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BACKGROUND Owing to increased spending on pharmaceuticals since 2010, discussions about rising costs for the develop-
ment of new medical technologies have been focused on the pharmaceutical industry. Computational techniques have been 
developed to reduce costs associated with new drug development. Among these techniques, virtual high-throughput screening 
(vHTS) can contribute to the drug discovery process by providing tools to search for new drugs with the ability to bind a spe-
cific molecular target.

OBJECTIVES In this context, Brazilian malaria molecular targets (BraMMT) was generated to execute vHTS experiments on 
selected molecular targets of Plasmodium falciparum.

METHODS In this study, 35 molecular targets of P. falciparum were built and evaluated against known antimalarial compounds.

FINDINGS As a result, it could predict the correct molecular target of market drugs, such as artemisinin. In addition, our 
findings suggested a new pharmacological mechanism for quinine, which includes inhibition of falcipain-II and a potential new 
antimalarial candidate, clioquinol.

MAIN CONCLUSIONS The BraMMT is available to perform vHTS experiments using OCTOPUS or Raccoon software to improve 
the search for new antimalarial compounds. It can be retrieved from www.drugdiscovery.com.br or download of Supplementary data.

Key words: docking - virtual screening - structure based drug design and bioinformatics.

Innovations in health science have resulted in dras-
tic changes in the ability to treat disease, improving 
the quality of human life. Since the late 1990s, phar-
maceutical spending has grown faster than other major 
components of the health care system. Consequently, 
discussions on the increased costs to develop new medi-
cal technologies have been increasingly focused on the 
pharmaceutical industry.

Among new technologies, bioinformatics tools have 
been highlighted with the creation of several data banks. 
These data banks have contributed to the drug discovery 
process providing tools to search for new drugs able to 
bind to specific molecular targets. The molecular target 
is often associated with enzymes, receptors, or other 
proteins that can be altered by an external stimulus.(1) 
In this context, banks such as the Protein Data Bank 
(PDB), Tropical Disease Research (TDR), ChEMBL, 
ZINC database, and PlasmoDB are dedicated to describ-

ing the molecular target information. In contrast, the 
Zinc database, DrugBank, and PubChem are address-
ing to the ligand information. The ChEMBL provides 
information about targets and ligands and their integra-
tion with each other. PDB is a data bank with more than 
100,000 macromolecules, including proteins and nucleic 
acids. The TDR database (http://tdrtargets.org) is an on-
line resource to facilitate the identification and selection 
of molecular targets for drug development, focusing on 
pathogens responsible for neglected human diseases.(2) 
Similarly, PlasmoDB is a database that provides genetic 
and functional information, as well as evidence of tran-
scription, proteomics, protein function, and evolution. 
Furthermore, ligands can be obtained from databases in 
different file formats, such as mol2 and PDB, or their 3D 
structures can be generated using programs and databas-
es, such as MarvinSketch, ZINC database, GaussView, 
Molden, Drugbank, and PubChem.

Many drugs studied in clinical trials fail and are not 
approved for use in humans. An alternative to overcome 
this situation is the use of computer-assisted drug design 
(CADD) for rational development of new drugs.(3) Molec-
ular modeling techniques have been used in the discovery 
of novel drugs as their applications have shown efficiency 
in several stages of the rational planning process.(4) CADD 
uses many computational techniques to discover, design, 
and search for biologically active compounds.

Through computer methods, pharmaceutical compa-
nies have introduced new drugs in the market. Among 
the most successful cases are the development of imuno-
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deficiency virus (HIV) protease inhibitors.(5) HIV-1 pro-
teases inhibitors were identified using techniques such 
as pharmacophore standard molecular docking and mo-
lecular dynamics (MD), which is a structure-based drug 
design approach (SBDD). Another successful case was 
the development of sialidase enzyme inhibitors of the in-
fluenza virus, which were identified by rational design 
based on the crystallographic structure of the enzyme. 
These studies led to the release of Zanamivir, an Food 
and Drug Administration (FDA)-approved drug in 1999, 
used to treat infections caused by influenza viruses.(6) 
In addition, potent inhibitors for the treatment of tuber-
culosis were discovered using ligand-based drug design 
(LBDD) and MD methods.

These exemplars show that CADD methods are use-
ful to identify and select molecules able to interact with 
high affinity and selectivity against a specific molecu-
lar target. In summary, two strategies have been used 
in CADD projects, LBDD and SBDD. As both strate-
gies require an extensive discussion, only SBDD will be 
highlighted in this manuscript. Among SBDD methods, 
molecular docking, highlighted by its practice, is fast and 
has low computation cost. The docking between ligand 
and the molecular target is the first step in any cell signal-
ing pathway.(7) In this context, programs are used to in-
sert the ligand into the target binding site to find the best 
conformation, predicting the intermolecular interaction 
between the ligand-receptor and estimating its affinity.(8) 
The docking method can be applied to hundred or thou-
sand compounds against a specific molecular target. In 
this study, docking is referred to as target-based virtual 
screening (TBVS). In addition, TBVS can be evaluated 
against several molecular target data banks to predict the 
molecular target of ligands, similar to high-throughput 
screening (HTS) experiments. Virtual screening (VS) 
became widely used in 1990 during the initial phases of 
research into the drug discovery process for the iden-
tification and selection of new bioactive molecules.(9) 
In this study, VS is denoted as virtual high-throughput 
screening (vHTS). Specifically, vHTS is a computational 
method of molecular docking to predict the molecular 
target of ligands by estimating their binding affinity.
(10,11) Therefore, vHTS can enrich the ligand database 
in HTS studies, reducing the cost of the drug discov-
ery process. Even though genomics, proteomics, and 
ligands databanks have been established, the platform 
to perform automated TBVS is still unknown, including 
for neglected diseases. The OCTOPUS platform(12) was 
developed to optimise the molecular docking process. 
As such, we were motivated to build the Brazilian ma-
laria molecular targets (BraMMT) database. Malaria is 
one of the world’s most serious public health problems.
(13) Therefore, it is necessary to develop new therapeutic 
alternatives to improve the existing chemotherapy. In 
this context, BraMMT is composed of Plasmodium fal-
ciparum molecular targets retrieved from the PDB. This 
data bank permits in silico vHTS experiments against a 
pool of P. falciparum molecular targets. In this paper, 
the BraMMT was evaluated through docking tools and a 
set of known antimalarial compounds.

MATERIALS AND METHODS

Selection and preparation of molecular targets - 
The three-dimensional structures of the receptors were 
obtained from the PDB database from their respective 
codes(14) using the key word: Plasmodium falciparum. 
For the molecular target with several entries in the PDB, 
the structure with the lowest values crystallographic res-
olution was considered, which had the ligand in the bind-
ing site. In addition, the molecular targets P. falciparum 
ATPase calcium pump ortholog (PfATP6) and hexose 
transporter P. falciparum (PfHT) were constructed by 
comparative modeling.(15,16)

Thereafter, the molecular targets were prepared by 
removing the replicate residue present at the binding site. 
Moreover, only water molecules that carried out at least 
two interactions between the ligand and molecular target 
were kept.(7,10) Further, the protonation state of each tar-
get was adjusted according to the pH of the enzymatic 
environment using the PROPKA module (academic ver-
sion) of the Maestro software.

Finally, the druggability of each target was evaluat-
ed by TDR platform targets (http://tdrtargets.org). This 
characteristic predicts whether a protein can bind with 
high affinity and specificity to small compounds.

Evaluation of molecular docking - Re-docking meth-
odology was carried out to evaluate the AutoDock Vina 
program.(11,17) All calculations were made in triplicate and 
expressed as the mean. For each target, the AutoDock 
Tools program was used to obtain the 20 Å boxes and the 
x, y, and z coordinates, with spaced points of 1 Å centered 
on the ligand. In addition, the crystallographic structures 
without ligand, a search for equivalent structure belongs 
to another organism, was performed using the BLAST 
program. The degree of identity was greater than 27%, 
which is considered satisfactory to use the active com-
pounds belonging to the target in another organism.(18) 
Hence, the atomic molecular coordinates of the ligand 
were transferred from the structure found by BLAST to 
the P. falciparum structure following a re-docking pro-
cess. The crystallographic and re-docking ligands were 
overlaid for calculation of root mean square deviation 
(RMSD) using the Discovery Visualizer 4.5 program.

Additionally, the receiver-operator characteristic 
(ROC curve) and the area under the ROC curve (AUC) 
were established for each molecular target to evaluate 
the ability of the molecular docking methodology to dif-
ferentiate the active molecules from decoys (false posi-
tives).(19) For each molecular target from BraMMT, at least 
two active compounds with the lowest Ki or IC50 value 
were selected from ChEMBL.(20) Subsequently, inac-
tive compounds (decoys) were obtained from the active 
compounds for each molecular target using the DUD-E 
platform. Decoys had similar physical properties, such as 
molecular mass, number of rotational bonds, Log P, and 
number of hydrogen bond donor/hydrogen bond acceptor 
groups. Following, the curves, ROC and AUC, were built 
using SPSS Statistics for Windows software.

Active compounds and decoys were submitted to the 
molecular docking calculations in the AutoDock Vina 
program(11,17) using OCTOPUS,(12) in which the configu-
ration files were determined through a re-docking step.
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Virtual screening of antimalarial drugs - The BraM-
MT data bank was evaluated using 27 antimalarial drugs 
[see Supplementary data (Table V)] listed by the World 
Health Organization (WHO) (https://www.ebi.ac.uk/
chembl/malaria/drugstor). These molecules were selected 
from the ChEMBL platform for TBVS through OCTO-
PUS,(12) maintaining the parameters used in the molecular 
re-docking step [see Supplementary data (Table I)].

Finally, the 27 antimalarial drugs were ranked us-
ing the Equation 1, which ∆ values were obtained by the 
difference between the crystallographic ligand binding 
energy (obtained from the re-docking step) and antima-
larial drugs binding energy (obtained from the vHTS 
process). Thus, the Δ values greater than 0 demonstrated 
that the respective compound had a higher binding en-
ergy than the crystallographic ligand; therefore, it could 
be recognised by the molecular target through the inter-
molecular interaction.

∆ = (crystallographic ligand energy - antimalarial 
drugs energy)

Equation 1. Δ values obtained from the difference 
between binding energies of the crystallographic ligand 
and the antimalarial drugs.

Molecular dynamics - The molecular dynamics of 
selected compounds were performed by MolAr in-house 
software. MolAr was used to refine ligands through 
MOPAC2016 using the Parametric Method 7 (PM7) and 
EF routine to search for the structure of local minimum 
and to perform a molecular dynamic using DOCK 6. In 
the simulations, ligand flexibility was recorded. Flexible 
simulations were performed in 3000 steps and 100 en-
ergy minimisation cycles.

Chemicals - Clioquinol (5-Chloro-7-iodo-8-quino-
linol, 5-Chloro-8-hydroxy-7-iodoquinoline, Clioquinol, 
Iodochlorhydroxyquin) was purchased from Sigma 
(CAS Number 130-26-7). Chloroquine diphosphate 
salt (N4-(7-Chloro-4-quinolinyl)-N1,N1-dimethyl-1,4-
pentanediamine diphosphate salt) was purchased from 
Sigma (CAS Number: 50-63-5).

In vitro schizonticidal activity of the clioquinol 
against P. falciparum - P. falciparum chloroquine-re-
sistant (W2) strain were maintained in continuous cul-
ture using human red blood cells in RPMI 1640 medium 
supplemented with human plasma. Human red blood 
cells and human plasma were provided by Founda-
tion of Hemotherapy and Hematology of Minas Gerais 
(Fundação Hemominas). The parasites were synchro-
nised using sorbitol treatment, and the parasitaemias 
were evaluated microscopically with Giemsa-stained 
blood smears. The antimalarial activity was determined 
using an enzyme-linked immunosorbent assay (ELISA) 
antiHRPII assay. Infected red blood cells were plated in 
a 96-well plate at 0.05% parasitaemia and 1.5% haema-
tocrit. Different concentrations of the clioquinol were 
added in triplicate, and twelve drug-free wells were 
used as controls (six frozen after 24 h as the HRPII 
background). After the incubation (72 h), the plate was 
frozen and thawed twice, and an ELISA using antiHR-
PII antibodies was performed.

The results were expressed as the mean of the half-
maximal inhibitory dose (IC50) of three assays performed 
in triplicate, compared with drug-free controls. Curve 
fitting was performed using OriginPro 8.0 software (Or-
igin Lab. Corporation, Northampton, MA, USA).

In vitro cytotoxicity test - The noncancerous human 
lung fibroblast cell line WI-26-VA4 (ATCC CCL-95.1) 
was used to assess the cell viability after each chemical 
treatment employing the MTT colorimetric assay. Brief-
ly, 1 × 106 cells were plated in 96-well microplates with 
RPMI 1640 medium supplemented with foetal bovine 
serum (FBS). Then, microplates were incubated over-
night at 37ºC, 5% CO2, followed by the treatment with 
each compound solubilised in DMSO 0.1% (v/v). Nega-
tive control groups were constituted of cells without 
treatment. Five serial dilutions (1:10) were made from a 
stock solution (10 mg·mL-1) using RPMI supplemented 
with 1% FBS. After 48 h of incubation, cell viability 
was evaluated by discarding the medium and adding 100 
μL of MTT 5%, followed by 3 h of incubation. Then, 
the supernatant was discarded, and the insoluble forma-
zan product was dissolved in DMSO. The optical den-
sity (OD) of each well was measured using a microplate 
spectrophotometer at 550 nm. The OD in untreated con-
trol cells was defined as 100% cell viability. All assays 
were performed in triplicate. The SI of clioquinol was 
calculated as: SI = IC50 WI-26-VA4 / IC50 P. falciparum.

RESULTS AND DISCUSSION

Selection and preparation of molecular targets - The 
molecular targets were retrieved from PDB by consider-
ing the lowest values resolution among similar structures 
and the presence of a ligand in the binding site. As a re-
sult, the BraMMT was constructed using 35 molecular 
targets. Table I shows the PDB code of the selected tar-
gets with their respective resolutions. Among them, seven 
were hydrolases, four isomerases, eight oxidoreductases, 
eight transferases, four lyases, one cell signaling protein, 
two transporter proteins, and one cytokine inhibitory pro-
tein. In general, all protonation states were kept at pH 7.4. 
However, 1LF3, 2ANL, 3BPF, and 3FNU targets were 
present in the digestive vacuole of the parasite; therefore, 
the protonated state was adjusted to pH 4.0.

The inclusion of water molecules in the binding site 
was carefully checked by visual inspection. Thus, only 
water molecules that performed at least two hydrogen 
bonds between the crystallographic ligand and the re-
spective target remained in the binding site,(10), such 
as 1LYX, 1O5X, 1QNG, 1TV5, 1YWG, 2AAW, 2Q8Z, 
2VN1, 3CLV, 3FNU, 3N3M, 3PHC, 4C81, 4T64, and 
4N0Z. The inclusion of water molecules is a crucial is-
sue since such molecules can affect the ability to predict 
ligand binding, in which coordination is stabilised by the 
presence of an explicit water molecule.(7,10)

In addition, the TDR targets platform was used to 
obtain the druggability of major pathogens of tropical 
diseases, including Mycobacterium leprae and M. tuber-
culosis; the protozoa Leishmania major, Trypanosoma 
brucei, T. cruzi, P. falciparum, P. vivax, and Toxoplasma 
gondii; and the helminths Brugia malayi and Schisto-
soma mansoni.(22) Using TDR platform, the molecular 
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targets were evaluated according to their druggability 
to determine the feasibility of the selected targets for 
SBDD studies, which evaluated the ability of the protein 
to bind with high affinity and specificity to small com-
pounds.(22) As a result, Table I shows the druggability 
values ranging from 0 to 1, which values equal or great-
er than 0.6 are considered relevant. As seen in Table I, 
51.4% (18) of the selected targets (1LF3, 1LYX, 1NHW, 
1O5X, 1RL4, 1TV5, 1U4O, 2AAW, 2ANL, 2OK8 
2PML, 2Q8Z, 2VFA, 2VN1, 2YOG, 3BPF, 3QS1, 3T64, 
and 4J56) had druggability values greater than 0.6. In 
contrast, the targets 3K7Y, 3N3M, 4B1B, 4P7S, 3TLX, 
PfATP6, and PfHT were not evaluated by TDR because 
they were not present on the platform.

Evaluation of molecular docking - The docking 
methodology was evaluated by re-docking and the ROC 
curve.(23) The re-docking process shows the following: 
(i) the ability of the methodology to predict the correct 
positioning of the ligand docked into the binding site. It 
consists of the structural alignment between the crystal-
lographic ligand and the pose obtained by the docking 
simulation. This alignment is analysed by RMSD of the 
heavy atoms positions. The threshold value is 2.0 Å, even 
though RMSD values of 2.5 Å for ligands with several 
dihedral angles are considered acceptable11; (ii) the af-
finity between the ligand and receptor (binding energy) 
expressed by score functions; (iii) the suitability of the 
configurations parameters, such as size of the grid box 

TABLE I
Molecular targets, pH of the intracellular medium, druggability of the targets obtained from the Tropical Disease Research 

(TDR targets database), enzyme class, and location of the 35 molecular targets

PDB code Resolution (Å) pH Druggability Enzymatic class Location

1LF3 1.8 4.0 0.8 Hydrolase Digestive vacuole
1LYX 1.9 7.4 0.8 Isomerase Cytoplasm
1NHW 2.3 7.4 0.8 Oxidoreductase Apicoplast
1O5X 1.1 7.4 0.8 Isomerase Cytoplasm
1QNG 2.1 7.4 * Isomerase Cytoplasm
1RL4 2.1 7.4 0.8 Hydrolase Apicoplast
1TV5 2.4 7.4 1.0 Oxidoreductase Cytoplasm and Nucleo
1U4O 1.7 7.4 0.8 Oxidoreductase Cytoplasm
1YWG 2.6 7.4 * Oxidoreductase Cytoplasm
2AAW 2.4 7.4 Transferase Cytoplasm
2ANL 3.3 4.0 0.8 Hydrolase Digestive vacuole
2OK8 2.4 7.4 0.3 Oxidoreductase Apicoplast
2PML 2.6 7.4 0.9 Transferase Cytoplasm
2Q8Z 1.8 7.4 0.8 Lyase Nucleo
2VFA 2.0 7.4 0.8 Transferase Apicoplast
2VN1 2.3 7.4 0.6 Isomerase Nucleo
2YOG 1.5 7.4 0.8 Transferase Nucleo
3AZB 2.6 7.4 * Lyase Cytoplasm
3BPF 2.9 4.0 0.6 Hydrolase Digestive vacuole
3CLV 1.8 7.4 0.3 Signaling protein Cytoplasm
3FNU 3.0 4.0 * Hydrolase Digestive vacuole
3K7Y 2.8 7.4 ** Transferase Cytoplasm
3N3M 1.4 7.4 ** Lyase Apicoplast
3PHC 2.0 7.4 0.2 Transferase Nucleo
3QS1 3.1 4.0 0.8 Hydrolase Digestive vacuole
3T64 1.6 7.4 0.6 Hydrolase Nucleo

3TLX 2.7 7.4 ** Transferase Cytoplasm and mitochon-
dria

4B1B 2.9 7.4 ** Oxidoreductase Cytoplasm
4C81 1.5 7.4 * Lyase Apicoplast
4J56 2.3 7.4 0.9 Oxidoreductase Cytoplasm
4N0Z 1.7 7.4 * Oxidoreductase Cytoplasm
4P7S 2.8 7.4 ** Cytokine Inhibitor Cytoplasm
4QOX 2.7 7.4 0.5 Transferase Cytoplasm
PfATP6 3.1+ 7.4 ** Transporter Membrane
PfHT 3.1+ 7.4 ** Transporter Membrane

PDB: protein data bank; +: resolution of the templates used to build the models - 1IWO and 3O7Q for PfATP6 and PfHT, respectively; 
*: targets present in the TDR targets database, but without druggability values; **: targets not present in the TDR targets database.
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and atomic coordinates, for the respective molecular tar-
get; and (iv) the main forces for molecular recognition, 
as aided by another program, such as LigPlot or Discov-
ery Studio. Fig. 1 shows re-docking results among the 
molecular targets studied. Among the 35 molecular tar-
gets, 80% (28) had RMSD values lower than 2.5 Å. In 
contrast, only 105X, 1RL4, 3AZB, 3TLX, 4C81, 4N0Z, 
and PfHT molecular targets obtained values that ranged 
from 2.61 Å to 6.37 Å. In addition, because of the ran-
dom character of Autodock Vina, there was no signifi-
cant difference in the binding energy after simulation in 
triplicate, suggesting that it is robust for virtual screen-
ing experiments(11) [see Supplementary data (Table II)].

Furthermore, our results were improved by the ROC 
curve and AUC calculations. ROC curve and AUC are 
statistical methodologies to discriminate false-positive 
and true-positive results from a test. The curve ROC is 
a graph that uses a binary system classification to dis-
criminate active compounds from inactive. This graph 
shows specificity on the X axis for true positive com-
pounds (1-specificity) and sensitivity on the Y axis for 
false positive compounds with value 0.(24) The quality 
of a probabilistic classification can be measured by the 
AUC, which measures how the ROC curve separates two 
classes with a reference threshold value. AUC values 
close to 1 indicate classification compounds with 100% 
accuracy, whereas AUC values less than 0.5 indicate a 
random process. It has a confidence interval of 95%.(23) 
Hence, the ROC curve was constructed for each molecu-
lar target, in which the number of active compounds and 
decoys ranged from two to nine and 50 to 450, respec-
tively [see Supplementary data (Table IV)]. In addition, 
for the molecular targets 1LYX, 1NHW, 1QNG, 1YWG, 
3TLX, and 4C81, it was necessary to select a different 
organism with the same target. The different targets 
from other organisms had an identity range of 34-64% 
[as showed in Supplementary data (Table III)]; there-
fore, they can use the respective crystallographic ligand 
found into the binding site.(18) Fig. 2 shows selected ROC 

curves, which represents 40% (14) of the total molecu-
lar targets. These targets (1LF3, 1NHW, 1U4O, 1YWG, 
2QS1, 2Q8Z, 2PML, 2VFA, 3AZB, 3FNU, 3N3M, 
3PHC, 4QOX, and 3BPF) could discriminate more than 
70% of true positives from false negatives, which have 
AUC values of 0.92, 0.73, 0.70, 0.77, 0.89, 0.91, 0.81, 0.72, 
0.75, 0.96, 0.88, 0.74, 0.82, and 0.94, respectively.

In contrast, 26% (nine) of the targets 1LYX, 1TV5, 
2AAW, 2ANL, 3TLX, 3PHC, 3T64, 4C81, 4J56, and 
4P7S had AUC values of 0.58, 0.59, 0.53, 0.64, 0.51, 
0.66, 0.67, 0.58, and 0.61, respectively, being able to dis-
criminate true positives from false negatives at 51-67%. 
In other words, 26% of the targets had AUCs greater 
than 0.5 and less than 0.7, showing that methodology is 
not random (Fig. 3). However, these results suggest that 
another docking parameters or methodology should be 
used to improve the specificity and selectivity.

Finally, targets 1QNG, 2YOG, 4B1B, and PfHT 
(11%) had values of 0.32, 0.48, 0.44, and 0.44, respec-
tively, lower than 0.5 (Fig. 4), showing that the molecular 
docking methodology could not discriminate true false 
negatives for this subset of receptors and was considered 
a random process.

Moreover, for the 1O5X, 1RL4, 2OK8, 2VN1, 3CLV, 
3K7Y, 4N0Z, and PfATP6 (~ 22%) targets, it was not 
possible to perform the ROC curve analysis as they did 
not have sufficient active compounds. It is noteworthy 
that the 1O5X, 1RL4, and 4N0Z targets did not have ac-
ceptable RMSD values, suggesting less than 0.5.

Virtual screening of antimalarial molecules - The 
BraMMT data bank was evaluated against antimalarial 
molecules present on the list of World Health Organiza-
tion (WHO) drugs. BraMMT, through the OCTOPUS 
engine, should predict the correct molecular target of 
these drugs. Owing to the large amount of data, the 3BPF 
(falcipain-II), 1NHW (P. falciparum enoyl-acyl-carrier-
protein reductase), and PfATP6 (P. falciparum ATPase 
calcium pump ortholog) molecular targets against the 
compounds quinine (CHEMBL387326), mefloquine 

Fig. 1: evaluation of AutoDock Vina by molecular redocking, receiver-operator characteristic (ROC) curve, and area under the ROC curve (AUC). 
Crystallographic and re-docking ligands, in black and red, respectively. Root-mean-square deviation (RMSD) values are in Å.
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Fig. 2: ability of selected targets 1LF3, 1NHW, 1U4O, 1YWG, 2QS1, 2Q8Z, 2PML, 2VFA, 3AZB, 3FNU, 3N3M, 3PHC, 4QOX, and 3BPF to 
discriminate more than 70% of true positives from false negative.
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(CHEMBL416956), and artemisinin (CHEMBL269671), 
respectively, were selected to exemplify the results. Fig. 
5 shows 2D ligand-receptor interactions maps. In general, 
these compounds complex with their receptors through 
van der Waals interactions and hydrogen bonds. Howev-
er, they can participate in specific interactions with each 
receptor. For example, unfavorable interactions may oc-
cur between compound mefloquine and 1NHW, but this 
negative contribution is compensated by others interac-
tions, such as van der Waals, hydrogen bond, and elec-
trostatic interactions of the fluorine atoms of mefloquine 
with Leu265, Thr266, and Ala312 of 1NHW (Fig. 5A).

Finally, the mechanism of action of artemisinin and 
its derivatives is still controversial. A possible mecha-
nism is through inhibition of the Ca2+ ATPase protein 
present in the sarcoplastic reticulum, called the P. falci-
parum AtPase orthological calcium pump (PfATP6). Its 
inhibition can lead to increased concentration of cyto-
plasmic Ca2+, compromising the signaling pathways of 
the parasite proposed by(25). Our results confirmed the 
molecular mechanism of artemisinin (Fig. 5B), suggest-

ing PfATP6 as a possible target of artemisinin.(26) There-
fore, BraMMT is able to select the best molecular target 
for the compound in this study.

Finally, the mechanism of action of quinine is relat-
ed to the inhibition of heme polymerisation by P. falci-
parum, present in the digestive vacuole. During the intra-
erythrocyte cycle, the parasite internalises and degrades 
the hemoglobin present in the erythrocyte, using amino 
acids as an energy source. The hemoglobin digestive 
process is performed using proteolytic enzymes, such 
as plasmepsins and falcipain, where the parasite has de-
veloped a strategy to promote the polymerisation of the 
heme group to form hemozoin crystals, also known as 
malaria pigment.(27) Thus, the hemozoin crystal ceases to 
be toxic to the parasite; however, it becomes highly al-
lergenic to the vertebrate host and is responsible for the 
febrile accesses that characterise the disease.(28) Fig. 6A 
represents the interactions present between quinine and 
the falcipain-II molecular target. This finding suggested 
a new mechanism of action for quinine, namely protease 
inhibition. Previous reports have shown a similar drug, 

Fig. 3: ability of selected targets 1LYX, 1TV5, 2AAW, 2ANL, 3TLX, 3T64, 4C81, 4J56, and 4P7S to discriminate 50-70% of true positives 
from false negatives.
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clioquinol, with protease activity.(29,30) Our results sug-
gested that as these drugs have the same quinolinic ring 
pharmacophoric moiety, they can share a similar phar-
macological mechanism. Clioquinol is able to inhibit 
methionine aminopeptidases from M. tuberculosis(29) 
and active proteasomes.(30) Our hypothesis was to evalu-
ate the docking of clioquinol against falcipain-II using 
Autodock Vina (Fig. 6B). The docking binding energy 
values were -5.5 Kcal/mol and -6.9 Kcal/mol for clio-
quinol and quinine, respectively. As can be observed by 
Fig. 6A-B, falcipain-II had better recognition of quinine, 
resulting in more intermolecular interactions points than 
clioquinol, explaining a low binding energy. In addition, 

the overlay of the lowest energy docked pose of each 
drug showed that the quinolinic rings had similar orien-
tation into the binding site of falcipain-II. In summary, 
the quinolinic moiety of both drugs could be recognised 
by Leu84, Ile85, Leu172, Ser149, Asn173, His174, and 
Ala175 amino acids, suggesting a proteolytic inhibitory 
mechanism of falcipain-II.

Evaluation of molecular dynamics - After to run the 
molecular dynamics using amber score, a value of -19.41 
kcal/mol and -28.07 kcal/mol was obtained for clioquinol 
and quinine, these results suggest that clioquinol is a po-
tential protease inhibitor, considering that the crystallo-
graphic inhibitor presents value of -12.75 kcal/mol.

Fig. 4: ability of selected targets 1QNG, 2YOG, 4B1B, and PfHT to discriminate less than 50% of true positives from false negatives.

Fig. 5: intermolecular interactions between ligands and molecular targets. (A) 1NHW-mefloquine; (B) PfATP6-artemisinin.
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On the basis of our in silico studies, we performed 
the in vitro antiplasmodial activity of clioquinol.

Antiplasmodial activity - Clioquinol was consid-
ered active and selective against P. falciparum in vitro, 
with an IC50 value of 0.56 µM and a high SI of 178.6 
(Table II). These findings are in agreement with a re-
cently set of criteria for the development of new anti-
malarial compounds.(21)

These criteria include: (i) a preliminary knowledge 
of the structure-activity relationship; (ii) a cutoff in vitro 
potency around 1 μM; and (iii) SI greater than 10-fold 
against a human cell line.

CONCLUSIONS

In this work, we carried out 18.150 vHTS simula-
tions, comparable to biological assays, which would have 
been time consuming and expensive if performed under 
similar experimental conditions. Thus, the vHTS meth-
odology is a tool to discover the most active molecules 
inside a bank of millions of compounds and to reduce the 
number of molecules used in experiments, thus reducing 
costs by using a rational drug development process.

Furthermore, BraMMT was evaluated by traditional 
methodology metrics, such as RMSD, ROC curve, and 
AUC. It was possible to conclude that 77% of the targets 
had RMSD values lower than 2 Å, proving that these tar-
gets could be used in inverse virtual screening through 

the AutoDock Vina program. Approximately 72% of the 
targets had AUC values greater than 0.5, showing that 
they were able to discriminate true positives from false 
positives. Although some targets did not have valida-
tion parameters, they could be used together with other 
methodologies, such as molecular dynamics, to avoid 
false positive results.

Moreover, BraMMT was evaluated against known 
antimalarial compounds, confirming its capacity to pre-
dict the correct molecular target. Our experiments sug-
gested new mechanisms for quinine, as a protease in-
hibitor, which was confirmed by action and structural 
similarity between the quinolinic ring of quinine and 
clioquinol drugs. Molecular dynamics showed an amber 
score value of -19.41 kcal/mol for clioquinol and it was 
active and selective against P. falciparum in vitro.

Finally, BraMMT is available for vHTS experiments 
through a new version of the OCTOPUS software. The 
new version of OCTOPUS can build and evaluate mo-
lecular targets, as well as perform docking simulation 
using Autodock Vina and/or Dock 6. Therefore, it can 
perform vHTS experiments using an unlimited number 
of ligands against a database, such as BraMMT.
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