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Abstract
Context Quinoxaline 1,4-di-N-oxide is a scaffold with a wide array of biological activities, particularly its use to develop 
new antiparasitic agents. Recently, these compounds have been described as trypanothione reductase (TR), triosephosphate 
isomerase (TIM), and cathepsin-L (CatL) inhibitors from Trypanosoma cruzi, Trichomonas vaginalis, and Fasciola hepatica, 
respectively.
Methods Therefore, the main objective of this work was to analyze quinoxaline 1,4-di-N-oxide derivatives of two databases 
(ZINC15 and PubChem) and literature by molecular docking, dynamic simulation and complemented by MMPBSA, and 
contact analysis of molecular dynamics’ trajectory on the active site of the enzymes to know their potential effect inhibitory. 
Interestingly, compounds Lit_C777 and Zn_C38 show preference as potential TcTR inhibitors over HsGR, with favorable 
energy contributions from residues including Pro398 and Leu399 from Z-site, Glu467 from γ-Glu site, and His461, part 
of the catalytic triad. Compound Lit_C208 shows potential selective inhibition against TvTIM over HsTIM, with favorable 
energy contributions toward TvTIM catalytic dyad, but away from HsTIM catalytic dyad. Compound Lit_C388 was most 
stable in FhCatL with a higher calculated binding energy by MMPBSA analysis than HsCatL, though not interacting with 
catalytic dyad, holding favorable energy contribution from residues oriented at FhCatL catalytic dyad. Therefore, these 
kinds of compounds are good candidates to continue researching and confirming their activity through in vitro studies as 
new selective antiparasitic agents.

Keywords Quinoxaline 1,4-di-N-oxide · Trypanothione reductase · Triosephosphate isomerase · Cathepsin-L · 
Trypanosoma cruzi · Trichomonas vaginalis · Fasciola hepatica

Introduction

Currently, in silico studies in drug design and development 
have allowed to obtain new and improved treatments for 
various diseases. Ligand-based and structure-based virtual 
screenings are strategies to find new molecules as specific 

inhibitors from available chemical libraries [1, 2]. The use 
of chemical scaffolds presents an opportunity to carry out 
ligand-based virtual screening (LBVS) assays aimed at vari-
ous biological targets reducing time and costs, although the 
validation of the biological effects is necessary in in vitro 
models.

The quinoxaline ring is a versatile scaffold in medicinal 
chemistry to obtain new candidate drugs. These compounds 
have many biological effects including antibacterial, antipro-
tozoal, and anticancer activity. Quinoxaline 1,4-di-N-oxide 
(QNO) is a highlight for its trypanocidal, trichomonacidal, 
and antihelminthic activity [3–8]. In this sense, recently, 
QNO derivatives have been reported as inhibitors (Fig. 1a–c) 
of Trypanosoma cruzi trypanothione reductase (TcTR), 
which plays a central role in the trypanothione dependent 
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redox system of the trypanosomatid [4, 5, 9], Trichomonas 
vaginalis triose phosphate isomerase (TvTIM), which is cen-
tral in the glycolytic pathway mediating the conversion of 
triosephosphates [10–13], and Fasciola hepatica cathepsin 
L (FhCatL), which has been reported to be needed by the 
nematode for their nutritional supply as well as enhanc-
ing evasiveness into host tissue [3, 14, 15]. Therefore, in 
this study, the objective was to analyze the affinity of QNO 
derivatives reported on the active site of TvTIM, FhCatL, 
and TcTR by molecular docking and molecular dynamics 
simulations to know their potential inhibitory effect.

Additionally, the potential selectivity was determined 
using the human counterpart glutathione reductase (HsGR), 
triose phosphate isomerase (HsTIM), and cathepsin-L, 
(HsCatL) for TcTR, TvTIM, and FhCatL, respectively.

Methodology

Protein preparation

Crystal structures of TcTR, HsGR, TvTIM, HsTIM, FhCatL, 
and HsCatL were obtained from the database Protein Data 
Bank (PDB) with access codes 1BZL, 4GR1, 3QST, 4POC, 
2O6X, and 6EZX, respectively. All crystal structures were pre-
pared using open access software UCSF-Chimera 1.13 [16], 
removing all co-crystallized molecules and utilizing the built-in 
tool Dock Prep to add hydrogens and charges to protein crystals.

Ligand library preparation

Ligands were obtained from three different sources: chemi-
cal databases ZINC15 and PubChem, and 43 journal articles 
reported in PubMed (1970–2017). Ligand structures were 
searched on both chemical databases utilizing the built-in 
search tool, limiting the search to substructure. All reports 
found in the PubMed database studying QNO were used to 
gather chemical structures; these were drawn in open access 
software MarvinSketch (ChemAxon) for further use. All 
structures were filtered out considering Lipinski’s rules as 

inclusion criteria for selected compounds. The three struc-
ture libraries were energy minimized and converted to .mol2 
format utilizing open access Open Babel 3.1 software [17].

Molecular docking

MGL Tools 1.5.6 software was used to convert all protein 
crystals and ligands to the .pdbqt format required to conduct 
molecular docking simulations [18]. AutoDock Vina soft-
ware 1.1.2 was used to perform molecular docking simula-
tions for all ligands [19]. Simulations were done considering 
a cubic grid box with edge and length of 24 Å. For TcTR, 
HsGR, TvTIM, and HsTIM, a grid box was centered on the 
active site of the protein crystals, as it is reported to be pre-
ferred binding site for QNO derivatives [4, 5, 20, 21]. In the 
case of FhCatL, blind docking was carried out to determine 
the most favorable docking site for the QNO derivatives, to 
be later used in site-directed docking, HsCatL crystal was 
3D aligned with FhCatL with USCF-Chimera software, and 
coordinates were shared for site-directed docking. Coordi-
nates for the grid box center for site-directed docking are 
summarized in Table 1.

Docking analyses

The docking simulations’ results were analyzed following 
two criteria: binding free energy (FEB) and interaction anal-
yses with amino acid residues.

Fig. 1  Quinoxaline 1,4-di-N-oxide derivatives are inhibitors of TcTR, TvTIM, and FhCatL and antiparasitic agents

Table 1  Coordinates for grid box center for site-directed docking 
simulations for all protein crystals

Crystal X Y Z

TcTR
HsGR

65.805 5.055 0.955

TvTIM  − 8.704 31.659  − 14.097
HsTIM 17.667  − 17.812 12.563
FhCatL
HsCatL

26.590 21.701 13.613
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Free energy of binding analysis

The FEB values of the QNO derivatives were used sequen-
tially in two manners to select which compounds to consider 
for further testing. First, the FEB of the tested ligand was 
compared with the FEB of the natural ligand of each protein; 
this was regarded as a first inclusion criterion; compounds 
with a lower FEB than the natural ligand were considered 
for further analysis, and this comparison followed results of 
Eq. 1. Second, the FEB of the tested ligands were contrasted 
between the value obtained for the parasite protein versus the 
human homolog: for T. cruzi analysis, the value obtained for 
TcTR was compared to HsGR; in the case of T. vagjnalis, the 
value obtained for TvTIM was compared to the value obtained 
for HsTIM, as for F. hepatica it was compared with human 
homolog HsCatL; these analyses followed the results of Eq. 2.

Equation  1 shows the comparison of binding affinity 
between tested QNO structure and natural ligand, inclusion of 
compounds with a higher affinity for the active site than natu-
ral ligand:  FEBNL is free energy of binding of natural ligand, 
the  FEBQX is free energy of binding of QNO, if  delta1 ≥ 0, 
QNO is included, and if  delta1 < 0, QNO is excluded.

Equation 2 shows the comparison of QNO on each of the 
receptors to determine their specificity toward human homolog 
versus parasite protein, inclusion of compounds with a higher 
affinity toward parasite protein:  FEBHs is free energy of bind-
ing for QNO on human homolog,  FEBTc/Tv, free energy of 
binding for QNO on parasite protein, if  delta2 ≥ 0, QNO is 
included, and if  delta2 < 0, quinoxaline is excluded.

The compounds that complied with both inclusion criteria 
were further analyzed. By considering both criteria as equally 
important, these were evaluated in accordance with Eq. 3, geo-
metrical distance, where each delta calculated may be repre-
sented by two perpendicular axes and their compound magni-
tude calculated as presented below as a geometrical distance.

Equation 3 shows the geometrical distance, measuring 
compound magnitude of affinity toward parasite protein by 
considering  delta1 and  delta2.

The FEB values for FhCatL were used to order the 
ligands from the most active to the least active without any 
other analyses. The top 10 compounds according to geomet-
rical distance were analyzed to determine the interactions 
present in the receptor-ligand complex obtained by molecu-
lar docking analysis. The interactions were determined using 
an online server Protein–Ligand Interaction Profiler (PLIP) 

delta1 = FEBNL − FEBQX

delta1 = FEBHs − FEBTc∕Tv

geometrical distance =

√

(

delta1
)2

+
(

delta2
)2

[22]. The interaction profiles for the tested compounds were 
compared to the interactions observed for natural ligand and 
known inhibitors.

Filtering of top scored compounds for molecular dynamics

To have a reduced library of candidates for molecular 
dynamics, interaction profiles for top scored compounds 
were compared with those obtained for the natural ligand 
and known inhibitors. Derivatives with the most hydrogen 
bonding interaction with residues shared with natural ligand 
or known inhibitor were considered for further analysis. 
Within this reduced group, the compounds were clustered 
considering structural similarity using Tanimoto coefficient 
to generate distance trees, considering one compound from 
each distinct branch for further testing. Finally, a visual 
inspection was considered to assure that no compound is 
redundant in two libraries.

Molecular dynamic analysis

Molecular dynamic analysis was performed with 
GROMACS version 2018.4 [23] employing the AMBER03 
force field [24]. First, the topology of each compound 
selected by LBVS was generated with ACPYPE Antecham-
ber module [25] with the General Amber Force Field [26]. 
The solvation was done with water molecules in a dodecahe-
dron with a minimum distance from the wall of 10 Å, using 
the TIP3P water model [27]. Then, sodium and chloride ions 
were added to neutralize the system with an energy minimi-
zation of 50,000 times. The system was energy-minimized 
by the steepest descent algorithm. Then, two equilibrium 
steps were performed at 300 K. First, the compound was 
simulated at NVT conditions (constant number of particles, 
volume, and temperature) using a V-rescale thermostat 
[28] considering a time constant (tau_t) of 0.1 ps obtain-
ing velocities according to Maxwell–Boltzmann distribu-
tion. For the second step, the compound was simulated at 
NPT conditions (constant number of particles, pressure, and 
temperature) utilizing a V-rescale thermostat and a Berend-
sen barostat [29] with time constants (tau_t and tau_p) of 
0.1 and 2.0 ps, respectively. Each stage achieved a duration 
of 100 ps. Finally, the simulation was performed at a tem-
perature of 300 K for a trajectory of 120 ns using V-rescale 
thermostat and Parrinello-Rahman barostat [30] with tau_t 
and tau_p of 0.1 and 2.0 ps, respectively [31, 32]. The cal-
culation to the long-range electrostatic interactions was done 
using the Particle Mesh Ewald method [33], and the LINCS 
algorithm was used for the H-bond length constrains [34]. 
The root mean square deviation (RMSD), root mean square 
fluctuation (RMSF), and radius of gyration (gyr) of each 
complex were obtained to determine the stability of the com-
plex. Additionally, to understand the interaction behavior 
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observed during the dynamics’ trajectories, H-bond count 
and contact analysis were carried out. Contact analysis was 
done for the last 4000 frames (one frame every 10 ps for 
the 80 to 120 ns portion of the dynamics’ trajectory) using 
ProLIF software version 1.1.0 [35]; H-bond counting was 
done with built-in GROMACS hbond function.

MMPBSA analysis

The binding energies and per-residue decomposition were 
carried out with g_mmpbsa version 5.1.2 [36, 37]. For this 
analysis, most stable compounds analyzed by molecular 
dynamics on each of the tested proteins were considered. A 
total of 200 frames from 80 to 120 ns were evaluated with 
an extraction of every 200 ps of the protein–ligand complex 
trajectory. The calculation of the non-polar solvation energy 
was done with the solvent accessible surface area (SASA) 
model. The energy contribution of each residue of each of 
the proteins in the binding to the ligand was recovered with 
MmPbSaDecomp.py for which the heatmap was prepared 
considering a cut-off energy score of 0.9 kcal/mol which is 
equivalent to a weak hydrogen bond interaction [38].

Results and discussion

A total of 1851 molecules with the QNO scaffold were 
docked on the active site of TcTR, HsGR, TvTIM, HsTIM, 
FhCatL, and HsCatL: 801 from journal articles, 121 from 
ZINC15 database, and 929 from PubChem database. These 
were then included or excluded in accordance with Eqs. 1 
and 2 to obtain those compounds predicted to interact favora-
bly with parasite protein better than natural ligand and with 
higher affinity for parasite protein than human homolog.

QNO derivatives on TcTR‑HsGR

TcTR‑HsGR FEB analysis

From the QNO libraries docked in TcTR-HsGR, the 
number of ligands that had a higher affinity than tryp-
anothione disulfide (FEB 8.8 kcal/mol) were as follows: 
literature (65/801), ZINC15 (12/121), and PubChem 
(28/929). Considering this new total, ligands which 
displayed a higher affinity toward parasite protein over 
human protein were as follows: literature (47/65), ZINC15 
(10/12), and PubChem (28/28).

The top 10 compounds (Supplementary material) from 
each library were filtered considering interaction profile 
similarity to the natural ligand and/or known inhibitor 
profiles and then clustered by structural similarity using 
the Tanimoto coefficient to prepare distance trees, to then 

choose from each branch representative compounds to 
include in molecular dynamic analysis. This filtering pro-
cess reduced the candidate library considerably; at most, 
four compounds were obtained from each library follow-
ing this methodology. To homogenize compound selec-
tion amount, top four compounds from each library are 
presented as final selection figures for each protein includ-
ing compounds selected for molecular dynamics (bolded 
identifier). Figure 3 displays chosen representative com-
pounds from each library docked on the active site of the 
TcTR-HsGR.

Common characteristics present in derivatives with a 
high affinity toward TcTR are the presence of large aro-
matic, heterocyclic, and aliphatic rings at 2- and 3- posi-
tions of the quinoxaline ring, similarly, halogenation, or 
halogenated substituents at 6- and 7- positions, nitrogen 
containing heterocycles, and protonable amines in flex-
ible chains, being these latter mentioned characteristics 
reported as groups that favor biological activity thus sup-
porting these findings [39].

TcTR‑HsGR interaction analysis

Upon the analysis of the interactions observed by the QNO 
structures with the highest FEB from each of the three 
sources, it was found that most of them were shared among 
them. A compilation of the observed interactions is pre-
sented in Fig. 2.

The interactions observed were predicted to be with 
amino acid residues reported as important for the binding 
of the natural ligand and trypanothione disulfide. In notable 
interactions with His461, one of three residues involved in 
catalysis. The interaction with residues Phe396, Pro398, and 
Leu399 is reported to be part of a subsite denominated Z-site 
part of the binding residues for natural ligand located within 
the interphase active site. Similarly, interactions with the 
hydrophobic cleft include Trp22 and Tyr111. As such these 
compounds derived from QNO can potentially inhibit the 
activity of trypanothione reductase by blocking the binding 
space needed by the natural ligand trypanothione disulfide. 
Any further design may consider these findings to enhance 
the activity of compounds. Figure 3 shows 3D representa-
tions of protein–ligand interactions for a representative com-
pound from each library.

QNO derivatives on TvTIM‑HsTIM

TvTIM‑HsTIM FEB analysis

From the screening of QNO chemical libraries on TvTIM 
and HsTIM and docked scores for natural ligands found 
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to be − 4.6 and − 4.8 kcal/mol for dihydroxyacetone phos-
phate and D-glyceraldehyde-3-phosphate, respectively, a 
selection was performed based on the FEB score. All tested 
ligands were shown to have a higher affinity than both 
natural ligands. Subsequent analysis showed that 651/801, 
76/121, and 627/929 ligands from literature, ZINC15, and 
PubChem, respectively, had a higher affinity toward parasite 
over human enzyme.

Many of these ligands show a higher affinity even in com-
parison to the inhibitor reported by Vique-Sanchez et al. 
2020 [12] (FEB − 4.2 kcal/mol) and previously reported 
quinoxaline derivative EQX-NO 20 (− 6.3 kcal/mol) [10]. 
Similarly, it may be observed that most compounds showed a 
higher affinity toward parasite versus human TIM homolog, 
which suggests that this type of compound has a high poten-
tial for parasite selective inhibition.

Fig. 2  Top quinoxaline-1,4-di-N-oxide derivatives from each library with the highest binding affinity and the highest number of interactions of 
interest for TcTR; bold identifiers represent the compounds chosen for molecular dynamics testing
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Like for TcTR/HsGR analysis, a filtering methodology 
was applied to the top 10 scored compounds, to reduce the 
candidate library toward molecular dynamic analysis. Fig-
ure 4 displays chosen representative compounds from each 
library docked on the active site of the TvTIM-HsTIM.

This molecular docking analysis provided insight into 
the nature of promising substituents for the inhibition of 
TvTIM: large aromatic and halogenated substituents as well 
as carbonyl containing substituents which may favor affinity 
toward TIM protein.

The structural characteristics observed for compounds 
predicted to have a high affinity toward the binding to TvTIM 
were observed to be substitution with bulky groups, both 
aliphatic and aromatic, as well as nitrogen containing sub-
stituents at 2- and 3- positions, similarly, halogenation or 
halogenated groups and ester substituents at 6- and 7- posi-
tions. The presence of carbonyl substituents was observed in 
high scoring compounds, a characteristic which is consist-
ent with mimicking natural ligand, as both substrates bear 
carbonyl groups.

TvTIM‑HsTIM interaction analysis

Analysis of the interactions of top scored QNO derivatives from 
the three tested libraries shows most derivatives interact with 
the identical residues: Lys11 (63%), Ala12 (63%), Pro43 (63%), 

Phe44 (50%), Glu63 (77%), Glu96 (66%), and Arg97 (77%), for 
the first two mainly hydrophobic, Pro43 all hydrophobic, Phe44 
half hydrophobic, and half hydrogen bond, for the last three pri-
marily hydrogen bonding interactions. Interactions for Vique-
Sánchez reported inhibitor: hydrogen bond: Phe44, Glu63, and 
salt bridge with Glu96, which are shared by most tested deriva-
tives. These results coincide with the results already published 
by Vique-Sánchez et al. (2020), as well as the report by Benitez-
Cardoza et al. (2021), where both observed that the most com-
mon interaction seen was with Lys11, Ala12, and Gly234 [11, 
12] being the catalytic residues Lys13 and His95, here Lys11 
and His94, and catalytic importance of residue Glu97, here 
Glu96 [40]. In this study, no interaction was seen with Gly234, 
but interactions with the other two residues are present for most 
derivatives. Representative interactions for QNO derivatives on 
TvTIM for each library are shown in Fig. 5, wherein all mod-
els, Glu63, Glu96, and Arg97 interact through hydrophobic and 
hydrogen bond interactions with the large hydrophobic cyclic 
substituents.

QNO derivatives on FhCatL‑HsCatL

FhCatL‑HsCatL FEB analysis

Molecular docking was carried out on the site found by 
blind docking strategy (Fig. 6). Figure 7 displays top-scored 

Fig. 3  Representative interactions with TcTR for the libraries analyzed by molecular docking: top left literature, top right PubChem, and bottom 
ZINC15: dotted black line hydrophobic interaction, solid blue line hydrogen bond, and dotted green line π-stacking interaction
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compounds from each library based on the FEB val-
ues toward FhCatL. Compounds C34 and C17 with FEB 
(− 8.6 kcal/mol) were used as controls (known inhibitors). 
These were reported by Ferrara et al. (2016), the latter being 
a direct derivative of QNO and the former being the top 

evaluated compound for Ferrara’s research group. Tables 
listing the top 10 compounds for each library can be found 
in supplementary materials.

The common characteristics present in derivatives with 
the most affinity toward FhCatL are bulky groups, aliphatic, 

Fig. 4  Top quinoxaline-1,4-di-N-oxide derivatives from each library with the highest binding affinity and the highest number of interactions of 
interest for TvTIM; bold identifiers represent the compounds chosen for molecular dynamic testing
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aromatic, and heterocyclic, halogenated substituents, and 
protonable amines, in both the open chain and cyclic sec-
ondary amines. As it may be observed, most characteristics 
are hydrophobic; still, there is a presence of polar substitu-
ents such as protonable amine, nitro, and hydroxyl groups 
which suggest that the binding site can interact with both 
hydrophobic and hydrophilic substituents, which is congru-
ent with a protease which may need to interact with both 
simultaneously.

FhCatL interaction analysis

Analysis of the interactions of top scored QNO derivatives 
from the three tested libraries shows most derivatives inter-
act with the identical residues: Val47 (67%), Tyr49 (77%), 
Glu230 (77%), Asp232 (73%), and Gln244 (83%), for the 
first three mainly hydrophobic interactions, for Asp232 and 
Glu244, about half hydrophobic half hydrogen bond interac-
tions. Three of these five predominant interactions observed 
for QNO derivatives are shared with the binding poses of 
two reported inhibitors C17 and C34 at the site determined 
by blind docking: Val47, Asp232, and Gln244. As this study 
was carried out on the site determined by blind docking 

(Fig. 6), there is no direct comparison with previous stud-
ies. Still, it is noteworthy that most interactions were shared 
among the different chemical libraries tested, emphasizing 

Fig. 5  Representative interac-
tions with triosephosphate 
isomerase for the libraries 
analyzed by molecular docking: 
top left literature, top right 
PubChem, and bottom ZINC15: 
dotted black line hydrophobic 
interaction, solid blue line 
hydrogen bond, dotted orange 
line π-cation interaction, and 
solid cyan line halogen interac-
tion

Fig. 6  The docking site on FhCatL was found by blind docking of a 
sample series of QNO derivatives and used for further site-directed 
docking studies of all tested quinoxaline derivatives
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the preference that these types of derivatives have with the 
found site. A compilation of the observed interactions is 
presented in Fig. 7. Representative interaction visual repre-
sentation may be observed in Fig. 8.

Molecular dynamic simulations

Molecular dynamic simulation was carried out for the cho-
sen derivatives, considering the filtering process of the 

Fig. 7  Top quinoxaline-1,4-di-N-oxide derivatives from each library with the highest binding affinity and the highest number of interactions of 
interest for FhCatL; bold identifiers represent the compounds chosen for molecular dynamics testing
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top ten compounds based on their interaction profile and 
structural similitude. Seven compounds were chosen for 
TcTR/HsGR analysis, six for TvTIM/HsTIM, and nine com-
pounds for FhCatL/HsCatL; compounds are identified with 
bold labels in Figs. 2, 4, and 7 for TcTR, TvTIM, and FhCatL 
respectively.

TcTR/HsGR

RMSD analysis

A full list of RMSD fluctuation values and graphs may be 
consulted in the supplementary material. Figure 9a shows 
the RMDS fluctuations for the most stable quinoxaline-TcTR 
complexes: Zn_C38-TcTR complex, Lit_C777-TcTR, and 
free TcTR. The most stable complex Zn_C38-TcTR had a 
maximum fluctuation of 6.03 Å with a mean of 4.11 ± 0.47 Å 
as opposed to 2.42 Å with a mean of 1.77 ± 0.14 Å for 
free TcTR, whereas Lit_C777-TcTR complex had a maxi-
mum fluctuation of 9.89 Å with a mean of 5.30 ± 1.64 Å. 
Both complexes show that at the last 40 ns their fluctua-
tions neared 4–5 Å, the least fluctuation observed for these 
dynamics. Figure 9b shows the HsGR counterpart for these 
compounds’ dynamics: Zn_C38-HsGR complex, Lit_C777-
HsGR, and free HsGR. Zn_C38-HsGR complex had maxi-
mum fluctuation of 7.8 Å with a mean of 3.72 ± 0.57 Å, as 
opposed to 3.11 Å with a mean of 2.45 ± 0.39 Å for free 

HsGR, whereas Lit_C777-HsGR complex had a maximum 
fluctuation of 6.08 Å with a mean of 4.72 ± 0.40 Å. Aside 
from a spike within the first 10 ns of the Zn_C38-HsGR 
complex dynamics, the RMSD fluctuates very little from 3 to 
4 Å the remaining dynamic. The Lit_C777-HsGR complex 
fluctuates most of the dynamic between 5 and 6 Å. Analysis 
of RMSD values obtained for TcTR and HsGR complexes 
showed that all HsGR-ligand complexes were more stable 
than TcTR-ligand complexes.

RMSF analysis

A full list of RMSF fluctuation values and graphs may 
be consulted in the supplementary material. Figure 10a 
shows RMSF fluctuations for quinoxaline-TcTR com-
plexes: Zn_C38-TcTR complex, Lit_C777-TcTR, and 
free TcTR, and Fig. 10b shows quinoxaline-HsGR com-
plexes: Zn_C38-HsGR complex, Lit_C777-HsGR, and 
free HsGR. RMSF graphs for TR and GR show minor 
fluctuations located at loop regions prone to fluctuations. 
Still proteins remain mostly stable through the dynamics 
suggesting that ligand interaction did not considerably 
affect the protein.

The most notable observation may be attributed to 
the RMSF for HsGR at about residues 318–368, where 
it may be observed that both ligand–protein complexes, 
Lit_C777 and Zn_C38, have a slightly lower RMSF than 

Fig. 8  Representative interac-
tions with cathepsin L for the 
libraries analyzed by molecular 
docking: top left literature, 
top right ZINC15, and bottom 
PubChem: dotted black line 
hydrophobic interaction, solid 
blue line hydrogen bond, and 
dotted orange line π-cation 
interaction
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protein alone, suggesting a more stable position of the 
residues during analysis of the dynamics, again indicat-
ing that it is predicted that this type of compounds may 
behave with a slight preference toward human GR.

The radius of gyration analysis

A full list of radius of gyration values and graphs may 
be consulted in the supplementary material. Figure 11a 
shows the radius of gyration for Lit_C777-TcTR and Zn_
C38-TcTR complexes, and Fig. 11b shows the radius of 
gyration for Lit_C777-HsGR and Zn_C38-HsGR com-
plexes. Complexes remain stable throughout the 120 ns of 
molecular dynamics with minimal fluctuation; comparing 
receptor to complexes, there is not a significant differ-
ence which suggests that protein remains compact in its 
dynamics, meaning that any RMSD fluctuations are due 
to ligand binding instability not protein derived.

Contact analysis of trajectory

The residue interaction frequency and the ligand-residue 
interaction mapping observed for the last third of the dynam-
ics’ trajectory with TcTR/HsGR for Lit_C777 and Zn_C38 
are presented in Figs. 12 and 13, respectively.

Interaction analysis provides a clearer picture as to where 
the ligand moved toward to complement the RMSD analy-
sis. As it may be observed in Fig. 12, the most common 
interactions held by Lit_C777 during the last 40 ns of the 

molecular dynamics’ trajectory include residues belonging 
to the denominated Z-site: Pro398, Leu399, and γ-Glu-site 
Glu466 and His461, being this last residue part of the cata-
lytic triad for TcTR. The interactions with the Z-site were 
mapped to the pyrazine portion of the quinoxaline ring and 
an N–O group; in the case of the γ-Glu-site, Glu466 hydro-
gen bonding occurs with the amide group present in the link-
ing chain between the quinoxaline and the indole ring while 
His461 interacts with the sulfur atom in the middle of this 
same linking chain. This binding pattern may be considered 
akin to the binding of  TS2 as hydrophobic residue host of the 
mostly hydrophobic portion of the ligand and a sulfur atom 
is oriented toward the His461 residue. These results further 
support the hypothesis that Lit_C777 has the potential to 
behave as a TcTR inhibitor as the predicted interactions for 
4000 frames point toward the blocking of important residues 
for the binding and catalysis of the natural ligand  TS2. Fur-
ther analyzing the types of interactions that may be observed 
for this ligand, it was calculated that Lit_C777 holds in an 
average of 2.387 hydrogen bonds per frame; a graph of the 
number of hydrogen bonds over the full length of the dynam-
ics’ trajectory may be consulted in supplementary material. 
Under the same type of analysis and during the same trajec-
tory portion of the molecular dynamics’ simulation Zn_C38 
shows interactions with residues belonging to hydrophobic 
cleft: Tyr11, Z-site: Leu399, and with two residues belong-
ing to the catalytic triad: His461 and Cys58. For this ligand, 
it may be observed that the interaction mapping includes 
multiple hydrophobic interactions along the quinoxaline ring 
analog and the phenylpiperazine group oriented toward the 

Fig. 9  RMSD graph for 
fluctuations overtime for TcTR 
and HsGR. a fluctuation of 
Lit_C777-TcTR (0.69–9.89 Å), 
Zn_C38-TcTR (0.38–6.03 Å), 
and free TcTR (0.32–2.42 Å); b 
Lit_C777-HsGR (0.72–6.08 Å), 
Zn_C38-HsGR (0.51–7.8 Å), 
and free HsGR (0.33–3.11 Å)
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catalytic triad where it interacts with His461 and Cys58. 
As such, this ligand shows a high potential to act as a TcTR 
inhibitor, as it may potentially block two crucial ligands for 
its functioning. In the case of Zn_C38, the hydrogen bond 

analysis showed that it has an average of 0.818 hydrogen 
bonds per frame which can be attributed to the low num-
ber of polar bonds present in the molecule. Supplementary 
material may be consulted for full trajectory graph.

Fig. 11  a Radius of gyration 
graph for Lit_C777-TcTR and 
Zn_C38-TcTR complexes. b 
Radius of gyration graph for 
Lit_C777-HsGR and Zn_C38-
HsGR complexes

Fig. 10  a RMSF graph for 
fluctuations overtime for Lit_
C777-TcTR and Zn_C38-TcTR 
complexes. b RMSF graph 
for fluctuations overtime for 
Lit_C777-HsGR and Zn_C38-
HsGR complexes, blue spiral 
(alpha helix), green triangle 
(beta sheet), and in between 
space (loop)
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As for assessing selectivity, the behavior observed for 
Lit_C777 resembles closely the interaction pattern observed 
for this ligand on TcTR; two highly frequent interactions 
occur with residues which 3D align to TcTR Z-site resi-
dues,  Leu399TcTR-Met406HsGR and  Phe396TcTR-Phe403HsGR, 
hydrophobic cleft residues  Tyr111TcTR-Tyr114HsGR, 
and  Trp22TcTR-Arg37HsGR, and γ-Glu-site residues 
 Glu467TcTR-Glu473HsGR, and  His461TcTR-His467HsGR (a 
catalytic triad residue). The interaction mapping is distinct 
to its binding to TcTR; in this case, indole ring holds the 
Z-site interactions, and the quinoxaline ring interacts at 
the hydrophobic cleft; the interaction of His467 is main-
tained at the sulfur atom in the middle of the linking chain. 
Thus, it was suggested that Lit_C777 may act as an inhibi-
tor for both proteins. The hydrogen bond number analysis 
for Lit_C777 on HsGR shows an average of 1.125 hydro-
gen bonds per frame, slightly less than half of what was 
observed for the TcTR simulation which may suggest that 
TcTR is still a better target for Lit_C777 than HsGR. A 
similar interaction pattern was observed for Zn_C38, where 
this ligand is predicted to interact with residues which 3D 
align with residues belonging to the hydrophobic cleft of 
TcTR,  Trp22TcTR-Arg37HsGR,  Tyr111TcTR-Tyr114HsGR, and 
 Met114TcTR-Asn117HsGR, Z-site  Leu399TcTR-Met406HsGR, 

and catalytic residue  His461TcTR-His467HsGR; in this case, 
only one of three catalytic residues as opposed to the inter-
actions is seen for Zn_C38 on TcTR which holds two such 
interactions. Like the contrasting mapping of interactions 
for Lit_C777 with both proteins, the mapping of Zn_C38 for 
HsGR shows this reverse interaction map, where phenylpip-
erazine group and part of the quinoxaline ring hold hydro-
phobic interactions and orient the quinoxaline ring toward 
the vicinity of the catalytic triad which permit the interac-
tion of His467 with this ring. As for the hydrogen bond, 
number analysis for Zn_C38 on HsGR shows an average 
of 0.109 hydrogen bonds per frame, nearly inexistent about 
eight times less than what was observed for TcTR, which 
may suggest that TcTR is still a better target for Zn_C38 
than HsGR. Altogether, these predicting analyses suggest 
that though these interacting behaviors seem unselective, 
there is still a higher tendency toward TcTR over HsGR.

MMPBSA

ΔGbinding for each complex, as calculated by the MMPBSA 
method, is presented in Table 2. It may be observed that in both 
cases, quinoxaline derivatives are scored with higher affinity 
toward TcTR over HsGR, strengthening the notion that these 

Fig. 12  Interaction frequencies and ligand-residue interaction map for MD simulations of TcTR complexes
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derivatives may be candidates for TcTR inhibition. As it may be 
observed in Fig. 14, for Lit_C777, the same three equivalent res-
idues have a repulsive energy contribution to these interactions: 
Glu466|472, Glu467|473, and Lys62|67 for TcTR|HsGR, respec-
tively. Still, in the case of attractive contributions for Lit_C777 
on HsGR, these are in the hydrophobic cleft, whereas for TcTR 
at the Z-site and even with catalytic residue His461. In the case 
of Zn_C38, the energy contribution for the residues participating 
in the binding of the ligand to the protein has a similar pattern 
for both TcTR and HsGR. In both cases, a charged amino acid 
residue acts as a source of repulsive energy contribution, and 
mainly aliphatic residues act as attractive energy contributors. 
The difference resides in the location of these participating resi-
dues. In the case of HsGR, it is solely at the hydrophobic cleft 
region, and for TcTR, it involves not only aliphatic residues but 
also charged residue Glu466 part of the γ-Glu site near catalytic 

residue His461. This energy distribution analysis adds support 
to the prediction that both these compounds can act as TcTR 
inhibitors preferred over HsGR.

TvTIM/HsTIM

RMSD analysis

A full list of RMSD fluctuation values and graphs may be 
consulted in the supplementary material. Figure 15a shows 
the RMDS fluctuations for the most stable quinoxaline-TvTIM 
complexes: Lit_C208-TvTIM complex, Zn_C76-TvTIM, and 
free TvTIM. The most stable complex Lit_C208-TvTIM had a 
maximum fluctuation of 9.82 Å, with a mean of 6.38 ± 1.84 Å 
as opposed to 2.47 Å with a mean of 1.84 ± 0.19 for free 

Fig. 13  Interaction frequencies and ligand-residue interaction map for MD simulations of HsGR complexes

Table 2  Binding energy 
components for TcTR and 
HsGR complexes with Lit_
C777 and Zn_C38 in kcal/mol

ΔEelec ΔEvdW ΔGpolar ΔGnonpolar ΔGbinding

TcTR_Lit_C777  − 20.38 ± 0.34 –61.89 ± 0.33 60.25 ± 0.5 –5.46 ± 0.02 –27.48 ± 0.27
HsGR_Lit_C777 –15.24 ± 0.24 –50.76 ± 0.27 50.12 ± 0.49 –4.89 ± 0.03 –20.77 ± 0.31
TcTR_Zn_C38 –5.8 ± 0.1 –45.24 ± 0.25 21.74 ± 0.2 –4.76 ± 0.02 –34.07 ± 0.26
HsGR_Zn_C38 –3.89 ± 0.1 –44.11 ± 0.21 21.09 ± 0.2 –4.56 ± 0.02 –31.47 ± 0.21
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Fig. 14  Per-residue energy contribution for TcTR and HsGR complexes (chain A green, chain B orange)
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TvTIM, whereas Zn_C76-TvTIM complex had a maximum 
fluctuation of 19.8 Å with a mean of 13.29 ± 3.87 Å. For 
Lit_C208 beyond 15 ns, fluctuation spikes and remains fluc-
tuating around 8 Å, and Zn_C76 remains going further as 
the dynamic’s simulation progresses until reaching nearly 
20 Å. As for the counterpart in Fig. 15b, Lit_C208-HsTIM, 
it spikes and remains fluctuating beyond 20 Å with a mean 
of 23 ± 2.80 Å. On the other hand, Zn_C76-HsTIM remains 
fluctuating with an RMSD around 4 Å with a maximum fluc-
tuation of 4.05 Å with a mean of 3.28 ± 0.18 Å, as opposed 
to free HsTIM with a maximum fluctuation of 2.76 Å with 
a mean of 1.80 ± 0.32 Å. All but one compound showed a 
more stable complex for the human homolog rather than the 
target parasite protein, suggesting a possible inhibition favored 
toward the host rather than the pathogen.

RMSF analysis

A full list of RMSF fluctuation values and graphs may be con-
sulted in the supplementary material. Figure 16a shows RMSF 
fluctuations for quinoxaline-TvTIM complexes: Zn_C76-TvTIM 
complex, Lit_C208-TvTIM, and free TvTIM. Complex behav-
ior resembles that of the receptor alone. The fluctuation seen is 
located at a loop region around residues 67–77. Still, it is more 
pronounced that fluctuations seen in the receptor alone warrant 
further study at determining such pronounced fluctuation. Simi-
larly, fluctuations around residues 127–142 and 217–227 can be 
observed in regions of alpha-helix secondary structure which 
deems them even more important since these regions do not 
have as high a fluctuation pattern as loop regions. Altogether, 

indicating that the observation of the RMSD being unstable is 
confirmed by this instability in RMSF.

Figure 16b shows quinoxaline-HsTIM complexes: Zn_C76-
HsTIM complex, Lit_C208-HsTIM, and free HsTIM. In the 
case of HsTIM, there are similar fluctuations as compared to the 
receptor alone. Still, it is possible to note that for the most sta-
ble complex with Zn_C76 there are instances of both decreased 
stabilities as is the case of the region around residues 133–143, 
as well as increased stability as in the case of regions around 
residues 168–178 and 208–223. The case of decreased stability 
is in the alpha helix region, and the increased stability in the 
loop-alpha helix regions.

The radius of gyration analysis

A full list of radius of gyration values and graphs may be con-
sulted in the supplementary material. Figure 17a shows the 
radius of gyration for Lit_C208-TvTIM and Zn_C76-TvTIM 
complexes, and Fig. 17b shows the radius of gyration for Lit_
C208-HsTIM and Zn_C76-HsTIM complexes. Complexes 
remain stable throughout the 120 ns of molecular dynamics with 
a minimal fluctuation; comparing receptor to complexes, there 
is not a major difference which suggests that protein remains 
compact in its dynamics, meaning that any RMSD fluctuations 
are due to ligand binding instability not protein derived.

Contact analysis of trajectory

The residue interaction frequency and the ligand-residue 
interaction mapping observed for the last third of the 

Fig. 15  RMSD graph for fluctu-
ations overtime for TvTIM and 
HsTIM. a fluctuation of Lit_
C208-TvTIM (0.57–9.82 Å), 
Zn_C76-TvTIM (0.59–19.8 Å), 
and free TvTIM (0.29–2.47 Å); 
b Lit_C777-HsTIM (0.74–
28.52 Å), Zn_C38-HsTIM 
(0.68–4.05 Å), and free HsTIM 
(0.32–2.76 Å)
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dynamics’ trajectory with TvTIM/HsTIM for Lit_C208 and 
Zn_C76 are presented in Figs. 18 and 19.

Interaction analysis provides a clearer picture as to 
where the ligand moved toward to complement the RMSD 
analysis. As it may be observed in Fig. 18, the most com-
mon interactions present for Lit_C208 during the last 

40 ns of the molecular dynamics’ simulation include two 
residues of importance: His94 and Glu96, the former part 
of the catalytic dyad and the latter reported to play an 
important role in the catalytic activity even if not partici-
pating actively. The mapping of the observed interactions 
places the quinoxaline N–O bond interacting with Glu96 

Fig. 16  a RMSF graph for fluc-
tuations overtime for Lit_C208-
TvTIM and Zn_C76-TvTIM 
complexes; b RMSF graph 
for fluctuations overtime for 
Lit_C208-HsTIM and Zn_C76-
HsTIM complexes, blue spiral 
(alpha helix), green triangle 
(beta sheet), and in between 
space (loop)

Fig. 17  a Radius of gyration 
graph for Lit_C208-TvTIM and 
Zn_C76-TcTIM complexes. b 
Radius of gyration graph for 
Lit_C208-HsTIM and Zn_C76-
HsTIM complexes
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and the ring of the nitrophenyl group oriented toward the 
His94; additionally Asn9, which is near Lys11, the sec-
ond catalytic residue, is mapped to interact with the nitro 
group. This information gathered from 4000 frames over 
a span of 40 ns supports the hypothesis that Lit_C208 
may act as a TvTIM inhibitor by blocking the access of 
the natural ligand to the catalytic residues. The hydrogen 
bond count for the molecular dynamics’ simulation aver-
ages 3.458 hydrogen bonds per frame which suggests a 
high potential to remain bound and behave as an inhibitor 
if such bonds are formed with residues of importance, 
in this case Glu96 is predicted to hold such interaction. 
As for Zn_C76, all interactions observed for this ligand 
over the last 40 ns are far away from any TvTIM catalytic 
residue making the predicted inhibitory potential for this 
ligand very low. Hydrogen bond number analysis for this 
ligand shows that it holds an average of 0.954 hydrogen 
bonds per frame, which suggests a low stability potential.

As for selectivity toward  TvTIM over  HsTIM, while 
Lit_C208 holds a trajectory that permits interactions with 
one of two catalytic residues for TvTIM, this ligand holds 

a trajectory for HsTIM that does not permit any interaction 
with residues in the vicinity of the catalytic dyad. It holds 
an average of 3.342 hydrogen bonds per frame, but these are 
with residues away from the catalytic dyad, thus suggesting 
a low potential to HsTIM inhibition. Conversely, Zn_C76 for 
TvTIM holds all its interactions far from the catalytic dyad, 
for HsTIM the most common observed interaction is Lys13, 
which is the 3D aligned corresponding residue to TvTIM 
catalytic dyad residue Lys11, making this ligand a potential 
inhibitor but for HsTIM not TvTIM. The average number of 
hydrogen bonds made by Zn_C76 with HsTIM is 2.919; still 
most of these are away from catalytic residues. The groups 
responsible for the favorable interactions with catalytic resi-
due Lys13 and nearby residues are the quinoxaline ring as it 
may be observed in Fig. 19.

MMPBSA

The ΔGbinding observed for Lit_C208 as calculated for 
MMPBSA, as presented in Table 3, showed that the affinity 
for this ligand is better toward TvTIM over HsTIM, which 

Fig. 18  Interaction frequencies and ligand-residue interaction map for MD simulations of TvTIM complexes
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further emphasizes the potential that it possesses to behave 
as a TvTIM inhibitor. The per-residue energy decomposition 
showed that the main residues providing attractive energy 
include Glu96, Glu166, and Glu63 which surround the 
catalytic dyad; Lys11 provides a strong repulsive contribu-
tion and His94 only very slightly attractive which is con-
sistent with the interaction pattern observed for this ligand, 
which is still in line with its potential as a TvTIM inhibitor. 
MMPBSA analysis with Lit_C208 on HsTIM shows that 
the main attractive contributions are with residues Glu145, 
Asp106, Asp132, Asp152, and Glu104 which point away 
from the catalytic residues, which provide further support 
towards the hypothesis of selective inhibition of TvTIM. 
Conversely, Zn_76 shows a binding energy slightly favor-
ing HsTIM. Additionally, the residues contributing attrac-
tion for the binding of Zn_C76 in TvTIM are away from the 

catalytic dyad. On the other hand, the residues contributing 
attraction for Zn_C76 on HsTIM point toward the catalytic 
dyad, thus suggesting that Zn_C76 may potentially act as 
a HsTIM inhibitor instead of TvTIM; Fig. 20 shows the most 
highly contributing residues both for attraction and repulsion 
for Zn_C76; Lit_C208 may be consulted in Supplementary 
material as MMPBSA predicted many contributing residues 
that are thus unable to be properly displayed in a small figure.

FhCatL/HsCatL

RMSD analysis

A full list of RMSD fluctuation values and graphs may 
be consulted in the supplementary material. Figure 21a 
shows the RMSD f luctuations for the most stable 

Fig. 19  Interaction frequencies and ligand-residue interaction map for MD simulations of HsTIM complexes

Table 3  Binding energy 
components for TvTIM and 
HsTIM complexes with Lit_
C208 and Zn_C76 in kcal/mol

ΔEelec ΔEvdW ΔGpolar ΔGnonpolar ΔGbinding

TvTIM_Lit_C208 –196.95 ± 1.57 –12.77 ± 0.38 139.78 ± 1.2 –2.85 ± 0.01 –72.76 ± 0.64
HsTIM_Lit_C208 –263.52 ± 1.56 –7.52 ± 0.35 203.27 ± 1.31 –2.77 ± 0.02 –70.57 ± 0.73
TvTIM_Zn_C76 –9.96 ± 0.29 –32.5 ± 0.32 26.42 ± 0.5 –3.3 ± 0.03 –19.33 ± 0.37
HsTIM_Zn_C76 –16.47 ± 0.13 –37.12 ± 0.18 37.79 ± 0.25 –3.85 ± 0.01 –19.64 ± 0.26
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Fig. 20  Per-residue energy con-
tribution for TvTIM and HsTIM 
complexes (chain A green, 
chain B orange)

Fig. 21  RMSD graph for 
fluctuations overtime for 
FhCatL and HsCatL. a Fluc-
tuation of Lit_C388-FhCatL 
(0.57–15.22 Å) and free FhCatL 
(0.31–1.97 Å); b Lit_C388-
HsCatL (0.94–5.32 Å) and free 
HsCatL (0.44–2.67 Å)

quinoxaline-FhCatL complex: Lit_C388-FhCatL com-
plex had a maximum fluctuation of 15.22 Å, with a mean 
of 12.54 ± 2.00 Å and all other complexes higher than 
20 Å maximum fluctuation, as opposed to free FhCatL 
which had a maximum fluctuation of 1.97 Å with a mean 
of 1.56 ± 0.14 Å. The fluctuation for this complex spike 
around 8 ns and it remains fluctuating between 12 and 
15 Å. As for the case of HsCatL Fig. 21b, the fluctua-
tion for the Lit_C388-HsCatL complex had a maximum 

fluctuation of 5.32 Å with a mean of 2.78 ± 0.38 Å, and for 
the HsCatL free protein, it showed a maximum fluctuation 
of 2.67 Å with a mean of 1.99 ± 0.32 Å. From all tested 
proteins, this protein shows the least potential to be inhib-
ited by quinoxaline derivatives. A possible explanation for 
this unstable behavior is that the site that was found by 
blind docking is a very superficial site structurally com-
posed mainly of loops, which by themselves are already 
unstable structures.
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RMSF analysis

Figure 22a shows RMSF fluctuations for all complexes 
with FhCatL; this shows fluctuations at loop regions near 
residues 70–80 and 85–95 for complexes with compounds 
Lit_C654, PC_C655, and Zn_C90, a second loop region 
with high fluctuation occurred near residues 170–190 for 
complexes with compounds Lit_C388 and Zn_C12. Fur-
ther analysis may permit a better understanding of the rea-
soning behind the effect.

Figure 22b focuses solely on the most stable complex 
formed with compound Lit_C388; it is possible to notice 
that for the most part the RMSF is unchanged from its 
apo state, which suggest minimal interference from the 
docked ligand. Still, it is possible to note that around 
residues 170–190, there is a considerable spike in the 
RMSF, which suggests a notorious increase instability 
for residues distant from the initial docking pose, which 

coincide with the high RMSD observed for this ligand 
complex. Figure 22c shows the fluctuation for Lit_C388-
HsCatL, like the FhCatL; the fluctuations are minimal in 
comparison to the apo protein; still it is possible to note a 
major fluctuation in the region around residues 91–101.

The radius of gyration analysis

A full list of radius of gyration values and graphs may be 
consulted in the supplementary material. Figure 23a shows 
the radius of gyration for FhCatL-Lit_C388 complex; sim-
ilarly, Fig. 23b shows the radius of gyration for HsCatL-
Lit_C388. Complexes remain stable throughout the 120 ns 
of molecular dynamics with a minimal fluctuation; com-
paring receptors to complexes, there is not a major differ-
ence which suggests that protein remains compact in its 
dynamics, meaning that any RMSD fluctuations are due to 
ligand binding instability not protein derived.

Fig. 22  a RMSF graph for 
fluctuations overtime for all 
FhCatL-ligand complexes, b 
RMSF graph for Lit_C388-
FhCatL complex, and c Lit_
C388-HsCatL complex
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Contact analysis of trajectory

The residue interaction frequency and the ligand-residue interac-
tion mapping observed for the last third of the dynamics’ trajec-
tory with FhCatL/HsCatL for Lit_C388 are presented in Fig. 24.

Interaction analysis provides a clearer picture as 
to where the ligand moved toward to complement the 
RMSD analysis. As it may be observed in Fig. 24, the 

most common interactions for Lit_C388 fail to occur with 
residues near the known catalytic dyad Cys25-His163 
(HsCatL) and Cys116-His253 (FhCatL). In the case of 
FhCatL residues, Gln242, Ser243, and Gln244 are near 
His253 but point away from the catalytic dyad. A simi-
lar situation occurs for residues Ser157 and Ser158 in 
HsCatL which are near catalytic residue His163 but point 
away from the catalytic dyad. In this case, Lit_C388 does 

Fig. 23  Graphs for the radius 
of gyration for Lit_C388-
FhCatL and Lit_C388-HsCatL 
complexes in comparison to 
receptors alone

Fig. 24  Interaction frequencies 
and ligand-residue interaction 
map for MD simulations of 
FhCatL/HsCatL complexes
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not show a high potential to behave as inhibitors of either 
protein, parasite, or human. The hydrogen bond count for 
FhCatL and HsCatL is 0.089 and 0.01 hydrogen bonds 
per frame, respectively, which suggests low binding sta-
bility potential. Still, there exists a proximity between 
the predicted pose and the catalytic dyad, and there are 
antecedents of this type of compounds behaving as cath-
epsin L inhibitors may be worth continuing to explore 
their inhibitory potential (Fig. 25).

MMPBSA

The ΔGbinding as calculated by MMPBSA as presented 
in Table 4 shows that Lit_C388 binds with more affin-
ity toward FhCatL over HsCatL. Though its inhibitory 
potential is low, this calculated binding energy suggests 
that if inhibition occurs a preference toward parasite over 
human may be expected. A single residue with an attrac-
tive contribution beyond − 0.9 kcal/mol was calculated 
for Lit_C388 when bound to FhCatL, which occurs with 
Met294, a residue pointing toward the catalytic dyad but 
about 9 Å away from His253. In the case of the binding 
with HsCatL, two residues overcame the 0.9 kcal/mol 
threshold one with a repulsive contribution, Glu153, and 
one with an attractive contribution Pro154, both of which 
point away from the catalytic dyad, still suggesting a 
higher potential for Lit_C388 toward FhCatL.

Conclusions

In this study, a series of 1851 QNO derivatives obtained 
from different chemical libraries were analyzed against three 
parasite targets TcTR, TvTIM, and FhCatL and their human 
homologs HsGR, HsTIM and HsCatL.

For TcTR/HsGR analysis, both top scored QNO 
derivatives Lit_C777 and Zn_C38 show a high potential 
to behave as TcTR inhibitors. The interactions profile 
obtained from the molecular dynamics’ trajectory for 
both tested ligands are similar for parasite and human 
proteins. Still, they show a preference for TcTR over 
HsGR as per MMPBSA binding energy calculation and 
higher hydrogen bond count for parasite protein over 
human protein and both ligands having attractive energy 
contributions with residues near the catalytic triad.

For TvTIM/HsTIM analysis, Lit_C208 showed the 
highest potential to inhibit TvTIM selectively, as it 
holds an interaction pattern, obtained from the molecu-
lar dynamics’ trajectory, that includes His94, a residue 
from the catalytic dyad, while it interacts away from the 
catalytic dyad in HsTIM. Similarly, as per MMPBSA 
calculation, it possesses a higher binding affinity toward 
parasite over the human protein, and the residues that 
provide attractive contribution point toward the cata-
lytic dyad of TvTIM, whereas an opposite behavior is 
seen for HsTIM. Conversely, Zn_C76 showed a potential 

Fig. 25  Per-residue energy 
contribution for FhCatL and 
HsCatL complexes

Table 4  Binding energy 
components for FhCatL and 
HsCatL complexes with Lit_
C388 in kcal/mol

ΔEelec ΔEvdW ΔGpolar ΔGnonpolar ΔGbinding

FhCatL_Lit_C388 –1.72 ± 0.12 –33.16 ± 0.25 19.68 ± 0.28 –3.26 ± 0.02 –18.46 ± 0.23
HsCatL_Lit_C388 –0.53 ± 0.18 –34.8 ± 0.19 22.01 ± 0.32 –2.94 ± 0.02 –16.26 ± 0.34
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to inhibit HsTIM, as per its interaction profile which 
includes Lys13, a residue from the catalytic dyad, though 
as per MMPBSA per-residue energy contribution it 
shows this interaction to be a repulsive contribution.

It was possible to find through blind docking strategy 
of 20 randomly picked quinoxaline derivatives a docking 
site for QNO derivatives on the FhCatL crystal, which 
was used for further docking studies.

For FhCatL/HsCatL analysis, Lit_C388 shows low 
potential to behave as an inhibitor, as it shows an inter-
action pattern, obtained from the molecular dynamics’ 
trajectory, which does not hold any interactions near the 
catalytic dyad. As per MMPBSA residue contribution 
a single residue is about 9 Å away from catalytic dyad, 
and that is oriented toward the catalytic cavity provides 
an attractive energy contribution, Met294. On the other 
hand, the residues contributing in HsCatL both point 
away from catalytic dyad.

Altogether, this study permitted going from a broad 
range of quinoxaline derivatives using in silico tools 
selects a concise set of potentially useful molecules that 
may behave as inhibitors of their intended targets, which 
can then be tested in vitro to corroborate this proposed 
activity.

Supplementary Information The online version contains sup-
plementary material available at https:// doi. org/ 10. 1007/ 
s00894- 023- 05579-4.
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