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Abstract: Leishmaniasis is a neglected tropical disease and affects more than 350 million people 
worldwide. However, there are no vaccines for humans, and current treatment is hampered due to 
its high cost, numerous side effects, and painful administration routes. Ending its epidemics by 2030 
has become a United Nations goal, and the multitarget drug strategy emerges as a promising alter-
native. Flavonoids are an example of multitarget compounds and organic synthesis represents a tool 
to obtain high yields of these molecules. In our study, we synthesized 17 flavonoid analogs using a 
scalable, easy-to-reproduce, and inexpensive method. All compounds demonstrated an impressive 
inhibition capacity against rCPB2.8, rCPB3, and rH84Y, which are highly expressed in the 
amastigote stage, the target form of the parasite. Compounds 3c, f12a, and f12b stood out as effec-
tive against all isoforms and intermolecular interactions were investigated through a molecular 
modeling study. The compounds were highly potent against the parasite and demonstrated low 
cytotoxic action against mammalian cells. The results were pioneering, representing an advance in 
the investigation of the mechanisms behind the antileishmanial action of flavonoid derivatives. Fur-
thermore, compounds have shown to be promising leads for the design of other cysteine protease 
inhibitors for the treatment of leishmaniasis diseases. 
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1. Introduction 
Leishmaniasis comprises a group of vector-borne infectious diseases with a broad 

clinical spectrum. Classified as a neglected disease by the World Health Organization 
(WHO), leishmaniasis affects more than 350 million people worldwide [1,2]. Although it 
represents a serious public health problem, there is still no vaccine for humans. In addi-
tion, the drugs used in therapy are expensive and highly toxic, cause numerous side ef-
fects, and the routes of administration are painful. Consequently, adherence to treatment 
is impaired, further strengthening the disease cycle, especially in developing countries [3]. 
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The serious situation involving Leishmaniasis made combating this group of diseases 
a goal of the United Nations (UN) in 2020. Sustainable Development Goal (SDG) 3.3 aims 
to end the epidemics of several diseases, including Neglected Tropical Diseases (NTDs) 
by 2030 [4]. This objective has made the discovery and development of new antileishma-
nial drugs that are more effective, cheaper, easily obtainable and capable of being admin-
istered by alternative routes an emergency. To achieve this goal, different drug discovery 
approaches need to be used. Between them, the multitarget drug strategy has emerged in 
the last decades. This approach is based on the complexity of the pathologies and consid-
ers that single-target drugs are insufficient to achieve the desired therapeutic effects [5]. 
Recently, the multitarget drug strategy was reported as a tool to accelerate the discovery 
of safer, more active, and patient-compliant drugs for the treatment of leishmaniasis [6]. 

In countries rich in biodiversity such as Brazil, the use of secondary metabolites from 
natural sources as new prototypes is a compelling alternative. Flavonoids stand out for 
comprising one of the most diverse groups of secondary metabolites, marked by their 
wide distribution in plants and different therapeutic potentials [7]. These compounds are 
structurally versatile due to their chemical core and are considered important prototypes 
for the development of multi-target drugs (Figure 1). It is essential to note that flavonoids 
have shown in vitro and in vivo antileishmanial activity [8,9]. Flavonols such as quercetin 
and fisetin inhibit the arginase enzyme, as well as modulate the host's immune response 
against the parasite, resulting in low patient toxicity [8]. However, the process of isolating 
and purifying these compounds is expensive and time-consuming. These methodologies 
generally require high-cost equipment, result in low yield, and use toxic solvents, which 
reduces the sustainability of the process. 

 

 
Figure 1: Chemical flavonoid core (C6-C3-C6) 

 
In line with our interest in discovering and developing a new sustainable, efficient 

methodologies for biologically active compounds and patient-compliant alternative for 
leishmaniasis treatment [10-17], our research group aimed to yield natural-based bioactive 
compounds with multitarget properties. To achieve this purpose, we designed a scalable, 
easy-to-replicate, and inexpensive synthetic route to obtain flavonol and chalcone ana-
logs. The antileishmanial activity was elucidated by in vitro and in silico methods, and 
the cytotoxicity was measured to determine the Selectivity Index. 

2. Results and discussion 

2.1. Chemistry 
Our retrosynthetic analysis was based on green chemistry principles. Thus, we used 

mild reaction conditions and inexpensive catalysts and reagents (Figure 2). Chalcone an-
alogue synthesis consists of a Claisen-Schmidt reaction that is a condensation of aldehydes 
and carbonyl compounds leading to α, β-unsaturated ketones in the presence of a base or 
Lewis acid [18]. In particular, the use of a base as a catalyst provides higher yields for 
obtaining flavonol-like compounds. The intramolecular H-bond of o-hydroxyacetophe-
nones leads to an increase in acidity of its α-hydrogen and, in the presence of a base, aids 
in the generation of a strongly attacking enol anion [19]. Chalcone analogs were used in 
the synthesis of flavonol-like molecules through the Algar Flynn-Oyamada reaction, in 
which a chalcone undergoes an oxidative cyclization under alkaline conditions to form a 
flavonol [20]. 
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Figure 2: Synthetic route to obtain flavonol-like compounds 

 
To obtain inexpensive bioactive compounds, we selected low-cost benzaldehydes 

and acetophenones. The number of synthetic compounds and the structural variations 
were designed to be statistically relevant for the elucidation of the Structure-Activity Re-
lationship (SAR). Between acetophenones, we also used halogenated o-hydroxyacetophe-
nones, as these substituents are reported for their high and selective antimicrobial actions, 
including antileishmanial activity [21,22]. The aspects of the synthetic process described 
previously were reviewed to obtain moderate to high yields of the target compounds (Ta-
ble 1). Our protocol can also be applied to significantly larger reaction mixtures, and this 
scale-up also gives good yields. 

 
Table 1: Reaction yields of chalcone and flavonol-like compounds 

 
Entry R1 R2 R3 R4 Yield (%) 

1 H Cl H -OCH3 67.11 (1a) 
2 H Cl H -OCH2O 86.19 (1b) 
3 H Cl H -N(CH3)2 73.26 (1c) 
4 OH H H -OCH3 76.26 (2a) 
5 OH H H -OCH2O 71.43 (2b) 
6 OH H H -N(CH3)2 82.34 (2c) 
7 OH H Cl -OCH3 90.40 (3a) 
8 OH H Cl -OCH2O 86.70 (3b) 
9 OH H Cl -N(CH3)2 81.74 (3c) 

10 OH H F -OCH3 84.32 (4a) 
11 OH H F -OCH2O 76.51 (4b) 
12 OH H F -N(CH3)2 95.69 (4c) 
13 - H H -OCH3 71.34 (f12a) 
14 - H H -OCH2O 69.87 (f12b) 
15 - H H -N(CH3)2 79.40 (f12c) 
16 - H Cl -OCH3 86.42 (f13a) 
17 - H Cl -N(CH3)2 78.67 (f13c) 

i: NaOH (3 M), EtOH (dry); ii: H2O2/NaOH (3M), EtOH (dry); 
 

Higher yields of chalones were achieved when halogenated o-hydroxyacetophe-
nones were used. Substituting a halogen atom in the phenolic ring results in an increase 
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in the acidity of the hydroxyl group, which further favors the formation of the enol anion 
over the formation of unsubstituted o-hydroxyacetophenones [23]. Although chalcones 
exist as trans (E) or cis (Z) isomers, the E isomer is more stable from the perspective of 
thermodynamics [24]. The configuration of the Z isomer is unstable as a result of the 
strong steric effects between the carbonyl group and the A-ring, making the E isomer the 
predominant configuration obtained in our study. 

The compounds were unambiguously characterized by NMR spectra. Chacones 4a-
4c presented most of the 13C NMR signals as doublets due to the coupling of 1J, 2J and 3J 
fluorine (spin ½) coupling with the respective carbons in the aromatic ring. Compared to 
starting materials, the chalcones present signals of CH groups in 7.30 - 7.90 ppm with 
coupling constants (J) of 15.3 Hz, confirming the formation of the E isomer. These signals 
were not observed in the flavonol spectra. Furthermore, compounds f12a-f13c presented 
a signal of the OH group in 9.60 - 9.30, indicating the loss of 2-hydroxy from their starting 
material (chalcone), classically observed in larger chemical shift due to the intramolecular 
H bond with the carbonyl group. The NMR data was compared with those of the literature 
and the structures of the synthesized compounds were confirmed [25-37]. The spectra are 
available in the Supplementary material. 

2.2. Determination of IC50, mechanism of cysteine protease inhibition and evaluation of 
Structure-Activity Relationship (SAR)  

The discovery and development of new antileishmanial drugs are usually directed 
through phenotypic or target-based approaches [2]. The target-based strategy is based on 
previous evidence of the action of compounds on specific pharmacological targets. Driven 
by advances in molecular biology and the urgency to discover new effective drugs, this 
approach has been the dominant tool in the last three decades [38]. However, most of the 
molecules designed by the target-based strategy demonstrated only antipromastigote ef-
fects, although amastigote is the target form of the parasite, since this stage occurs in mam-
malian host cells [39]. 

Leishmania proteases stand out in this context. In particular, cysteine protease B 
(CPB) expression is elevated in the amastigote stage and plays an important role in the 
interaction between the parasite and its mammalian host [40]. Inhibition of these proteases 
generates results that indicate their influence on macrophage infection, amastigote sur-
vival in host cells, as well as modulating the host’s immune response [41]. The isolated 
bioflavonoids and their semi-synthetic derivatives demonstrated satisfactory activity 
against the isoforms rCPB2.8 and rCPB3 [42]. Therefore, these enzymes represent prom-
ising therapeutic targets for our study.  

Among the chalcones (1a-4c) evaluated on rCPB2.8 (Figure 3A), the compounds 1a 
and 1c stood out for inhibiting 82.02% of enzymatic activity at 1 µM and 91.59% at 5 µM. 
The compound f12b, which reduced the activity by 69.19% and 77.49% at 1 µM and 5 µM, 
respectively was the most effective compound in inhibiting rCPB2.8 among flavonols 
(f12a-f13c). Interestingly, chalcone 2c increased activity to 141.71% at 1 µM but reduced 
by 25.58% at 5 µM. 

In the screening of compounds in rCPB3, it was found that chalcone analogs 1b, 2a 
and 2b reduced enzymatic activity by 67.01%, 70.92% and 62.55%, respectively, at a con-
centration of 5 µM. Flavonols, at concentrations of 1 µM or 5 µM were unable to inhibit 
the enzyme by more than 50% (Figure 3B). In inhibition of rH84Y with compounds at 5 
µM, it was observed that chalcones 1b, 1c and 2c reduced activity by 73.61%, 82.29% and 
70.77%, respectively, while the flavonoid f12c reduced activity by 56%. Only compound 
2c was able to inhibit more than 50% at 1 µM (Figure 3C). 

Since all chalcones and flavonol analogs inhibited the three enzymes to some degree 
at a concentration of 5 µM, all were subjected to assays to determine their inhibitory po-
tential (IC50) against rCPB2.8 and isoforms. 
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Figure 3: Screening of the action of compounds derived from chalcones and flavonoids 
on the enzymatic activity of the cysteine protease type B rCPB2.8 of L. mexicana and its 
isoforms rCPB3 and rH84Y. Black column: 1 µM compound; gray column: 5 µM com-

pound. Dotted line: delimits residual activity by 50%. 
 
The chalcones with the best inhibitory potential in rCPB2.8 were 1c (IC50 = 2.75 ± 0.18 

µM), 2a (IC50 = 2.35 ± 0.19 µM), 3c (IC50 = 3.97 ± 0.08 µM) and 4a (IC50 = 3.35 ± 0.17 µM). The 
presence of chlorine attached on carbon C3' or C4’, fluoride on the C3' or hydroxyl on the 
C6' seems not to affect the inhibitory capacity of the compounds. However, the presence 
of the1,3-dioxolane group, in general, did not favour enzyme inhibition, as observed for 
2b, which was 8.78 times less efficient in inhibiting rCPB2. 8 times than compound 2a 
(Table 2). 

In inhibition of rCPB3, compounds 1b (IC50 = 5.60 ± 0.35 µM), 3a (IC50 = 4.22 ± 0.81 
µM), 3c (IC50 = 5.47 ± 0.59 µM) and 4a (IC50 = 4.51 ± 0.19 µM) showed the best inhibitory 
potentials among the analogs of chalcones. Compounds bearing chlorine atom at C3’ (3a 
and 3c) or methoxy group at C4 (3a and 4a) had the lowest IC50. On the contrary, the com-
pound with the lower IC50 over rCPB3 was 4c (IC50 = 37.97 ± 7.24 µM), which has fluoride, 
hydroxyl and dimethylamine groups at C3', C6' and C4, respectively (Table 2). Chalcones 
2b (IC50 = 4.67 ± 0.13 µM), 3c (IC50 = 5.47 ± 0.59 µM) and 4c (IC50 = 4.34 ± 0.43 µM) showed 
the best inhibitory potentials for rH84Y. Compound 4c was more efficient in inhibiting 
rH84Y compared to rCPB2.8 and rCPB3 (Table 2).  

The difference in amino acid sequence may have affected the inhibitory potential of 
4c. The enzyme rH84Y differs from rCPB3 by a single amino acid residue [43]. Since 4c 
was 8.74 times more potent in inhibiting rH84Y compared to rCPB3, it is possible to infer 
that the substitution of histidine for tyrosine was the variation that most affected the in-
hibitory potential of 4c.  
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Table 2: Chalcone inhibitory potential (IC50) of chalcones to modulate the enzyme activ-
ity of Leishmania mexicana cysteine proteases rCPB2.8, rCPB3 and rH84Y. 

 
 

Entry 
 

Compound 
IC50 (µM) 

rCPB2.8 rCPB3 rH84Y 

1 1a 13.66 ± 0.74 9.91 ± 0.59 29.74 ± 2.62 
2 1b 7.42 ± 0.25 5.60 ± 0.35 15.34 ± 0.60 
3 1c 2.75 ± 0.18 10.17 ± 0.52 11.70 ± 1.27 
4 2a 2.35 ± 0.19 7.14 ± 0.86 16.34 ± 0.46 
5 2b 20.63 ± 1.06 10.99 ± 0.40 4.67 ± 0.13 
6 2c 11.74 ± 0.38 8.96 ± 0.61 9.90 ± 0.48 
7 3a 7.11 ± 0.32 4.22 ± 0.81 6.84 ± 0.26 
8 3b 18.37 ± 1.22 11.56 ± 0.77 8.23 ± 0.21 
9 3c 3.97 ± 0.08 5.47 ± 0.59 4.81 ± 0.32 
10 4a 3.35 ± 0.17 4.51 ± 0.19 20.34 ± 1.78 
11 4b 6.61 ± 0.41 17.27 ± 1.46 7.77 ± 0.72 
12 4c 9.88 ± 0.73 37.97 ± 7.24 4.34 ± 0.43 
 
In the evaluation of the inhibitory capacity of flavonoids against rCPB2.8, the com-

pounds f12a (IC50 = 4.72 ± 0.38 µM), f12b (IC50 = 5.23 ± 0.32 µM) and f13a (IC50 = 1.86 ± 0.07 
µM) showed the highest inhibitory potentials. Methoxy added to the C4' carbon in the 
f13a structure seems to potentiate the enzyme inhibition. On the other hand, the presence 
of dimethylamine on C4’ in f13c disfavoured inhibition of rCPB2.8 by 7.62-fold. The com-
pounds f12a (IC50 = 7.71 ± 0.78 µM) and f12b (IC50 = 7.06 ± 0.63 µM) showed the best IC50 
values on rCPB3. Again, it was found that the presence of dimethylamine did not favor 
rCPB3 inhibition, as the compounds f12c (IC50=16.67 ± 2.53 µM) and f13c (IC50 = 29.75 ± 
2.08 µM) were the least effective. Regarding the inhibition of rH84Y, the flavonoids f12a 
(IC50 = 3.85 ± 0.27 µM) and f12b (IC50 = 8.85 ± 0.33 µM) presented the best inhibitory poten-
tials and the compounds f12c and f13c had the lowest inhibitory capacity (Table 3). On 
the basis of these data, it is observed that the presence of dimethylamine on C4' carbon 
negatively impacts the inhibition of the three enzymes. 

 
Table 3: Flavonol-like inhibition potential (IC50) in modulating the enzyme activity of 

Leishmania mexicana cysteine proteases rCPB2.8, rCPB3, and rH84Y.. 

 
 

Entry 
 

Compound 
IC50 (µM) 

rCPB2.8 rCPB3 rH84Y 

13 f12a 4.72 ± 0.38 7.71 ± 0.78 3.85 ± 0.27 
14 f12b 5.23 ± 0.32 7.06 ± 0.63 8.85 ± 0.33 
15 f12c 10.32 ± 0.39 16.67 ± 2.53 28.56 ± 1.62 
16 f12a 1.88 ± 0.07 10.56 ± 1.11 11.71 ± 1.54 
17 f13c 14.18 ± 0.65 29.75 ± 2.08 20.35 ± 1.02 
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The high inhibition capacity of all compounds against the three enzyme isoforms 
confirms their multitarget properties. Studies have shown the formation of larger lesions 
in Balb/c mice that received amastigotes expressing only CPB2.8 compared to those with 
amastigotes deficient in all three isoforms [44]. This result confirms that inhibition against 
the three isoforms is essential to developing a new effective antileishmanial compound 
based on the inhibition of the CPB enzymes. Between the compounds under study, chal-
cone 3c and flavonols f12a and f12b were the most effective simultaneously against all 
enzymes tested, making them good candidates for prototypes. Therefore, these com-
pounds were selected to evaluate inhibition mechanisms of rCPB2.8, rCPB3, and rH84Y. 

By evaluating the inhibition mechanisms of compounds 3c, f12a and f12b on 
rCPB2.8, we verified the slope vs. [Inhibitor] and the intercept vs. [Inhibitor] (Figures S1D, 
S2D, S3D, Supplementary material) of the parabolic profile. This means that in the inhi-
bition mechanism, two molecules participate in the process. Initially, there will be the 
binding of the first molecule, which may favour or impair the binding of the second. Re-
spectively, this molecular behaviour is responsible for establishing cooperativity as posi-
tive or negative. To determine the affinity constants of the compounds, it was necessary 
to perform the linearization of the parabolas, obtaining the replots 1/KSlope vs [Inhibitor] 
(Figures S1E, S2E, S3E, Supplementary material), 1/KIntercept vs [Inhibitor] (Figures S1F, 
S2F, S3F, Supplementary material) and the factors α, β and γ. 

According to the replots 1/KSlope vs [3c] (Figure 1E, Supplementary material) and 
1/KIntercept vs [3c] (Figure S1F, supplementary material) it was possible to determine the 
inhibition constants, Ki = 100 ± 18 μM, αKi = 147 ± 28 μM, βKi = 0.55 ± 0,10 μM and γKi = 
1.15 ± 0.21 μM. Factor α =1.47 shows that molecule 3c has a greater preference to bind to 
the free enzyme. The factors β = 0.0055 and γ = 0.0115 show that binding of the first mol-
ecule to form EI or ESI favored 182 and 87-fold the formation of IEI and IESI, respectively 
(Table 4). 

The results of the inhibitory mechanism of rCPB2.8 by f12a demonstrated a coopera-
tivity inhibition as a function of parabolic replots. Their respective linearization (Figures 
S2C, S2D, S2E and S2F, Supplementary material) allowed the determination of Ki = 12.4 
± 1.4 μM and αKi = 10.7 ± 1.1 μM, being α~1, considering the standard deviation. The first 
molecule of f12a has the same affinity for binding to the free enzyme E or the ES complex. 
The values of βKi = 3.65 ± 0.39 μM and γKi = 0.25 ± 0.03 μM defined β = 0.29 and γ = 0.02 
(Table 4). Therefore, binding of the first molecule favours the formation of the IEI and 
IESI complexes 3.4 and 50-fold, respectively. 

In inhibition of rCPB2.8 by the compound f12b (Figure S3, Supplementary material), 
the values of the constants Ki = 39.2 ± 4.1 μM, αKi = 24.9 ± 2.3 μM, βKi = 1.17 ± 0.12 μM and 
γKi = 0.51 ± 0.09 μM were calculated. Based on these results, α = 0.634, β = 0.029 and γ = 
0.013 were measured (Table 4). The data show that the binding of the first f12a facilitated 
the formation of IEI 34-fold and the formation of IESI 77-fold. The established mechanism 
is non-competitive with positive cooperativity. 

Inhibition of rCPB3 by compound 3c parabolic replots were observed (Figures S4B 
and S4C, Supplementary material). However, the compounds f12a and f12b (Figures S5 
and S6, Supplementary material) demonstrated linear slope and linear intercept replots 
(Figures S5B, S5C and S6B, S6C, Supplementary material). 

The inhibition constants determined for f12a were Ki = 7.47 ± 0.64 μM and αKi = 7.50 
± 0.66 μM. Compound f12b presented Ki = 13.7 ± 1.4 μM and αKi = 13.7 ± 1.2 μM, and both 
α values were 1, which means that the compounds bind with the same affinity to the free 
enzyme E or to the ES complex. The 3c inhibition constants were Ki = 15.4±3.0 μM, αKi = 
141 ± 27 μM, βKi = 2.21 ± 0.16 μM (β = 0.14) and γKi = 0.77 ± 0.14 μM(γ = 0.05) (Table 4). 
The α value (α = 9.15) shows that 3c preferentially binds to the free enzyme. With the 
binding of the compound to the ES complex that forms ESI defined by the γ factor, the 
formation of the quaternary IESI complex will be favoured 20-fold. On the other hand, the 
formation of the EI complex by binding of the first molecule 3c favours 7-fold the for-
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mation of IEI. Therefore, 3c presented a non-competitive inhibition mechanism with pos-
itive cooperativity, while f12a and f12b presented a simple linear non-competitive inhibi-
tion mechanism. 

Compounds 3c, f12a and f12b showed inhibition profiles of rH84Y as those observed 
in the inhibition of rCPB3 (Figures S7, S8 and S9, Supplementary material). The affinity 
constants determined for 3c were Ki = 29.4±4.7 μM, αKi = 127 ± 20 μM, βKi = 1.45 ± 0.27 μM 
and γKi = 1.06 ± 0.18 μM (Figures S7E and S7F, Supplementary material). The calculated 
factors were α = 4.32, β = 0.049 and γ = 0.036 (Table 4). Thus, the binding of the first 3c 
molecule to the free enzyme favors the formation of IEI 20-fold, and the formation of IESI 
is favoured 28-fold. The effects of compounds f12a and f12b showed slope and linear in-
tercept (Figures S8C, S8D, S9C and S9D, Supplementary material) replots with values of 
inhibition constants Ki = 11.2 ± 0.8 μM and αKi = 11.2 ± 0.5 μM for f12a, Ki = 6.08 ± 0.37 μM 
and αKi = 6.06 ± 0.24 μM for f12b, with α~1 in both cases. Therefore, 3c presented a non-
competitive inhibition mechanism with positive cooperativity and f12a and f12b pre-
sented a simple linear non-competitive inhibition mechanism. 

 
Table 4: Chalcone and flavonoids affinity constants and inhibition mechanisms of en-

zymes rCPB2.8, rCPB3, and rH84Y. 
rCPB2.8 

Compound Ki (µM) αKi (µM) βKi (µM) γKi (µM) α β γ Mechanism 
3c 100±18 147±28 0,55±0,10 1,15±0,21 1.47 0.0055 0.0115 NCPC 

f12a 12,4±1,4 10,7±1,1 3,65±0,39 0,25±0,03 1 0.29 0.02 NCPC 
f12b 39,2±4,1 24,9±2,3 1,17±0,12 0,51±0,09 0.634 0.029 0.013 NCPC 

rCPB3 
3c 15,4±3.0 141±27 2,21±0,16 0,77±0,14 9.15 0.14 0.05 NCPC 

f12a 7,47±0,64 7,50±0,66 --- --- 1   SLNC 
f12b 13,7±1,4 13,7±1,2 --- --- 1   SLNC 

rH84Y 
3c 29,4±4,7 127±20 1,45±0,27 1,06±0,18 4.31 0.049 0.036 NCPC 

f12a 11,2±0,8 11,2±0,5 --- --- 1   SLNC 
f12b 6,08±0,37 6,06±0,24 --- --- 1   SLNC 

NCPC: non-competitive inhibition with positive cooperativity; SLNC: simple linear non-competitive inhibition 
 

2.3. Molecular modeling study 
The results of inhibitory capacity and the mechanism of action against these isoforms 

by the obtained chalcone and flavonol analogs are unprecedented. However, previous 
work in the literature may shed light to the understanding of the potential binding mode 
of the compounds at the active site of the CPB isoforms. L. mexicana type B cysteine pro-
teases are L-like cathepsins. The inhibition activity of these enzymes by chalcones was 
already known. Studies by Raghav and Kaur (2015) found that the catalytic CYS 29 thio-
late of cathepsin L was able to attack the nucleophilic sites of chalcones [45]. In other recent 
work, chalcones demonstrated in vitro antileishmanial activity on the forms of amastigote 
and promastigote of L. infantum. The suggested mechanism of action was inhibition of 
pro-cathepsin-L-like by the formation of hydrogen bonds between the amino acid TRP 
151 of the active site and the carboxyl group of the chalcones [46]. Isolated flavonoids were 
also able to inhibit cathepsins L and B in previous studies [47].  

Other classes of small molecules have also been described as inhibitors that target 
multiple cathepsin L-like cysteine proteases, some with overlapping antiparasitic activity 
[40]. Among them, vinyl sulfones have been shown to be highly potent and selective in-
hibitors of cathepsins L and B and are also considered antiparasitic prototypes [48,49]. 
Interestingly, a remarkable 3D similarity was demonstrated by the structural overlap of a 
crystallographic analogue of vinyl sulfone and the compounds 3c, f12b, and f12c and, as 
a result, a compatible binding mode at the active site of the enzyme (Figure 4A and 4B, 
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respectively). In particular, the overlap with the vinyl sulfone was useful in understand-
ing non-competitive inhibition with a positive cooperativity mechanism. Therefore, the 
crystal structure of a papain-like cysteine protease bounded with the vinyl sulfone deriv-
ative [50] was used as a template in the homology modeling study. 

 
Figure 4: (A) Overlay of the vinyl sulfone analog (yellow), compound 3c (orange), f12a 
(blue) and f12b (pink) and the compounds overlayed at the binding site of the enzyme 

enzyme (B). 
 
The isoforms rCPB2.8, rCPB3 and rH84Y have a small number of modifications at 

their activity sites (Table S1, Supplementary material). However, the few amino acid var-
iations between these isoenzymes are important in modifying substrate specificities [43]. 
This change may have modified either the catalytic or allosteric site, even at a distance. 
This type of event was observed in substitutions distant from the active site that affect the 
catalytic activity of CheZ and the binding of CheYp, with possible propagation of struc-
tural or dynamic disturbance [51]. 

Interestingly, even with the amino acid residues variations, chalcone 3c showed the 
same mechanism of action on the three isoforms. To investigate its possible binding mode 
at the active site of the enzymes, the energy values of each pose pointed by 3D overlapping 
at rCPB2.8 was calculated after the geometry optimization (Table S2, Supplementary ma-
terial). The position with the lower potential energy was also used to investigate the in-
termolecular interactions at the active site of rCPB3 and rH84Y. Despite to have the same 
mechanism of action, the calculated binding-free energy values of compound 3c at the 
catalytic site of the isoforms was remarkable different (Table 5). Particularly, the chalcone 
had the most promising binding free energy result on rCPB3 (-24.70 kcal mol-1). These 
values reinforce the hypothesis of a more favorable interactions in a molecular scenario 
between the compound 3c and this isoform and corroborates with the in vitro results.  

On the contrary, the variation of amino acid residues resulted in a different mecha-
nism of action of flavonols f12a and f12b between the three isoforms. This change is due 
to the difference in the negative charge distribution of these residues, which necessarily 
results in significant changes in the electrostatic potential on the surface of the isoenzymes, 
in addition to providing the parasite with a series of hydrolytic activities [43,52]. There-
fore, the change in the electrostatic potential on the surface of the isoenzymes promoted 
changes in the inhibition mechanisms, as well as differences in the affinity constants. 

Following the simple linear non-competitive inhibition mechanism, the potential en-
ergy of the different positions of f12a at the biding site of rCPB3 were promising (Table 
S3, supplementary material). The binding pose with the lower potential energy was used 
to investigate the intermolecular interactions of the flavonols analogs at the active site of 
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rCPB3 and rH84Y, since the mechanism of action was the same at these two isoforms. As 
well as occurred with compound 3c, the calculated binding-free energy values of f12a at 
the biding site of the isoforms was notable different, with lowest value for rCPB3 (-5.65 
kcal mol-1). This result corroborates with the in vitro assays that demonstrate higher affin-
ity constant for this isoform (Table 5). Despite the structural similarity, the compound 
f12b has the lower binding-free energy at the simulations of the active site of rH84Y (Table 
5). Also, the calculated energy values demonstrated a high difference among the three 
isoforms (Table 5), which corroborates with the considerably lower affinity constant for 
rCPB2.8.  

 
Table 5: Calculated energy values for the interaction of 3c, f12a and f12b with the tested 

rCPB isoformsa 

Enzyme Binding-free energy ΔE Ki (µM) 
3c 

rCPB2.8 -2.46 22.24 100±18 
rCPB3 -24.70 0 12.4±1.4 
rH84Y -22.49 2.21 39.2±4.1 

f12a 
rCPB2.8 -3.58 2.07 12.4±1,4 
rCPB3 -5.65 0 7.47±0,64 
rH84Y -5.24 0.42 11.2±0,8 

f12b 
rCPB2.8 -0.21 5.44 39.2±4,1 
rCPB3 -4.30 1.35 13.7±1,4 
rH84Y -5.65 0 6.08±0,37 

a: All energy values are expressed in kcal mol-1 

 
Analysing the output results of the simulations of compound 3c, the variations of 

amino acid residues at the binding site of the isoforms resulted in a similar occupation of 
the biding pockets but noticeable differences in the intermolecular interactions (Figures 
5A, 5C and 5E). At the binding site of rCPB2.8, 3c made mainly hydrophobic interactions 
(Figure 5B). However, the substitution of ASP 186 to ASN 186 resulted in the formation 
of a hydrogen bond, also observed with GLY 144 (Figure 5D). This strong intermolecular 
interaction was conserved at the active site of rH84Y, however the hydrogen bond with 
GLY 144 was not observed at the catalytic site of this isoform (Figure 5f). The difference 
in intermolecular interactions added to the binding-free energy values corroborates to the 
affinity constants pointed by in vitro assays.  

At the active site of rCPB2.8, the molecules of flavonol f12a had a great occupation of 
the biding pockets and made hydrogen bonds with the amino acid residue ASP 189 (Fig-
ures 6A and 6B). The number of hydrogen bonds increased at the binding site of rCPB3, 
since the compound made interactions with TRP 310 and GLY 191 (Figure 6D). Previous 
studies have already discussed the interaction between flavonoid derivatives and GLY 
amino acid residue of the cathepsin L catalytic site and its importance in stabilizing the 
active compound at the biding site of the enzyme [45]. The occupation of f12a at the bind-
ing pockets of rCPB3 and rH84Y was very similar (Figures 6C and 6E). This resemblance 
was reflected by the interactions with the amino acid residues of the two isoforms (Figure 
6F). 

The binding poses of f12b at rCPB isoforms were very similar to those found for f12a 
and highly occupies the biding poses of each isoform even by the simple linear non-com-
petitive inhibition mechanism (Figure 7A, 7C and 7E). At the active site of rH84Y the prox-
imity with the amino acid residue GLY 191 (3.953Å) may be related to a better interaction 
with this isoform (Figure 7F). 
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Figure 5: Binding mode positions of chalcone 3c at the active site of rCPB2.8 (A, B), 

rCPB3 (C, D), and rH84Y (E, F). The hydrogen bonds are represented by a red dashed 
line. 

  

 
Figure 6: Binding mode positions of flavonol f12a at the active site of rCPB2.8 (A, B), 
rCPB3 (C, D), and rH84Y (E, F). The hydrogen bonds are represented by a red dashed 

line. 
 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 November 2022                   doi:10.20944/preprints202211.0376.v1

https://doi.org/10.20944/preprints202211.0376.v1


 12 of 23 
 

 

 
Figure 7: Binding mode positions of flavonol f12b at the active site of rCPB2.8 (A, B), 
rCPB3 (C, D), and rH84Y (E, F). The hydrogen bonds are represented by a red dashed 

line. 

2.4. Antipromastigote assay and cytotoxicity elucidation 
Although flavonoid derivatives have demonstrated promising enzymatic inhibitory 

potential, the development of a drug candidate for leishmaniasis treatment depends on 
several pharmacological aspects. Among them, the cytotoxicity of compounds is crucial 
for the discovery of a new antileishmanial prototype, since high toxicity still represents a 
serious limitation of the drugs used in current therapy [53]. The compounds need to be 
highly active against the Leishmania parasite and to provide safety to host cells. This phar-
macological characteristic is measured by the selectivity index (SI), defined as the ratio of 
50% cytotoxic concentration of mammalian cells (GL50) to half maximum inhibitory con-
centration on parasites (IC50).   

However, the determination of IC50 by in vitro screening tests is a challenge from the 
Leishmania parasite itself. The Leishmania lifecycle requires the presence of a sand fly vector 
and a mammalian host that causes the existence of two distinct morphological forms (pro-
mastigote and amastigote). Although the amastigote form is found in host cells and is 
considered the target form of the parasite, its determination of IC50 consists of a time-con-
suming and laborious procedure and is not suitable for a large-scale screening method 
[54]. In general, exploratory screening methods designed to accelerate the testing of many 
compounds are performed on the promastigote form [54,55]. Therefore, to determine the 
SI of all flavonoid derivatives, we use he half maximum inhibitory concentration on pro-
mastigote forms. 

All of the seventeen flavonoid derivatives have in common moderate to low solubil-
ity in water. This physical property represents an obstacle in determining the IC50 of the 
compounds, as the test occurs in an aqueous medium. Consequently, the higher concen-
tration tested (10 µg/mL) was lower than that generally described in the literature (50 
µg/mL) [56]. Compounds with IC50 greater than 10 µg/mL were considered non-active. 
However, since even the higher concentration tested is lower than that reported for com-
pounds considered active against the parasite, these molecules may not be excluded as 
potential antileishmanial prototypes. 
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Among the tested molecules, the chalcone analogs stood out. Compounds 2a, 3a and 
4c were more active than the standard drug Pentamidine (IC50 = 0.71, 0.60 and 0.50 µM, 
respectively). Between the derivatives of flavonols, f12c has the highest potency against 
the parasite (IC50 = 0.73 µM). The results indicated that the substitution of a chloride atom 
in the phenolic ring of the chalcone and flavonol derivatives increased the activity against 
the Leishmania promastigote form (Table 6).  

Compounds 3a and 4c, the most active against the promastigote form, were also non-
cytotoxic against mammal cells (Figure S10, Supplementary material), with an optimal 
selective index (SI > 1752.48 and 1443.10, respectively) when compared to first-line drugs 
such as pentamidine and amphotericin B [56] (Table 6). It is important to emphasize that 
all the compounds tested demonstrated low cytotoxicity to mammal cells, resulting in 
high selective index values.  

The lipophilicity (logP) and water solubility (logS) properties of the flavonoid deriv-
atives were also measured by in silico analysis. The importance of these chemical charac-
teristics was first discussed by Lipinski et al. (1997) through the publication of the Rule of 
Fives. In this study, among the physicochemical characteristics of a set of standard drugs, 
clogP ≤ 5 was postulated as necessary for an ideal prototype [57]. Later, the development 
of an ADME in silico tool, based on the analysis of more than 2000 standard drugs, indi-
cated that more than 80% of the drugs on the market have a (estimated) logS value greater 
than -4 [58]. All seventeen flavonoid derivatives had logS with values close to -4 and logP 
≤ 5, following the postulated by the Rule of Fives. These ADME results added to the bio-
logical potential indicate that all synthetic flavonoids are druglike and can be considered 
promising prototypes for the treatment of leishmaniasis disease. 

 
Table 6: Molecular LogP, LogS, in vitro antileishmanial activity and cytotoxicity of fla-

vonoid analogs. 
Entry Compound LogPo/w1 LogS2 Promastigote 

IC50 (µM)3 
NIH/3T3 Cells 

GL50 (µM)5 
 

SI6 
1 1a 3.97 -4.59 n.a4 294.13 n.d7 
2 1b 3.87 -5.03 n.a4 811.27 n.d7 
3 1c 4.04 -4.91 1.14 > 874.83 > 767.39 
4 2a 3.10 -4.05 0.71 940.14 1324 
5 2b 2.88 -4.08 n.a4 910.58 n.d7 
6 2c 3.17 -4.20 n.a4 > 935.21  n.d7 
7 3a 3.64 -4.64 0.60 > 865.86 > 1443.10 
8 3b 3.46 -4.67 0.96 59.13 61.59 
9 3c 3.65 -4.79 n.a4 > 828.44 n.d7 

10 4a 3.42 -4.20 n.a4 901.09 n.d7 
11 4b 3.24 -4.23 1.95 > 873.36 n.d7 
12 4c 3.42 -4.36 0.50 > 876.24 > 1752.48 
13 f12a 2.83 -4.09 n.a4 > 931.93 n.d7 
14 f12b 2.68 -4.11 n.a4 > 885.74 n.d7 
15 f12c 2.85 -4.23 0.73 759.13 1039.90 
16 f13a 3.27 -4.44 1.08 > 825.87 > 764.70 
17 f13c 3.29 -4.59 n.a4 > 791.76 n.d7 

Doxorubicin  --- --- --- 0.05 n.d7 
Pentamidine  --- --- 0.80 --- n.d7 

Amphotericin B  --- --- 0.10 --- n.d7 
1LogP, octanol/water partition coefficient measured by SwissADME [59]; 2LogS expressed as log 
(g/100g water measured by SwissADME [59], 3IC50, half maximum inhibitory concentration on 
promastigote forms; 4n.a, not active compound (IC50 > 10 µg/mL) 5GL50, concentration that inhibited 
cell growth by 50%; 6SI (selectivity index), IC50 in mammalian cells/IC50 in extracellular 
promastigotes; 6n.d, not determined. The data are representative of three independent 
experiments. 
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3. Conclusions 
Our synthetic protocols confirmed that they are versatile, scalable, easy to reproduce, 

and inexpensive methods for obtaining high yields of flavonoid derivatives.  The com-
pounds demonstrated the multitarget properties intended by our study to inhibit all 
tested rCPB isoforms of L. mexicana. Between the flavonoid analogs, compounds 3c, f12a, 
and f12b stood out for being effective against all isoforms simultaneously. Interestingly, 
the in vitro study of the mechanism of cysteine protease inhibition showed that the small 
variations of amino acid residues between the rCPB isoforms were able to change the 
mechanism of action and biding mode position of the compounds. These findings were 
confirmed by the in silico investigation that demonstrated the formation of strong inter-
molecular interactions between the compounds and the active site of each enzyme. The 
compounds were highly potent and demonstrated low cytotoxic action against mamma-
lian cells, proving that the tested molecules are extremely selective.  In addition, the cal-
culated values of logP and logS proved that the compounds have ADME properties com-
patible with those observed in standard drugs. These results show important progress in 
the investigation of the antileishmanial actions of synthetic flavonoid derivatives and re-
inforce their potential as prototypes for the design of other cysteine protease inhibitors for 
the treatment of leishmaniasis. 

4. Materials and Methods 

4.1. Chemistry 
All reagents, purchased from Sigma-Aldrich®, were analytical grade and used with-

out further purification. Reactions were monitored by TLC using Merck 60 F254 precoated 
silica plates, and spot visualization was achieved with UV light (254 – 360 nm), molybdo-
phosphoric acid (10% w/v) and a solution of sulfur vanillin [0.5 g vanillin in 100 mL of 
sulfuric acid/methanol (40:10)]. All products were purified by recrystallization from eth-
anol. The solvents used in the reactions and recrystallization were purified and dried ac-
cording to procedures found in the literature [60]. A mixture of hexane (Hex) and ethyl 
acetate (EtOAc) was used in a 1:2 (v/v) proportion as the mobile phase to measure the 
retention factor (Rf) values of all purified compounds. All melting points were determined 
using a Quimis® of Brazil model Q340S instrument. The 1H and 13C NMR spectra were 
recorded on a Bruker Avance DPX-300 or Bruker Ascend 500 spectrometer. Chemical 
shifts are reported as δ values (ppm) referenced to the residual solvent (CDCl3 at δ 7.24 
ppm, DMSO-d6 at δ 2.50 ppm). Peak multiplicities are abbreviated as follows: singlet; d 
(doublet); dd (doublet of doublets), tp (triplet of doublets); t (triplet); dt (doublet of tri-
plets); m (multiplet). The coupling constants (J) are quoted in Hertz and recorded at the 
nearest 0.1 Hz.  

4.2. General procedure for the synthesis of chalcone-like compounds by the Claisen-Schmidt 
reaction (1a – 4c) 

The synthesis procedure followed the Claisen-Schmidit reaction methodology de-
scribed in the literature with modifications [33]. An aqueous solution of NaOH (3 M, 1.6 
mL) was added to a solution of aromatic ketone (1 mmol) in EtOH. An ethanolic solution 
of substituted benzaldehyde was added dropwise to the reaction mixture. The mixture 
was stirred at room temperature for 24h and then cooled. The reaction mixture was acid-
ified with concentrated HCl (37%) to pH = 2 in an ice bath and under vigorous stirring. 
The precipitate formed was filtered, washed with cold water, and purified by recrystalli-
zation from ethanol.  

4.3. General procedure for the synthesis of flavonol-like compounds by the Algar Flynn-Oyamada 
reaction (f12a – f13c) 
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In a bottom-flask, an aqueous solution of NaOH (1 M, 2 mL) was added to 1 mmol of 
chalcone in EtOH (5 mL). The solution was cooled until an ice-cold suspension was 
formed. An aqueous solution of H2O2 (35%, 250 µL) was added to the ice-cold suspension 
and the mixture was allowed to warm at room temperature and stirred for 1 - 2 hours. 
Then, distilled water (3 mL) was added. The reaction mixture was acidified with concen-
trated HCl (37%) to pH = 2 in an ice bath and under vigorous stirring. The precipitate 
formed was filtered, washed with cold water, and purified by recrystallization from eth-
anol. 

 
(E)-1-(4-chlorophenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (1a): Pale yellow Crystal. 
Yield 67.11%. Mp 118 - 120 °C. Rf = 0.535. 1H NMR (CDCl3, 300 MHz) δ ppm 7.96 (2H, d, J 
= 8.6, ArH), 7.81 (1H, d, J = 15.6 Hz, C=CH), 7.61 (2H, d, J = 8.7, ArH), 7.47 (2H, d, J = 8.6,  
ArH), 7.38 (1H, d, J = 15.6 Hz, C=CH), 6.95 (2H, d, J = 8.7,  ArH), 3.85 (3H, s, -OCH3); 13C 
NMR (CDCl3, 75 MHz) δ ppm 189.29, 161.97, 145.32, 139.05, 136.92, 130.45, 129.94, 128.98, 
127.54, 119.27, 114.58, 55.54. 
(E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(4-chlorophenyl)prop-2-en-1-one (1b): Pale yellow 
Crystal. Yield 86.19%. Mp 126 - 130 °C. Rf = 0.56. 1H NMR (CDCl3, 300 MHz) δ ppm 7.96 
(2H, d, J = 8.5, ArH), 7.76 (1H, d, J = 15.6 Hz, C=CH), 7.48 (2H, d, J = 8.5, ArH), 7.33 (1H, d, 
J = 15.6 Hz, C=CH), 7.15 (1H, d, J = 1.6 Hz, ArH), 7.13 (1H, dd, J = 8.1,  ArH), 6.85 (1H, dd, 
J = 8.1,  ArH), 6.03 (2H, s, -OCH2O); 13C NMR (CDCl3, 75 MHz) δ ppm 188.69, 149.80, 
148.16, 144.88, 138.74, 136.38, 129.52, 128.87, 125.13, 119.16, 108.41, 106.35, 101.40. 
(E)-1-(4-chlorophenyl)-3-(4-(dimethylamino)phenyl)prop-2-en-1-one (1c): Yellow amor-
phous powder. Yield 73.26%. Mp 138 – 140 °C. Rf = 0.40. 1H NMR (CDCl3, 300 MHz) δ ppm 
7.96 (2H, d, J = 8.6, ArH), 7.82 (1H, d, J =15,5 Hz, C=CH), 7.55 (2H, d, J = 8.9, ArH), 7.46 
(2H, d, J = 8.6, ArH), 7.30 (1H, d, J =15,5 Hz, C=CH), 6.70 (2H, d, J = 8.9, ArH), 3,04 (6H, s, 
-N(CH3)2); 13C NMR (CDCl3, 75 MHz) δ ppm 189.94, 151.86, 146.08, 138.12, 137.10, 130.25, 
129.43, 128.42, 122.13, 115.90, 111.50, 39.81.  
(E)-1-(2-hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (2a): Yellow amorphous 
powder. Yield 76.53%. Mp 90 – 94 °C. Rf = 0.60. 1H NMR (CDCl3, 300 MHz) δ ppm 12.96 
(1H, s, OH), 7.92 (1H, dd, J = 2.3, 8.6 Hz, ArH), 7.91(1H, d, J =15.5 Hz, C=CH), 7.62 (2H, d, 
J = 8.6 Hz, ArH), 7.55 (1H, d, J =15.5 Hz, C=CH), 7.50-7.45 (1H, m, ArH), 7.02 (1H, d, J = 8.4 
Hz, ArH), 6.95 (2H, d, J = 8.4 Hz, ArH), 7.00-6.90 (1H, m, ArH), 3,86 (3H, s, -OCH3); 13C 
NMR (CDCl3, 75 MHz) δ ppm 193.35, 163.23, 161.72, 145.04, 135.82, 130.24, 129.22, 127.02, 
119.80, 118.44, 118.25, 117.25, 114.20, 55.12. 
(E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(2-hydroxyphenyl)prop-2-en-1-one (2b): Yellow 
amorphous powder. Yield 71.43%. Mp 138 – 140 °C. Rf = 0.64. 1H NMR (CDCl3, 300 MHz) 
δ ppm 12.89 (1H, s, OH), 7.90 (1H, 1.7, 8.1 Hz, ArH), 7.86 (1H, d, J = 15.5 Hz, ArH), 7.50 
(1H, ddd, J = 1.7, 7.9, 8.1 Hz, ArH), 7.50 (1H, d, J = 15.5 Hz, ArH), 7.17 (1H, d, J = 1.7 Hz, 
ArH), 7.15 (1H, dd, J = 1.7, 8.1 Hz, ArH), 7.03 (1H, d, J = 8.1 Hz, ArH), 6.92 (1H, t, J = 7.2, 
7.5, Hz, ArH), 6.86 (1H, d, J = 7.9 Hz, ArH), 6.03 (2H, s, -OCH2O); 13C NMR (CDCl3, 75 
MHz) δ ppm 193.23, 163.25, 150.0, 148.20, 145.02, 135.91, 129.21, 128.77, 125.44, 119.76, 
118.48, 118.29, 117.69, 108.44, 106.44, 101.45. 
(E)-3-(4-(dimethylamino)phenyl)-1-(2-hydroxyphenyl)prop-2-en-1-one (2c): Purple 
crystals. Yield 82.34%. Mp 178 – 181 °C. Rf = 0.71.1H NMR (CDCl3, 300 MHz) δ ppm 13.23 
(1H, s, OH), 7.93 (1H, d, J = 15.4, C=CH), 7.90 (1H, d, J = 5.2 Hz, ArH), 7.57 (2H, d, J = 8.9 
Hz, ArH), 7.48 (1H, d, J = 5.2 Hz, ArH), 7.46 (1H, d, J = 15.4, C=CH), 7.01 (1H, d, J = 7.9 Hz, 
ArH), 6.94 (1H, t, J = 7.7 Hz, ArH), 6.69 (2H, d, J = 8.9 Hz, ArH), 3.04 (6H, s, - N(CH3)2); 13C 
NMR (CDCl3, 75 MHz) δ ppm 193.18, 163.16, 152.02, 146.25, 135.32, 130.55, 129.06, 121.97, 
120.08, 118.26, 118.13, 113.90, 111.48, 39.76.   
(E)-1-(5-chloro-2-hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (3a): Yellow 
amorphous powder. Yield 90.40%. Mp 108 – 109°C. Rf = 0.79. 1H NMR (CDCl3, 500 MHz) 
δ ppm 12.87 (1H, s, OH), 7.93 (1H, d, J = 15.5, C=CH), 7.85 (1H, s, ArH), 7.65 (2H, d, J = 8.1 
Hz, ArH), 7.45-7.41 (2H, d, J = 15.5, C=CH, ArH), 6.98 (3H, m, ArH), 3.87 (3H, s, -OCH3); 
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13C NMR (CDCl3, 125 MHz) δ ppm 192.53, 162.17, 161.87, 146.30, 135.77, 130.69, 128.57, 
126.92, 123.27, 120.57, 120.03, 116.66, 114.45, 55.35.    
(E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(5-chloro-2-hydroxyphenyl)prop-2-en-1-one (3b): Yel-
low amorphous powder. Yield 86.70%. Mp 142 – 146. Rf = 0.72. 1H NMR (CDCl3, 500 MHz) 
δ ppm 12.80 (1H, s, OH), 7.87 (1H, d, J = 15.3 Hz, C=CH), 7.83 (1H, d, J = 2.5 Hz, ArH), 7.43 
(1H, d, J = 8.9, 2.5 Hz, ArH), 7.39 (1H, d, J = 15.3 Hz, C=CH), 7.19 (1H, d, J = 1.7 Hz, ArH), 
6.98 (1H, d, J = 8.9 Hz, ArH), 6.87 (1H, J = 8.1 Hz, ArH), 6.05 (2H, s, -OCH2O); 13C NMR 
(CDCl3, 125 MHz) δ ppm 192.43, 161.88, 150.50, 148.44, 146.27, 135.86, 128.65, 128.54, 
126.02, 123.33, 120.52, 120.06, 117.08, 108.67, 106.71, 101.72. 
(E)-1-(5-chloro-2-hydroxyphenyl)-3-(4-(dimethylamino)phenyl)prop-2-en-1-one (3c): 
Purple crystals. Yield 81.74%. Mp 161 – 163 °C. Rf = 0.68. 1H NMR (CDCl3, 300 MHz) δ 
ppm 13.16 (1H, s, OH), 7.95 (1H, d, J = 15.1 Hz, C=CH), 7.85 (1H, d, J = 2.1 Hz, ArH), 7.58 
(2H, d, J = 8.7 Hz, ArH), 7.41 (1H, dd, J = 8.8, 2.2 Hz, ArH), 7.35 (1H, d, J = 15.1 Hz, C=CH), 
6.98 (1H, d, J = 8.8 Hz, ArH), 6.70 (2H, d, J = 8.7 Hz, ArH), 3.06 (6H, s, -OCH3); 13C NMR 
(CDCl3, 75 MHz) δ ppm 192.05, 161.65, 152.25, 147.29, 135.00, 130.87, 128.75, 122.86, 121.75, 
120.76, 119.70, 113.08, 111.48, 39.76. 
(E)-1-(5-fluoro-2-hydroxyphenyl)-3-(4-methoxyphenyl)prop-2-en-1-one (4a): Yellow 
amorphous powder. Yield 84.32%. Mp 124 - 125 °C. Rf = 0.68. 1H NMR (CDCl3, 300 MHz) 
δ ppm 12.63 (1H, s, OH), 7.95 (1H, d, J = 15.3 Hz, C=CH), 7.65 (2H, J = 8.7 Hz, ArH), 7.60 
(1H, dd, J = 9.2, 3.0 Hz, ArH), 7.44 (1H, d, J = 15.3 Hz, C=CH), 7.25 (1H, m, ArH), 7.00 (3H, 
m, ArH), 3.87 (3H, s, -OCH3); 13C NMR (CDCl3, 75 MHz) δ ppm 192.46 (d, J = 2.7 Hz, ArH), 
161.98, 159.38 (d, J = 1.0 Hz, ArH), 156.12 (d, J = 238.7 Hz, ArH), 145.94, 129.48, 126.80, 
123.44 (d, (d, J = 23.6 Hz, ArH), 119.51 (d, J = 7.3 Hz, ArH), 119.4 (d, J = 6.3 Hz, ArH), 116.67, 
114.28, 113.99, 56.17.  
(E)-3-(benzo[d][1,3]dioxol-5-yl)-1-(5-fluoro-2-hydroxyphenyl)prop-2-en-1-one (4b): Yel-
low amorphous powder. Yield 76.51%. Mp 168 – 171 °C. Rf = 0.72. 1H NMR (CDCl3, 300 
MHz) δ ppm 12.61 (1H, s, OH), 7.89 (1H, d, J = 15.3 Hz, C=CH), 7.58 (1H, dd, J = 9.2, 2.8 
Hz, ArH), 7.38 (1H, d, J = 15.3 Hz, C=CH), 7.27 (1H, m, 1H), 7.21-7.15 (2H, m, ArH), 7.01 
(1H, dd, J = 9.1, 4.6 Hz, ArH), 6.88 (1H, d, J = 7.9 Hz, ArH), 6.05 (2H, s, -OCH2O); 13C NMR 
(CDCl3, 75 MHz) δ ppm 192.38 (d, J = 2.7 Hz, ArH), 159.40 (d, J = 1.1 Hz, ArH), 156.12 (d, 
J = 238.2 Hz), 150.28, 148.29, 145.94, 128.54, 125.75, 123.57 (d, J = 23.4 Hz), 119.56 (d, J = 7.3 
Hz), 117.10, 114.29 (d, J = 23.4 Hz), 108.51, 106.51, 101.55. 
(E)-3-(4-(dimethylamino)phenyl)-1-(5-fluoro-2-hydroxyphenyl)prop-2-en-1-one (4c): 
Red crystals. Yield 95.69%. Mp 186 – 189 °C. Rf = 0.48. 1H NMR (CDCl3, 300 MHz) δ ppm 
12.96 (1H, s, OH), 7.94 (1H, d, J = 15.1 Hz, C=CH), 7.56 (3H, d, J = 8.7 Hz, ArH), 7.31 (1H, 
d, J = 15.1 Hz, C=CH), 7.22-7.15 (1H, m, ArH), 6.98 (1H, dd, J = 4.5, 9.1 Hz, ArH), 6.69 (2H, 
d, J = 8.5 Hz, ArH), 3.04 (6H, s, -OCH3); 13C NMR (CDCl3, 75 MHz) δ ppm 192.10 (d, J = 2.8 
Hz), 159.26, 156.04 (d, J = 237.0 Hz), 152.18, 147.11, 130.77, 122.77 (d, J = 23.7 Hz), 121.70, 
119.65 (d, J = 6.1 Hz), 119.27 (d, J = 7.7 Hz), 114.15 (d, J = 23.3 Hz), 113.15, 111.46, 39.74.  
3-hydroxy-2-(4-methoxyphenyl)-4H-chromen-4-one (f12a): Yellow amorphous powder. 
Yield 71.34%. Mp 233 – 235 °C. Rf = 0.39. 1H NMR (DMSO-d6, 500 MHz) δ ppm 9.24 (1H, s, 
OH), 8.20 (2H, dt, J = 8.9, 3.0, 2.1 Hz, ArH), 8.12 (1H, dd, J = 6.3, 1.5 Hz, ArH), 7.77 (1H, dt, 
J = 7.8, 1.0 Hz, ArH), 7.72 (1H, dd, J = 8.6, 1.0 Hz, ArH), 7.45 (1H, dt, J = 7.8, 1.0 Hz, ArH), 
7.12 (2H, dt, J = 8.9, 3.0, 2.1 Hz, ArH), 3.85 (3H, s, -OCH3); 13C NMR (DMSO-d6, 125 MHz)) 
δ ppm 172.48, 160.37, 154.35, 145.52, 137.95, 133.25, 129.24, 124.57, 124.26, 123.48, 121.23, 
118.09, 113.91, 55.21. 
2-(benzo[d][1,3]dioxol-5-yl)-3-hydroxy-4H-chromen-4-one (f12b): Yellow amorphous 
powder. Yield 69.87%. Mp 213 – 215 °C. Rf = 0.39. 1H NMR (DMSO-d6, 300 MHz) δ ppm 
9.52 (1H, s, OH), 8.10 (1H, d, J = 8.1 Hz, ArH), 7.84 (1H, dd, J = 8.5, 1.6 Hz, ArH), 7.78-7.73 
(3H, m, ArH), 7.47 (1H, td, J = 8.1, 6.4, 1.7 Hz, ArH), 7.11 (1H, d, J = 8.3 Hz, ArH), 6.12 (2H, 
s, -OCH2O); 13C NMR (DMSO-d6, 75 MHz) δ ppm 172.68, 154.40, 148.54, 147.52, 145.10, 
138.33, 133.54, 125.05, 124.69, 122.76, 121.25, 118.36, 108.43, 107.52, 101.67.   
2-(4-(dimethylamino)phenyl)-3-hydroxy-4H-chromen-4-one (f12c): Orange crystals. 
Yield 79.40%. Mp 182 – 183 °C. Rf = 0.39. 1H NMR (DMSO-d6, 500 MHz) δ ppm 9.16 (1H, s, 
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OH), 8.12 (1H, d, J = 8.8 Hz, ArH), 8.09 (1H, dd, J = 7.8, 1.4 Hz, ArH), 7.69-7.75 (2H, m, 
ArH), 7.44 (1H, t, J = 7.3, 7.4 Hz, ArH), 6.83 (2H, d, J = 8.8 Hz, ArH), 2.99 (6H, s, -N(CH3)2); 
13C NMR (DMSO-d6, 125 MHz) δ ppm 171.98, 154.29, 151.03, 146.85, 137.29, 133.09, 128.99, 
124.65, 124.32, 121.45, 118.15, 117.93, 111.40, 39.64. 
6-chloro-3-hydroxy-2-(4-methoxyphenyl)-4H-chromen-4-one (f13a): Yellow amorphous 
powder. Yield 86.42%. Mp 207 – 208 °C. Rf = 0.52. 1H NMR (DMSO-d6, 500 MHz) δ ppm  
9.44 (1H, s, OH), 8.19 (2H, dt, J = 9.2, 2.9 Hz, ArH), 8.02 (1H, t, J = 1.4 Hz, ArH), 7.79 (2H, 
d, J = 1.8 Hz, ArH), 7.12 (2H, dt, J = 9.2, 2.9 Hz, ArH), 3.85 (3H, s, -OCH3); 13C NMR (DMSO-
d6, 125 MHz) δ ppm 171.42, 160.54, 152.86, 146.13, 138.12, 133.11, 129.37, 128.78, 123.18, 
122.39, 120.64, 113.94, 55.25. 
6-chloro-2-(4-(dimethylamino)phenyl)-3-hydroxy-4H-chromen-4-one (f13c): Orange 
crystals. Yield 78.67%. Mp 235 – 238 °C. Rf = 0.57. 1H NMR (DMSO-d6, 500 MHz) δ ppm 
8.98 (1H, s, OH), 8.11 (2H, dt, J = 9.1, 3.0 Hz, ArH) 7.99 (1H, t, J = 1.7 Hz, ArH), 7.73-7.71 
(2H, m, ArH), 6.83 (2H, dt, J = 9.1, 3.0 Hz, ArH), 7.11 (1H, d, J = 8.3 Hz, ArH), 3.01 (6H, s, -
N(CH3)2); 13C NMR (DMSO-d6, 125 MHz) δ ppm 170.51, 152.57, 151.01, 147.28, 137.03, 
132.45, 128.75, 128.44, 123.14, 122.36, 120.20, 117.40, 111.12, 39.25.   
 

4.4. Screening the inhibitory activity of compounds 
The screening assays for the inhibitory activity of the compounds in the enzymes 

rCPB2.8, rCPB3, and rH84Y, were performed using 100 mM sodium acetate buffer con-
taining 5 mM EDTA, 100 mM NaCl, 0.01% Triton X-100, 20 % glycerol, at pH 5.5. Enzyme 
aliquots were pre-incubated with 5 mM DTT for 5 minutes at 37 ° C. After checking the 
initial rate of the reaction corresponding to the control, the enzymatic rate was measured 
at two concentrations of compounds, 1 µM and 5 µM. Enzyme activity was monitored by 
hydrolysis of the substrate Z-FR-MCA by measuring fluorescence at λex = 360 nm and 
λem = 480 nm on a Hitachi F2700 spectrofluorometer, obtaining the rate values in 
UAF/min (Arbitrary fluorescence units by minute). 

4.5. Determination of IC50 values for inhibitors 
Cysteine proteases rCPB2.8, rCPB3, and rH84Y were assayed in 100 mM sodium ac-

etate buffer containing 5 mM EDTA, 100 mM NaCl, 0.01% Triton X-100, 20 % glycerol, at 
pH 5.5. The enzymes were pre-incubated in the presence of 5 mM DTT for 5 min at 37°C 
in a 1 mL final volume with constant stirring. Enzyme activities were monitored using 
fluorogenic probe Z‐FR‐AMC (9.25 µM final concentration), and the fluorescence was 
monitored by spectrofluorometry using fluorometer F2700 (Hitachi, Tokyo, Japan) set to 
λEx = 360 nm and λEm = 480 nm. The inhibitory potential (IC50) was performed in a progres-
sive increase in the concentration of the compounds and the IC50 values were calculated 
using nonlinear regression and the data were analyzed by Grafit 5.0.13 software using 
Equation 1 

y =
100%

1 + � x
IC50

�
S Eq.1 

4.6. Enzyme kinetics and determination of the mechanism of inhibition 
Studies of cysteine proteases rCPB2.8, rCPB3 and rH84Y inhibition kinetics were per-

formed in different concentrations of Z‐FR‐AMC in the presence and absence of com-
pounds using 100 mM sodium acetate buffer containing 5 mM EDTA, 100 mM NaCl, 
0.01% Triton X-100, 20 % glycerol, at pH 5.5. Aliquots of the enzymes were pre-incubated 
with 5 mM DTT for 5 minutes at 37°C. For every kinetic measurement, the compounds 
were pre-incubated with each enzyme for 10 minutes before adding the substrate. All ki-
netic assays were performed in duplicate. Inhibition constants were determined using dif-
ferent equations, depending on the inhibition mechanism. The assumed KM values of 
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rCPB2.8, rCPB3 and rH84Y for Z‐FR‐AMC were 3.23 µM, 2.99 µM and 2.80 µM, respec-
tively. The data of the activity rate and substrate concentration generated rectangular hy-
perbolic profiles that were linearized using the Lineweaver Burk/double reciprocal plot. 
The replot profiles of the slope vs inhibitor and intercept vs inhibitor provided Ki and αKi 
parameters, respectively. If the replots present a parabolic profile, there will be in this 
system the participation of a second molecule of the compound that can bind the enzyme 
complexed to the first compound (EI) forming IEI and bind to the ESI complex forming 
IESI. Linearization will be required generating the 1/Kslope vs inhibitor and 1/Kintercept vs 
inhibitor replots according to the Equations 2 and 3. 

1
Kslope

=
1
Ki

+
[I]
βKi

2 Eq.2 

 
1

Kintercept
=

1
αKi

+
[I]
αγKi

2 Eq.3 

 
where Ki is inhibitory constant, [I] is the concentration of inhibitor, α is the factor of 

formation of complex ESI (enzyme-substrate-inhibitor complex), β is the factor of for-
mation of IEI (inhibitor-enzyme-inhibitor) and γ is the factor of formation of IESI (inhibi-
tor, enzyme-substrate-inhibitor) according to the general mechanism (Figure 8). Further-
more, β and γ measure the cooperativity between the binding of the first and second in-
hibitor molecules to form IEI and IESI, respectively. 

 
Figure 8: General mechanism of inhibition of cooperativity involving binding of a com-

pound to the free enzyme E and the ES complex 

4.7. Molecular modeling 
Compounds 3c, f12a, and f12b had their 3D structure drawn using the program 

MarvinSketch 16.9.5 (ChemAxon Ltd.). The optimization was carried out using the PM7 
semi empirical method incorporated in the software MOPAC2016[61]. A pH of 7.4 was 
considered for the definition of charges.  

The three-dimensional structure of rCPB2.8 was obtained through the homology 
modeling methodology using the Swiss-Model program [62]. Therefore, as a layout we 
used the 3D structure of papain-like cysteine protease obtained from the Protein Data 
Bank (PDB ID: 1F2A)[50] and the primary structure of rCPB2.8 was the target Sequence. 
The choice of the crystal was made based on the similarity with the rCPB2.8 and between 
the tested compound and crystallographic ligand. To determine the potential binding 
modes at the active site of rCPB2.8, different binding poses were obtained based on the 
overlay between the tested molecules and the crystallographic ligand. For the compounds 
with non-competitive inhibition with a positive cooperativity mechanism, we manually 
added a second molecule in different positions. The 3D structures of rCPB3 and rH84Y 

E    +    S               ES                E    +    P

I                              I

EI    +    S              ESI

+                             +

I                              I
+                             +

IEI    +    S            IESI  

Ki                                αKi

βKi                             γKi

Km                kcat

αKm

γKm
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were obtained based on the differences in amino acid residues at their active sites de-
scribed in the literature using the program UCSF Chimera [63]. All the biding poses were 
further geometry optimized. 

Geometry optimizations were made using the GROMACS 2018 package [64] and the 
CHARMM force field [65]. The ligand topology was obtained from Swiss Param Server 
[66] and the properties of the solvent were mimetic based on the TIP3P water model. A 
cubic box was used to guarantee a space of 1.2 nm between the protein and the box walls, 
and ions under physiological conditions (0.15 µM) in order to neutralize the system 
charges. The energy optimization steps were performed using the steepest descent fol-
lowed by the conjugated gradient algorithm. The convergent criterion was a maximum 
force of 50 N on the atoms. The potential binding energy was measured, and the position 
of the binding mode with the best result was used to analyze the interactions with the 
binding site of all isoforms.  

4.8. Citotoxicity on mammalian cells  
The cytotoxic effect of the test samples was evaluated on NIH/3T3 fibroblasts, ob-

tained from the Rio de Janeiro Cell Bank (Brazil). Cells were seeded in 96- well plates 
(5x10e5 cells/well). After 24 hours of fixation, cells were incubated for 48 hours with test 
samples at 0.25-250 µg/mL. in triplicate. The compounds tested were dissolved in DMSO 
(Sigma-Aldrich® SP/Brazil) while ensuring that the final concentration of the latter (0.25% 
at the highest sample concentration) did not interfere with cell viability. Doxorubicin 
(0.025–25 µg/mL, DXR) was used as a positive control. Cells were fixed by adding 20% 
trichloroacetic acid and subsequently stained with sulforhodamine B (SRB; 0.1%) diluted 
in acetic acid after 48h of exposure [67]. Absorbance values were read on the PT-READER 
microplate instrument (Thermoplate®) and growth percentages were calculated according 
to procedures in the literature [68]. Cytotoxicity activity was expressed as the concentra-
tion of drugs that inhibited cell growth by 50% (GL50) and growth was determined by non-
linear regression using Origin 6.0 software (OriginLab). The statistical significance was 
analyzed using an unpaired Student’s t-test or a one-way analysis of variance. P < .05 was 
considered statistically relevant. In addition, the selectivity index (SI) was calculated us-
ing the ratio between cytotoxicity in NHI-3T3 cells (GL50) and activity in the parasite forms 
(IC50). 

4.9. Parasites 
A standard strain of Leishmania (Leishmania) amazonensis (IFLA/BR/1967/PH8) was 

used for the evaluation of in vitro antileishmanial activity. The promastigote forms were 
grown in Schneider's insect medium (Sigma-Aldrich®, SP/Brazil) supplemented with 20% 
fetal bovine serum (Sigma-Aldrich®, SP/Brazil), 10.000 U/mL penicillin and 10 mg/mL 
streptomycin (Sigma-Aldrich®, SP/Brazil). Skin lesions were routinely isolated from pre-
viously induced skin lesions in BALB/c mice and kept in axenic culture until the 20th serial 
passage. 

4.10. Antipromastigote assay 
Promastigote forms of L. amazonensis in the log growth phase (10e6 parasites/mL) were 

added to 96-well plates and incubated in sextuplicate with the test samples (0.25 - 10.0 
µg/ml). The microplates were incubated at 26 °C for 72 hours. Cell viability was assessed 
by adding 5 mg/mL of MTT ([3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide] (Sigma-Aldrich® SP/Brazil; 5mg/mL).20 Results were expressed as the half-maxi-
mal inhibitory concentration (IC50) calculated by a nonlinear dose-response regression 
curve using the statistical program GraphPad PRISM 5.0. Pentamidine (Sigma-Aldrich ® 
SP/Brazil; 0.25 - 10 µg/mL) was used as a positive control and pure Schneider culture me-
dium as a negative control. 
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Supplementary Materials: The supplementary material comprises the results of the enzyme kinet-
ics and determination of the mechanism of inhibition in vitro tests. Also, we present the NMR spec-
tra section of all synthetic compounds. The following supporting information can be downloaded 
at: www.mdpi.com/xxx/s1, Figure S1-S10; Table S1-S3, Spectra 1-34. 
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