or under 

microwave irradiation. NMR spectra were recorded on a Bruker 400 spectrometer with 1H at 400.134 

MHz and 13C at 100.62 MHz. Proton chemical shift was referenced to the residual solvent peak. 

Chemical shifts are reported in parts per million (ppm, δ units). Coupling constants are reported in 

units of Hertz (Hz). Splitting patterns are designated as s, singlet; d, doublet; t, triplet; q quartet; dd, 

double doublet; m, multiplet; b, broad. Mass spectra were obtained on a 6520 Accurate-Mass Q-TOF 

LC/MS and 6310A Ion TrapLC-MS(n). The melting point was recorded on a Stuart, SMP3 

(Barloworld Scientific Limited Stone, Staffordshire, UK) and was uncorrected.  

General procedure for the synthesis of aryl-2-nitroethyl pyrimidines 1a-q and 2a-e 

To a solution of nitro-styrene (1 eq.) in AcOEt (10 mL), 2,4,6-triaminopyrimidine (1 eq.) solubilized 

in an equal volume of water was added at room temperature. The biphasic mixture was stirred under 

vigorous agitation at 60 °C. After 18 h the mixture was chilled at room temperature and the organic 

phase separated. The latter was washed with water, NaCl saturated solution, dried over anhydrous 

NaSO4 and concentrated. The crude material was crystalized from diethyl ether and filtered to give 

the pure desired product, without any further purification.  

5-(1-(4-chlorophenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1a) 



 32 

White solid. 67% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.00 (t, J = 7.9 Hz, 1H), 5.10 (dd, J = 8.9, 

13.2 Hz, 1H), 5.30 – 5.50 (m, 7H), 7.10 – 7.22 (m, 2H), 7.42 – 7.55 (m, 2H).  13C NMR (101 MHz, 

DMSO) δ 36.70, 75.48, 83.69, 119.23, 129.87, 131.01, 138.20, 161.33, 162.19. HRMS m/z [M+H]+ 

calcd. for C12H14ClN6O2: 309.0861, found: 309.0855. m.p. [127 °C with dec.]. 

5-(1-(3,4-dichlorophenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1b) 

White solid. 53% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.04 (t, J = 7.8 Hz, 1H), 5.17 (dd, J = 9.0, 

13.4 Hz, 1H), 5.40 – 5.65 (m, 7H), 7.22 (dd, J = 2.2, 8.5 Hz, 1H), 7.48 (d, J = 2.2 Hz, 1H), 7.59 (d, J 

= 8.5 Hz, 1H).  13C NMR (101 MHz, DMSO) δ 36.76, 73.86, 75.21, 82.97, 127.63, 129.07, 130.29, 

130.83, 140.22, 160.90, 162.04. HRMS m/z [M+H]+ calcd. for C12H13Cl2N6O2: 343.0472, found: 

343.0470. m.p. [165 °C with dec.]. 

5-(1-(4-bromophenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1c) 

Pale yellow solid. 46% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.01 (t, J = 7.9 Hz, 1H), 5.15 (dd, J 

= 8.9, 13.2 Hz, 1H), 5.34 – 5.59 (m, 7H), 7.14 – 7.26 (m, 2H), 7.47 – 7.57 (m, 2H). 13C NMR (101 

MHz, DMSO) δ 36.95, 75.34, 83.77, 119.57, 129.25, 131.11, 138.64, 161.25, 162.26. HRMS m/z 

[M+H]+ calcd. for C12H14BrN6O2: 353.0356, found: 353.0350. m.p. [138 °C with dec.]. 

5-(1-(3-bromophenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1d) 

Pale yellow solid. 59% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.04 (t, J = 7.9 Hz, 1H), 5.17 (dd, J 

= 8.9, 13.2 Hz, 1H), 5.43 (s, 2H), 5.46 – 5.65 (m, 5H), 7.28 – 7.32 (m, 2H), 7.43 – 7.45 (m, 2H). 13C 

NMR (101 MHz, DMSO) δ 37.13, 75.32, 83.56, 121.77, 126.00, 129.40, 129.83, 130.37, 142.08, 

161.29, 162.26. HRMS m/z [M+H]+ calcd. for C12H14BrN6O2: 353.0356, found: 353.0355. m.p. [132 

°C with dec.]. 

5-(1-(3-nitrophenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1e) 

Yellow solid. 41% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.21 (ddd, J = 8.7, 14.0, 22.6 Hz, 2H), 

5.51 (s, 2H), 5.63 (q, J = 5.8, 6.3 Hz, 5H), 7.64 (t, J = 7.9 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 8.04 – 

8.16 (m, 2H). 13C NMR (101 MHz, DMSO) δ 37.19, 75.34, 83.04, 121.56, 121.90, 129.66, 133.98, 

141.51, 147.77, 161.02, 162.13.  HRMS m/z [M+H]+ calcd. for C12H14N7O4: 320.2885, found: 

320.2881. m.p. [152 °C with dec.]. 

5-(1-(3,4-dimethoxyphenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1f) 

White solid. 57% yield. 1H NMR (400 MHz, DMSO-d6) δ 3.71 (s, 3H), 3.73 (s, 3H), 4.97 (t, J = 7.9 

Hz, 1H), 5.12 (dd, J = 9.0, 12.9 Hz, 1H), 5.30 – 5.50 (m, 7H), 6.78 (dd, J = 2.1, 8.4 Hz, 1H), 6.84 (d, 
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J = 2.1 Hz, 1H), 6.90 (d, J = 8.3 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 37.10, 55.48, 55.50, 75.65, 

84.50, 111.26, 111.67, 118.50, 131.36, 147.59, 148.72, 161.19, 162.33. HRMS m/z [M+H]+ calcd. 

for C14H19N6O4: 335.1462, found: 335.1460. m.p. [180 °C with dec.]. 

2-methoxy-4-(2-nitro-1-(2,4,6-triaminopyrimidin-5-yl)ethyl)phenol (1g) 

White solid. 40% yield. 1H NMR (400 MHz, DMSO-d6) δ 3.73 (s, 3H), 4.93 (t, J = 7.9 Hz, 1H), 5.09 

(dd, J = 9.1, 12.9 Hz, 1H), 5.31 – 5.42 (m, 7H), 6.65 (dd, J = 2.2, 8.4 Hz, 1H), 6.72 (d, J = 8.2 Hz, 

1H), 6.81 (d, J = 2.1 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 37.03, 55.66, 64.87, 75.70, 84.71, 

111.53, 115.32, 118.85, 129.65, 145.32, 147.60, 162.28. HRMS m/z [M+H]+ calcd. for C13H17N6O4: 

321.1306, found: 321.1305. m.p. [168 °C with dec.]. 

5-(1-(2,6-dimethoxyphenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1h) 

White solid. 70% yield. 1H NMR (400 MHz, DMSO-d6) δ 3.78 (s, 6H), 4.92 (dd, J = 7.6, 13.3 Hz, 

1H), 5.02 (t, J = 8.0 Hz, 1H), 5.18 (dd, J = 8.4, 13.3 Hz, 1H), 5.31 (s, 2H), 5.48 (s, 4H), 6.71 (d, J = 

8.4 Hz, 2H), 7.23 (t, J = 8.3 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 31.11, 55.78, 75.73, 84.36, 

104.82, 114.50, 128.22, 157.46, 160.81, 162.15. HRMS m/z [M+H]+ calcd. for C14H19N6O4: 

335.1462, found: 335.1465. m.p. [154 °C with dec.]. 

5-(1-(furan-2-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1i) 

White solid. 48% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.04 (q, J = 4.1, 5.8 Hz, 2H), 5.27 (d, J = 

4.8 Hz, 1H), 5.43 (s, 2H), 5.51 (s, 4H), 6.28 (d, J = 3.3 Hz, 1H), 6.37 – 6.49 (m, 1H), 7.60 (s, 1H). 
13C NMR (101 MHz, DMSO) δ 33.23, 74.54, 81.74, 106.42, 110.35, 142.31, 152.08, 161.19, 162.26. 

HRMS m/z [M+H]+ calcd. for C10H13N6O3: 265.1044, found: 265.1045, m. p. [149°C with dec.]. 

5-(2-nitro-1-(thiophen-2-yl)ethyl)pyrimidine-2,4,6-triamine (1j) 

Pale brown solid. 41% yield. 1H NMR (400 MHz, DMSO-d6) δ 5.08 – 5.27 (m, 2H), 5.36 – 5.45 (m, 

1H), 5.52 (s, 6H), 6.94 – 7.04 (m, 2H), 7.43 (dd, J = 1.3, 5.0 Hz, 1H). 13C NMR (101 MHz, DMSO) 

δ 34.31, 75.81, 84.31, 123.91, 125.20, 126.66, 143.72, 160.86, 161.92. HRMS m/z [M+H]+ calcd. 

for C10H13N6O2S: 281.0815, found: 281.0815, m. p. [135°C with dec.]. 

5-(1-(5-methylthiophen-2-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1k) 

Pale brown solid. 46% yield. 1H NMR (400 MHz, DMSO-d6) δ 2.09 (s, 3H), 5.11 (d, J = 5.7 Hz, 2H), 

5.40 (d, J = 46.0 Hz, 7H), 6.07 (s, 1H), 6.63 (d, J = 3.4 Hz, 1H), 6.76 (d, J = 3.5 Hz, 1H). Signals in 

the 13C spectra were not detected due to the high insolubility of the compound. HRMS m/z [M+H]+ 

calcd. for C11H15N6O2S: 295.0972, found: 295.0975, m. p. [142 °C with dec.]. 
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5-(1-(benzo[d][1,3]dioxol-5-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1l) 

White solid. 67% yield. 1H NMR (400 MHz, DMSO-d6) δ 4.94 (dd, J = 7.0, 8.9 Hz, 1H), 5.11 (dd, J 

= 8.9, 13.1 Hz, 1H), 5.38 (m, 7H), 5.95 – 6.02 (m, 2H), 6.73 (dd, J = 1.8, 8.1 Hz, 1H), 6.80 (d, J = 

1.7 Hz, 1H), 6.86 (d, J = 8.1 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 37.15, 75.60, 100.93, 107.67, 

107.95, 119.48, 132.99, 145.82, 147.42, 161.22, 162.26. HRMS m/z [M+H]+ calcd. for C13H15N6O4: 

319.1149, found: 319.1150, m. p. [147 °C with dec.]. 

5-(1-(benzo[d][1,3]dioxol-4-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1m) 

White solid. 58% yield. 1H NMR (400 MHz, DMSO-d6) δ 4.94 – 5.18 (m, 2H), 5.36 (dd, J = 6.9, 13.3 

Hz, 1H), 5.41 (s, 2H), 5.48 (s, 4H), 6.00 (d, J = 2.0 Hz, 2H), 6.71 (dd, J = 1.6, 7.6 Hz, 1H), 6.77 – 

6.90 (m, 2H). 13C NMR (101 MHz, DMSO) δ 34.41, 74.25, 82.62, 100.58, 107.26, 120.38, 120.88, 

121.73, 144.62, 147.06, 161.27, 162.27. HRMS m/z [M+H]+ calcd. for C13H15N6O4: 319.1149, 

found: 319.1150, m. p. [dec. 150 °C]. 

5-(1-(2,3-dihydrobenzofuran-5-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1n) 

White solid. 63% yield. 1H NMR (400 MHz, DMSO-d6) δ 3.14 (t, J = 8.7 Hz, 2H), 4.50 (t, J = 8.7 

Hz, 2H), 4.95 (t, J = 7.9 Hz, 1H), 5.10 (dd, J = 9.0, 12.9 Hz, 1H), 5.37 (m, 7H), 6.71 (d, J = 8.3 Hz, 

1H), 6.98 (dd, J = 2.1, 8.3 Hz, 1H), 7.10 (d, J = 1.9 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 29.06, 

36.77, 70.89, 75.69, 84.90, 108.49, 123.74, 125.86, 127.62, 130.86, 161.17, 162.15, 162.25. HRMS 

m/z [M+H]+ calcd. for C14H17N6O3: 317.1357, found: 317.1360, m. p. [dec. 140°C]. 

5-(1-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1o) 

White solid. 51% yield. 1H NMR (400 MHz, DMSO-d6) δ 4.21 (s, 4H), 4.92 (t, J = 7.9 Hz, 1H), 5.11 

(dd, J = 8.9, 13.0 Hz, 1H), 5.39 (dd, J = 6.9, 13.0 Hz, 1H), 5.51 (d, J = 18.4 Hz, 5H), 6.60 – 6.88 (m, 

3H). 13C NMR (101 MHz, DMSO) δ 36.77, 63.99, 64.07, 75.63, 84.30, 115.60, 116.88, 119.53, 

131.95, 142.02, 143.17, 161.17, 162.28. HRMS m/z [M+H]+ calcd. for C14H17N6O4: 333.1306, found: 

333.1305, m. p. [139 °C with dec.]. 

5-(1-(benzo[b]thiophen-3-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1p) 

Pale yellow solid. 48% yield.1H NMR (400 MHz, DMSO-d6) δ 5.12 – 5.27 (m, 2H), 5.34 (s, 2H), 

5.47 – 5.54 (m, 5H), 7.35 (pd, J = 1.5, 7.1 Hz, 2H), 7.75 (ddd, J = 1.4, 3.1, 4.6 Hz, 2H), 7.96 – 8.00 

(m, 1H). 13C NMR (101 MHz, DMSO) δ 33.80, 75.03, 82.61, 121.54, 122.60, 122.78, 124.01, 124.68, 

134.42, 138.09, 139.53, 161.08, 162.22. HRMS m/z [M+H]+ calcd. for C14H15N6O2S: 331.0972, 

found: 331.0972, m. p. [153 °C with dec.]. 
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5-(1-(1H-indol-3-yl)-2-nitroethyl)pyrimidine-2,4,6-triamine (1q) 

Orange solid. 40% yield.1H NMR (400 MHz, DMSO-d6) δ 5.08 – 5.25 (m, 2H), 5.30 – 5.44 (m, 3H), 

5.45 – 5.60 (m, 4H), 6.84 – 6.96 (m, 1H), 7.08 (ddd, J = 1.1, 7.0, 8.3 Hz, 1H), 7.31 – 7.41 (m, 4H), 

11.00 (d, J = 2.4 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 31.32, 64.87, 75.55, 83.83, 111.36, 112.57, 

118.37, 119.39, 121.32, 121.55, 126.20, 136.57, 160.65, 162.04. HRMS m/z [M+H]+ calcd. for 

C14H16N7O2: 314.1360, found: 314.1362, m. p. [163 °C with dec.]. 

5-(1-(2-((3,4-dichlorobenzyl)oxy)phenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (2a) 

Pale yellow solid. 65% yield.1H NMR (400 MHz, DMSO-d6) δ 4.98 – 5.10 (m, 2H), 5.16 (s, 2H), 

5.28 – 5.43 (m, 7H), 6.94 (td, J = 1.1, 7.5 Hz, 1H), 7.03 (dd, J = 1.1, 8.4 Hz, 1H), 7.23 (ddd, J = 1.6, 

7.4, 8.8 Hz, 1H), 7.31 (dd, J = 1.6, 7.7 Hz, 1H), 7.38 (dd, J = 2.0, 8.3 Hz, 1H), 7.59 (d, J = 8.3 Hz, 

1H), 7.72 (d, J = 2.0 Hz, 1H). 13C NMR (101 MHz, DMSO) δ 36.68, 67.71, 74.83, 83.70, 112.42, 

120.64, 127.03, 127.56, 127.60, 128.00, 128.07, 129.28, 130.15, 130.42, 131.00, 133.91, 138.11, 

155.51, 161.12, 162.23. C19H19[35Cl]2N6O3: 449.0890, found: 449.0890; calcd. for 

C19H19[35Cl][37Cl]N6O3: 451.0861, found: 451.0862, m. p. [130°C with dec.] 

5-(1-(2-(benzyloxy)phenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (2b) 

Pale yellow solid. 72% yield.1H NMR (400 MHz, DMSO-d6) δ 4.98 – 5.10 (m, 2H), 5.17 (s, 2H), 

5.33 (d, J = 5.1 Hz, 7H), 6.92 (td, J = 1.1, 7.5 Hz, 1H), 7.06 (dd, J = 1.1, 8.3 Hz, 1H), 7.22 (ddd, J = 

1.6, 7.4, 8.9 Hz, 1H), 7.27 – 7.34 (m, 2H), 7.34 – 7.40 (m, 2H), 7.40 – 7.50 (m, 2H). 13C NMR (101 

MHz, DMSO) δ 34.42, 69.36, 74.89, 83.89, 112.55, 120.48, 126.87, 127.41, 127.66, 127.83, 128.05, 

128.32, 136.81, 155.80, 161.15, 162.28, 164.44. HRMS m/z [M+H]+ calcd. for C19H21N6O3: 

381.1670, found: 381.1665, m. p. [127°C with dec.]. 

5-(2-nitro-1-(2-((2-nitrobenzyl)oxy)phenyl)ethyl)pyrimidine-2,4,6-triamine (2c) 

Pale yellow solid. 59% yield.1H NMR (400 MHz, DMSO-d6) δ 5.08 (d, J = 9.0 Hz, 2H), 5.31 – 5.50 

(m, 7H), 5.53 (s, 2H), 6.97 (dd, J = 6.9, 8.0 Hz, 1H), 7.02 (d, J = 8.1 Hz, 1H), 7.23 (td, J = 1.6, 7.4, 

7.9 Hz, 1H), 7.34 (dd, J = 1.6, 7.8 Hz, 1H), 7.60 (ddd, J = 1.9, 7.0, 8.7 Hz, 1H), 7.69 (dq, J = 7.1, 8.6 

Hz, 2H), 8.17 (dd, J = 1.3, 8.1 Hz, 1H). Signals in the 13C spectra were not detected due to the high 

insolubility of the compound. HRMS m/z [M+H]+ calcd. for C19H20N7O5: 426.1520, found: 

426.1515, m. p. [154°C with dec.]. 

5-(1-(2-((3-chlorobenzyl)oxy)phenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (2d) 
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Pale yellow solid. 72% yield.1H NMR (400 MHz, DMSO-d6) δ 5.02 – 5.13 (m, 2H), 5.18 (d, J = 1.9 

Hz, 2H), 5.28 – 5.47 (m, 7H), 6.94 (t, J = 7.4 Hz, 1H), 7.03 (d, J = 8.1 Hz, 1H), 7.23 (td, J = 1.6, 7.8 

Hz, 1H), 7.30 (dd, J = 1.6, 7.7 Hz, 1H), 7.37 (t, J = 1.8 Hz, 3H), 7.54 (d, J = 2.1 Hz, 1H). 13C NMR 

(101 MHz, DMSO) δ 34.36, 68.44, 74.92, 83.70, 112.48, 120.61, 125.87, 126.93, 127.05, 127.59, 

127.76, 128.09, 130.19, 133.06, 139.47, 155.65, 161.18, 162.30. HRMS m/z [M+H]+ calcd. for 

C19H20ClN6O3: 415.1280, found: 415.1281, m. p. [161°C with dec.]. 

5-(1-(4-((3,4-dichlorobenzyl)oxy)phenyl)-2-nitroethyl)pyrimidine-2,4,6-triamine (2e) 

1H NMR (400 MHz, DMSO-d6) δ 4.96 – 4.99 (m, 1H), 5.09 – 5.13 (m, 3H), 5.36 – 5.42 (m, 7H), 

6.97 (d, J = 7.4 Hz, 2H), 7.18 (d, J = 7.4 Hz, 2H), 7.45 (d, J = 6.8 Hz, 1H), 7.66 (d, J = 6.8 Hz, 1H), 

7.72 (s, 1H). 13C NMR (101 MHz, DMSO) δ 36.68, 67.57, 75.59, 84.56, 114.72, 115.55, 127.74, 

127.97, 129.38, 130.26, 130.64, 131.04, 131.49, 138.37, 156.56, 161.16, 162.25. HRMS m/z [M+H]+ 

calcd. for C19H19[35Cl]2N6O3: 449.0890, found: 449.0887; calcd. for C19H19[35Cl][37Cl]N6O3: 

451.0861, found: 451.0860, m. p. [89°C with dec.]. 

General procedure for the synthesis of (E)-(2-nitrovinyl)arene (3a-q, 4a-e) 

To a solution of the appropriate aldehyde (1 equiv.) in nitromethane, NH4AcO (1.5 equiv.) was added 

and the solution was refluxed for 6-7 hours. Upon cooling, a bright yellow solid crystalized, which 

was collected by filtration. The solid was recrystallized from methanol to give the titled compound 

(as E-isomer) as a bright yellow/orange solid. 

(E)-1-chloro-4-(2-nitrovinyl)benzene (3a) 

Yellow solid. 45% yield. 1H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 13.7 Hz, 1H), 7.58 (d, J = 13.7 

Hz, 1H), 4.12 – 3.59 (m, 4H), 7.54-42 (m, 4H). 

(E)-1,2-dichloro-4-(2-nitrovinyl)benzene (3b) 

Yellow solid. 55% yield. 1H NMR (400 MHz, CDCl3):  δ = 7.37-7.39 (1H, dd, J = 8.3 Hz and J = 2.0 

Hz), 7.54 (1H, d, J = 13.6 Hz), 7.55 (1H, s), 7.6 (1H, d, J = 2.0 Hz), 7.90 (1H, d, J = 13.6 Hz). 

(E)-1-bromo-4-(2-nitrovinyl)benzene (3c) 

Yellow solid. 38% yield. 1H NMR (400 MHz, CDCl3): δ 7.98 (d, J = 13.7 Hz, 1H), 7.62 (m, 3H), 

7.45 (d, 8.5 Hz, 2H). 

(E)-1-bromo-3-(2-nitrovinyl)benzene (3d) 
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Yellow solid. 42% yield. 1H NMR (400 MHz, CDCl3): δ 7.87 (d, J = 13.7 Hz, 1H), 7.64 (t, J = 1.6 

Hz, 1H), 7.57 (d, J = 7.8 Hz, 1H), 7.55 (d, J = 13.7 Hz, 1H), 7.47 (d, J = 7.8 Hz, 1H), 7.31 (t, J = 7.9 

Hz, 1H). 

(E)-1-nitro-3-(2-nitrovinyl)benzene (3e) 

Pale yellow solid. 78% yield. 1H NMR (400 MHz, CDCl3): δ 8.42 (t, J = 1.8 Hz, 1H), 8.35 (ddd, J = 

8.1, 1.8, 1.2 Hz, 1H), 8.05 (d, J = 13.5 Hz, 1H), 7.87 (dt, J = 7.5, 1.2 Hz, 1H), 7.68 (t, J = 7.8 Hz, 1H), 

7.66 (d, J = 13.8 Hz, 1H). 

(E)-1,2-dimethoxy-4-(2-nitrovinyl)benzene (3f) 

Pale yellow solid. 90% yield. 1H NMR (400 MHz, CDCl3): δ 7.97 (d, J = 13.5 Hz, 1H), 7.53 (d, J = 

13.5 Hz, 1H), 7.18 (dd, J = 8.7, 2.1 Hz, 1H), 7.01 (d, J = 2.1 Hz, 1H), 6.92 (d, J = 8.7 Hz, 1H), 3.94 

(s, 3H), 3.93 (s, 3H). 

(E)-2-methoxy-4-(2-nitrovinyl)phenol (3g) 

Pale yellow solid. 61% yield. 1H NMR (400 MHz, DMSO-d6): δ 10.00 (s, 1H), 8.13 (d, J = 13.4 Hz, 

1H), 8.01 (d, J = 13.4 Hz, 1H), 7.46 (s, 1H), 7.28 (d, J = 8.2Hz, 1H), 6.84 (d, J = 8.2 Hz, 1H), 3.81 

(d, J = 5.4 Hz, 3H). 

(E)-1,3-dimethoxy-2-(2-nitrovinyl)benzene (3h) 

Pale yellow solid. 70% yield. 1H NMR (400 MHz, CDCl3): δ 8.55 (d, J = 13.6 Hz, 1H), 8.07 (d, J = 

13.6 Hz, 1H), 7.38 (t, J = 8.4 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H), 3.93 (s, 6H); 

(E)-2-(2-nitrovinyl)furan (3i) 

Pale brown solid. 35% yield. 1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 13.2 Hz, 1H), 7.56 (d, J = 

1.4 Hz, 1H), 7.50 (d, J = 13.2 Hz, 1H), 6.86 (d, J = 3.5 Hz, 1H), 6.55 (dd, J = 3.5, 1.8 Hz, 1H). 

(E)-2-(2-nitrovinyl)thiophene (3j) 

Orange solid. 43% yield. 1H NMR (400 MHz, CDCl3): δ 7.13 – 7.18 (dd, J = 5.1, 3.7 Hz, 1H), 7.45 

– 7.48 (m, 2H), 7.49 – 7.52 (s, 1H), 7.55 – 7.59 (dt, J = 5.0, 1.0, 1.0 Hz, 1H), 8.13 – 8.19 (d, J = 13.4, 

1H). 

(E)-2-methyl-5-(2-nitrovinyl)thiophene (3k) 

Orange solid. 31% yield. 1H NMR (400 MHz, DMSO-d6): δ 8.28  (d,  J=  13.2  Hz,  1H),7.84 (d, J= 

13.2 Hz, 1H), 7.65 (d, J= 4.2 Hz, 1H), 6.97(d, J= 4.2 Hz, 1H), 2.52 (s, 3H). 
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(E)-5-(2-nitrovinyl)benzo[d][1,3]dioxole (3l) 

Orange solid. 84% yield. 1H NMR (400 MHz, CDCl3) δ 6.06 (s, 2H), 6.79 – 7.12 (m, 3H), 7.42 – 

7.51 (d, J = 13.6 Hz, 1H), 7.87 – 7.96 (d, J = 13.6 Hz, 1H). 

(E)-4-(2-nitrovinyl)benzo[d][1,3]dioxole (3m) 

Orange solid. 69% yield. 1H NMR (400 MHz, CDCl3) δ 6.14 (s, 2H), 6.95 (m, 3H), 7.84 (d, J 13.6 

Hz, 1H), 7.93 (d, J 14.2 Hz, 1H). 

(E)-5-(2-nitrovinyl)-2,3-dihydrobenzofuran (3n) 

Orange solid. 75% yield. 1H NMR (400 MHz, CDCl3) δ 3.23 (t, J = 7.1 Hz, 1H), 4.54 (t, J = 7.1 Hz, 

1H), 6.89 (d, J = 7.5 Hz, 0H), 7.29 (d, J = 7.5 Hz, 0H), 7.46 (s, 0H), 7.94 (q, J = 15.1 Hz, 1H). 

(E)-6-(2-nitrovinyl)-2,3-dihydrobenzo[b][1,4]dioxine (3o) 

Yellow solid. 84% yield. 1H NMR (400 MHz, CDCl3) δ 4.30 (s, 4H), 6.91 (d, J = 6.0 Hz, 1H), 7.05 

(dd, J = 3.0 Hz, J = 6.0 Hz, 1H), 7.07 (d, J = 3.0 Hz, 1H), 7.47 (d, J = 13.5 Hz, 1H), 7.90 (d, 

J = 13.5 Hz, 1H). 

(E)-3-(2-nitrovinyl)benzo[b]thiophene (3p) 

Yellow solid. 64% yield. 1H NMR (400 MHz, CDCl3) δ 7.45 – 7.57 (m, 2H), 7.74 – 7.80 (d, J = 13.8 

Hz, 1H), 7.91 – 7.99 (m, 3H), 8.27 – 8.33 (d, J = 13.8, 1H). 

(E)-3-(2-nitrovinyl)-1H-indole (3q) 

Yellow solid. 40% yield. 1H NMR (400 MHz, CDCl3): δ 8.80 (s, 1H), 8.23 (d, J = 13.5 Hz, 1H), 7.77-

7.71 (m, 2H), 7.61 (d, J = 2.9 Hz, 1H), 7.44-7.39 (m, 1H), 7.31-7.25 (m, 2H). 

(E)-1,2-dichloro-4-((2-(2-nitrovinyl)phenoxy)methyl)benzene (4a) 

Yellow solid. 85% yield. 1H NMR (400 MHz, CDCl3): δ 5.19 (s, 2H), 6.87 – 7.03 (m, 1H), 7.05 – 

7.19 (m, 1H), 7.19 – 7.30 (m, 1H), 7.34 (d, J = 7.4 Hz, 1H), 7.40 – 7.53 (m, 2H), 7.61 (d, J = 7.4 Hz, 

1H), 7.87 – 8.16 (m, 2H). 

(E)-1-(benzyloxy)-2-(2-nitrovinyl)benzene (4b) 

Yellow liquid. 81% yield. 1H NMR (400 MHz, CDCl3): δ 5.22 (s, 2 H), 7.0–7.05 (m, 2 H), 7.37–7.49 

(m, 7 H), 7.85 (d, J = 13.6 Hz, 1 H), 8.2 (d, J = 13.6 Hz, 1 H). 

(E)-1-nitro-2-((2-(2-nitrovinyl)phenoxy)methyl)benzene (4c) 
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Yellow liquid. 68% yield. 1H NMR (400 MHz, CDCl3): δ 5.24 (s, 2H), 6.85 – 7.02 (m, 1H), 7.11 – 

7.17 (m, 1H), 7.20 – 7.32 (m, 1H), 7.36 – 7.52 (m, 1H), 7.61 (dq, J = 7.3, 2.4 Hz, 3H), 7.86 – 8.07 

(m, 2H), 8.14 (dd, J = 6.7, 2.3 Hz, 1H). 

(E)-1-((3-chlorobenzyl)oxy)-2-(2-nitrovinyl)benzene (4d) 

Yellow liquid. 72% yield. 1H NMR (400 MHz, CDCl3): δ 5.19 (s, 2H), 6.87 – 7.10 (m, 2H), 7.17 – 

7.28 (m, 1H), 7.33 (q, J = 5.5 Hz, 3H), 7.44 (s, 1H), 7.62 (d, J = 7.5 Hz, 1H), 8.02 (q, J = 15.1 Hz, 

2H). 

(E)-1,2-dichloro-4-((4-(2-nitrovinyl)phenoxy)methyl)benzene (4e) 

Yellow liquid. 90% yield. 1H NMR (400 MHz, CDCl3): δ 5.22 (s, 2H), 6.83 (d, J = 7.3 Hz, 2H), 7.34 

(d, J = 7.5 Hz, 1H), 7.38 – 7.52 (m, 2H), 7.58 (d, J = 7.3 Hz, 2H), 7.95 (d, J = 1.8 Hz, 2H). 

General procedure for the synthesis of aldehyde 5a-e 

To a stirred solution of saliciladheyde (for compound 5a-d) or p-hydroxybenzaldehyde (5e) in DMF, 

K2CO3 (2.5 equiv.) was added at room temperature. After 30 minutes, the appropriate benzyl 

chloride (0.9 equiv) was added and the mixture was reacted at 80 °C until desappearing of the starting 

materials as monitored by TLC (c.a. 2 h). After cooling at room temperature, the solvent was removed 

and the residues was resuspended in AcOEt. The organic phase was washed with an aqueous saturated 

solution of Na2CO3 and brine. The organic phase was dried over anh. Na2SO4 and concentrated to 

give the title product pure enough to be used in the next step without further purification. 

2-((3,4-dichlorobenzyl)oxy)benzaldehyde (5a) 

Coulorless liquid. 1H NMR (400 MHz, DMSO-d6): δ 5.22 (s, 2H), 6.95 – 7.11 (m, 1H), 7.11 – 7.24 

(m, 1H), 7.33 (d, J = 7.5 Hz, 1H), 7.39 – 7.60 (m, 3H), 7.81 (d, J = 7.7 Hz, 1H), 10.42 (s, 1H). 

2-(benzyloxy)benzaldehyde (5b) 

Coulorless liquid. 1H NMR (400 MHz, CDCl3): δ 10.56 (s, 1H), 7.85 (dd, J1 = 7.9 Hz, J2 = 1.8 Hz, 

1H), 7.52 (ddd, J1 = 9.1 Hz, J2 = 7.5 Hz, J3 = 1.8 Hz, 1H), 7.46-7.31 (m, 5H), 7.06-7.00 (m, 2H), 

5.18 (s, 2H). 

2-((2-nitrobenzyl)oxy)benzaldehyde (5c) 

White solid. 1H NMR (400 MHz, CDCl3): δ 10.59 (s, 1H), 8.21 (dd, 1H, J1=1.02 Hz, J2=1.05 Hz), 

7.87-7.98 (m, 2H), 7.75 (t, 1H, J=15.5 Hz), 7.51-7.61 (m, 2H), 7.05 (m, 2H), 5.62 (s, 2H). 
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2-((3-chlorobenzyl)oxy)benzaldehyde (5d) 

White solid. 1H NMR (400 MHz, CDCl3): δ 10.54 (s, 1H), 7.85 (dd, J1 = 7.7 Hz, J2 = 1.8 Hz, 1H), 

7.52 (ddd, J1 = 9.2 Hz, J2 = 7.3 Hz, J3 = 1.8 Hz, 1H), 7.42 (s, 1H), 7.33-7.28 (m, 3H), 7.04 (t, J = 7.6 

Hz, 1H), 6.99 (d, J = 8.4 Hz, 1H), 5.14 (s, 2H). 

4-((3,4-dichlorobenzyl)oxy)benzaldehyde (5e) 

Coulorless liquid. 1H NMR (400 MHz, DMSO-d6): δ 5.22 (s, 2H), 7.2 (d, 2H), 7.43 (m, 1H), 7.69 (d, 

1H), 7.78 (s, 1H), 7.90 (d, 2H), 9.85 (s, 1H). 

X-ray crystallography 

TbPTR1 was crystallized by the hanging-drop vapor diffusion technique at room temperature, as 

described elsewhere [35]. Briefly, well-ordered protein crystals grew within a few days (to final 

dimensions of ~ 600 µm x 200 µm x 50 µm) using a precipitant solution composed of 1.75-2.25 M 

sodium acetate and 0.1 M sodium citrate, pH 5. The complex TbPTR1-cofactor-inhibitor was 

obtained by soaking crystals with the compound, to a final concentration of 4-5 mM (the compound 

was solubilized in DMSO and added without exceeding a DMSO:drop ratio of 1:9). After 30−60 min, 

crystals were transferred to the cryoprotectant solution (prepared by adding 30% v/v glycerol to the 

precipitant), and flash frozen in liquid nitrogen. 

Diffraction images were collected using synchrotron radiation at the Diamond Light Source (DLS, 

Didcot, United Kingdom) beamline I03 equipped with a Eiger2 XE 16M detector. X-ray diffraction 

data were integrated using XDS [36] and scaled with SCALA [37] from the CCP4 software suite 

[38]. TbPTR1 crystals belong to the monoclinic space group P21, with only slight variations in cell 

parameters among crystals. Data collection and processing statistics are reported in Table S1. The 

structure was solved by molecular replacement using the software Molrep [39] and a whole TbPTR1 

tetramer (PDB id 6TBX [40]) as search model, and it was subsequently refined with REFMAC5 [41]. 

The molecular graphic software Coot [42] was used for electron density inspection, model 

manipulation, and automatic placement of water molecules. The final model was inspected manually 

and checked with the programs Coot and Procheck [43]; refinement and validation statistics are 

summarized in Table S2. Coordinates and structure factors were validated and deposited in the PDB, 

under the accession code 8OF2. Figures were generated with CCP4 mg [44]. 

 

Molecular Modelling 
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Crystallographic structures of Trypanosoma Brucei PTR1 (TbPTR1) available in Protein Data Bank 

(PDB) (https://www.rcsb.org/) were collected and ranked according to resolution (lower than 2 Å), 

structure integrity and the presence of a co-crystallized ligand in order to assess the mobility of the 

residues and determine relevant waters. The crystal complex of TbPTR1-Pyr (PDB code: 7OPJ) was 

used for molecular docking analyses with Schrodinger LLC suite, version 2021-4 (Schrödinger LLC, 

NY, USA). Compounds (1a-1q and 2a-2e) were built via builder panel in Maestro and subjected to 

ligand preparation using LigPrep module. The possible Lewis structures, tautomers and ionization 

states (pH 7.0 ± 2.0) for each of these compounds were generated and optimized with default settings. 

Stereoisomers computation was made by generating all combinations for the entire calculation 

(maximum 32 conformers/ligand). The protein was prepared using the Protein Preparation Workflow 

tool of GLIDE [28]: protein pre-process, optimization and minimization were performed to execute 

the correction of raw PDB structure. For docking simulations, the extra-precision (XP) protocol was 

adopted selecting co-crystallized PYR as centroid and setting a Van der Waals (vdW) radius scaling 

factor of 1.00, partial charge cutoff of 0.25, and OPLS4 force field. To verify the software capability 

of reproducing the co-crystallographic ligand binding poses, the cognate ligand PYR was extracted 

and self-docked to its corresponding binding site (Figure S1). 

Biological Evaluation 

Pteridine reductase inhibition assay 

Recombinant TbPTR1 and LmPTR1 were produced in E. coli BL21(DE3) cells and purified by 

exploiting the N-terminal His6-tag, according to established protocols [31]. The assay involves 

monitoring spectrophotometrically at 550 nm the reduction of cytochrome c Fe3+ to Fe2+ resulting 

from the oxidation of tetrahydrobiopterin H4B, a product of the enzymatic reaction catalyzed by 

PTR1, to quinoid dihydrobiopterin qH2B. In the presence of an inhibitor, the reduced catalytic 

activity of PTR1 leads to the formation of less H4B, which can become a substrate of the oxidation 

reaction catalyzed by cytochrome c Fe3+. This results in the formation of a smaller amount of 

cytochrome c Fe2+ resulting in a reduced signal in the photometric reading. Inhibition of the PTR1 

enzyme was evaluated in 20 mM citrate buffer at pH 6.0. The final reaction mixture contained the 

compound to be tested at the desired concentration, the TbPTR1/LmPTR1 enzyme (at 6.0 nM and 12 

nM, respectively), H2B (0.3 µM/3 µM respectively), cytochrome c (100 µM in both cases), and 

NADPH (500 µM in both cases) in a total volume of 50 µL. The assay was conducted in 384 well 

plates; the test compounds (500 nL of 1 mM stock solutions in 100 % v/v DMSO for 10 µM final 

compound concentration and 1 % v/v DMSO) were added to each well followed by the addition of 

45 µL of the reaction mixture (enzyme, H2B, cytochrome c in 20uM citrate buffer). A pre-reading of 



 42 

the plate at 550 nm was performed using an EnVision® Multilabel Reader 2103 (PerkinElmer Inc, 

US) followed by incubation of the plate at 30 °C for 10 min. The enzymatic reaction was triggered 

by the addition of 5 µL of NADPH (from a 5 mM stock solution in ultrapure water) immediately 

beginning monitoring of the enzymatic reaction at 550 nm. Five readings are taken at 10, 20, 30, 40 

and 50 min and the slope of the reaction curve is determined. The data are analyzed by Activity Base 

(IDBS, UK) and the 3-sigma method is applied to eliminate outliers in the control wells. Based on 

the slope, the data are normalized against the values obtained for methotrexate (positive control) and 

against a 1 % DMSO solution (negative control) allowing calculation of the percentage inhibition of 

each sample. The measurement at time zero was used to assess any optical interference in the sample 

[31,45].  

In vitro evaluation of activity towards the T. brucei parasite 

The efficacy of compounds against the T. brucei bloodstream forms was evaluated by modified 

resazurin assay [31]. T. brucei bloodstream forms were added to an equal volume of serial dilutions 

of the compound in HMI-9 medium until a cell density of 5 x103/mL was achieved. After incubation 

for 72 h at 37 °C and 5% CO2, 20 μL of a 0.5 mM resazurin solution was added, and the plates were 

incubated for an additional 4 h under the same conditions. Fluorescence was measured at 540 nm and 

620 nm (excitation and emission wavelengths, respectively) using a Synergy 2 Multi-Mode Reader 

(Biotek, USA). The anti-trypanosome effect was assessed by determining the IC50 value 

(concentration required to inhibit parasite growth by 50%) and calculated by nonlinear regression 

analysis using GraphPad Prism version 9 for Windows (GraphPad Software, USA). The reported IC50 

values correspond to the average of the results obtained in at least three independent experiments. 

In Vitro Evaluation of Activity against L. infantum Intramacrophage Amastigotes 

The effect of the compounds on THP-1-derived macrophages was assessed by the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) colorimetric assay. Briefly, 1x106 THP-1 

cells were differentiated into macrophages with addition of 20 ng/mL phorbol-myristate 13-acetate 

(PMA) (Sigma-Aldrich, USA) for 18 h, followed by replacement with fresh medium for 24 h. Cells 

were incubated with the compound (concentration between 100 to 3 µM) after dilution in RPMI 

medium containing a maximum amount of 1 % v/v DMSO. After incubation for 72 h at 37 °C and 5 

% CO2, the medium was removed and 0.5 mg/mL MTT solution was added. The plates were 

incubated for an additional 4h to allow viable cells to transform MTT into purple formazan. 

Solubilization of formazan crystals was performed by adding 2-propanol upon supernatant removal, 

and absorbance was read at 570 nm using a Synergy 2 Multi-Mode reader (Biotek, USA). 
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Cytotoxicity was assessed by comparison with untreated cells and presented in the form of percentage 

of viability. 

In vitro evaluation of activity towards the T. cruzi parasite 

The assay is based on the determination of anti-parasitic activity on U2OS osteosarcoma cell lines 

infected with T. cruzi. U2OS cells were cultured in 6-well plates (3 x 106 HG39 cells/well) for 24 h 

and infected with tripomastigotes circulating in T.cruzi blood at a 1:1 ratio. After 4 h, cells were 

washed three times with PBS and fresh medium was added (RPMI supplemented with Glut/Pen/Strep 

and 20 % heat-inactivated FCS (Sigma-Aldrich, USA). Infected cells were incubated at 37 °C and 5 

% CO2. Twenty-four hours after infection, cells were treated with the compound and incubated for 

72 h. Plates were analyzed by high content imaging and compound activity normalized relative to the 

control represented by infected and uninfected cells. 

Evaluation of cytotoxicity toward THP-1 macrophages 

The effect of the compounds on THP-1-derived macrophages was assessed by the MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) colorimetric assay. Briefly, 1x106 THP-1 

cells were differentiated into macrophages with addition of 20 ng/mL phorbol-myristate 13-acetate 

(PMA) (Sigma-Aldrich, USA) for 18 h, followed by replacement with fresh medium for 24 h. Cells 

were incubated with the compound (concentration between 100 to 3 µM) after dilution in RPMI 

medium containing a maximum amount of 1 % v/v DMSO. After incubation for 72 h at 37 °C and 5 

% CO2, the medium was removed and 0.5 mg/mL MTT solution was added. The plates were 

incubated for an additional 4h to allow viable cells to transform MTT into purple formazan. 

Solubilization of formazan crystals was performed by adding 2-propanol upon supernatant removal, 

and absorbance was read at 570 nm using a Synergy 2 Multi-Mode reader (Biotek, USA). 

Cytotoxicity was assessed by comparison with untreated cells and presented in the form of percentage 

of viability. 

Early ADME-Tox 

Cardiotoxicity testing to hERG 

The Invitrogen Predictor™ hERG Fluorescence Polarization assay was used in a 384-well plate 

format (#784076, Greiner Bio-One, AT) to test compounds. To each well of the plate, 100 nL of the 

compound (or control) was added followed by additions of 5 µl of a homogenized (undiluted) 

membrane solution followed by an additional 5 µl of tracer (1 nM: final concentration in the assay). 

Plates were incubated for 2 h at 25 °C in a humidity-controlled incubator and polarization 
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fluorescence was measured using an EnVision® Multilabel Reader 2103 (PerkinElmer Inc., USA). 

Data were analyzed using ActivityBase (IDBS, UK) and the 3-sigma method was applied for 

elimination of outliers from the control plate. Negative control (0 % inhibition) and positive control 

E-4031, an hERG-type potassium channel blocker (100 % inhibition), were used to normalize the 

raw data. Each compound was tested in triplicate and IC50, standard deviation, slope of the curve, 

minimum signal, and maximum signal for each dose-response curve were obtained using an XE 

module of ActivityBase (IDBS, UK).  

Cytochrome P450 1A2, 2C9, 2C19, 2D6 and 3A4 inhibition assay 

The P450-Glo™ luminescence-based assay (Promega, USA) was used in a 384-well format 

(#784076, Greiner Bio-One, AT) to test the compounds. The selected panel of cytochromes P450 

includes microsomal preparation of cytochromes P450 1A2, 2C9, 2C19, 2D6, and 3A4 (Corning, 

USA) from baculovirus-infected insect cells (BTI-TN-5B1-4) expressing cytochrome P450 (CYP) 

and cytochrome c reductase (and cytochrome b5 for 3A4). Compounds (or controls) are added to an 

empty 384 well plate (100 nL with final concentration of 1 % v/v DMSO) using the Echo® Liquid 

Handler (Labcyte Inc., USA) then 5 µL/well of CYP/Luciferin-substrate is added and incubated for 

30 min at 37 °C. The reaction is initiated by the addition of 5 µL/well of NADPH-containing mixture. 

After 30 min at 37°C the reaction with CYP is stopped and the luciferase reaction is started by the 

addition of 10 µL/well of Luciferin Detection Reagent. After 30 min at 37 °C the luminescence 

reading is taken using the Infinite® M1000 PRO plate reader (Tecan, CH). Outliers were removed 

using the 3-sigma method. Negative controls (0 % inhibition) include vehicle only (1 % v/v DMSO), 

standard specific CYP inhibitor: CYP1A2 inhibitor - α-naphtho-flavone (15 nM, Sigma-Aldrich, 

USA), CYP2C9 inhibitor - sulfaphenazole (67 nM, Sigma-Aldrich, USA), CYP2C19 inhibitor - 

troglitazone (3. 2 µM, Sigma-Aldrich, USA), CYP2D6 inhibitor - quinidine (2 nM, Sigma-Aldrich, 

USA) and CYP3A4 inhibitor - ketoconazole (54 nM, Sigma-Aldrich, USA) were used as positive 

controls (100 % inhibition). Each compound was tested in triplicate and IC50, standard deviation, 

slope of the curve, minimum signal, and maximum signal for each dose-response curve were obtained 

using an XE module of ActivityBase (IDBS, UK).  

A549 cell cytotoxicity assay 

This assay was performed using the CellTiter-Glo assay from Promega Corp. A549 cells were 

obtained from DSMZ (German Collection of Microorganisms and Cell Cultures, Braunschweig, 

Germany). Cells were incubated at 37 °C in the presence of 5 % CO2 and were harvested at 80-90 % 

confluence. Each compound tested (200 nl of 10 mM in 100 % v/v DMSO) was added to 384 well 
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cell culture plates (#781073, 384 CellStar, Greiner BioOne, AT) using the Echo 550® liquid handler 

(Labcyte Inc., USA). To collect cells, 1.5 mL of trypsin/EDTA (#L11-004, 0.5 mg/mL and 0.22 

mg/mL respectively, PAA Laboratories GmbH, AT) per T175 vessel and incubated at 37 °C in the 

presence of 5 % CO2 for 2 min. The isolated cells are then resuspended in pre-warmed medium to a 

density of 0.2 x 106 cells/mL. To this cell suspension, 20 µL per well is added to a 384 well plate 

until a final concentration of 100 µM and 0.1 % v/v DMSO is obtained. After 48 h incubation at 37 

°C in the presence of 5 % CO2, 20 µL CellTiter-Glo® reagent (#G7571, Promega Inc., USA) was 

added per well and the plate was placed on a linear shaker for one min at room temperature and 

further incubated at room temperature without mechanical agitation for 10 min. Luminescence 

reading was performed using the EnVision® Multilabel Reader 2103 (PerkinElmer Inc., USA) with 

0.5 second reading time per well. Each plate also contained 16 wells for the positive control (cells 

prepared by treating with cisplatin: 200 nL of a 300 mM stock solution in 100% v/v DMSO to achieve 

a final concentration of 3 mM cisplatin). The 16 wells for each plate with the negative control were 

prepared by treating the cells with DMSO alone (200 nL). Each compound was tested in triplicate 

and IC50, standard deviation, slope of the curve, minimum signal, and maximum signal for each dose-

response curve were obtained using an XE module of ActivityBase (IDBS, UK). 

Evaluation of pharmacokinetics by SNAP-PK 

Compounds 1m, 1o, 1p, 2a, 2d, and 2e were mixed with hydroxypropyl-β-cyclodextrins (50 % w/v) 

(Cavasol® W7 HP Pharma, Ashland, USA) to increase their solubility by and bioavailability for 

subsequent pharmacokinetic studies through the formation of water -soluble inclusion complexes. 

The pharmacokinetics of compounds 1m, 1o, 1p, 2a, 2d, and 2e in plasma were determined by the 

SNAP-PK technique. The compounds were administered at 20 mg/kg complexed with cyclodextrins 

to 6 BALB/c mice/compound. At 30, and 45 min and 1, 2, 3, 5 and 24 hours after administration 

blood was collected by tail vein puncture. Plasma was separated from blood and stored at -80ºC until 

analysis. LC-MS/MS was used for quantification of the compound in plasma.  

Data analysis and Software’s 

Each docking experiment was repeated twice to guarantee the reproducibility of the pose. Van der 

Waals (vdW) radius scaling factor of 1.00, partial charge cutoff of 0.25, and OPLS4 force field were 

employed for XP protocol.  

For the IC50 calculation, each sample is tested in triplicate and the values of IC50, standard deviation, 

slope, minimum signal, and maximum signal for each dose-response curve were obtained by 

employing a 4-parameter logistic (4-PL) calculation in the XE module of ActivityBase (IDBS, UK). 
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EC and CC50 were calculated by nonlinear regression analysis using GraphPad Prism version 5.00 

for Windows (GraphPad Software, USA). Each compound was tested in triplicate against hERG, 

cytochromes and A549 cell, and IC50, standard deviation, slope of the curve, minimum signal, and 

maximum signal for each dose-response curve were obtained using an XE module of ActivityBase 

(IDBS, UK). All IC50 values for these enzymes are associated with a standard deviation <10 %.  

LC-MS/MS analysis method was validated after building a regression curve in duplicate, with the 

calculation of LOD, LOQ, accuracy and precision.  

The Heatmaps in Figure 10 are obtained with Excel 2022 with the option ‘conditional formatting’ > 

‘three-color scale’. Lower values were represented with #F8696B (RBD) colour (red), higher values 

with #63BE7B (RGB) colour (green), while opaque white #FFFBE7 (RBD) was employed to 

represent the 50% of the colour interval for map a, and at 10% of the colour interval for map b.     
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