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Abstract: The main priority in leishmaniasis-endemic countries is to find safer and more accessible
treatments for this neglected disease. In this study, we focus on a drug repositioning strategy using
molecular docking. New molecular entities (NMEs) approved by the FDA from 2019 to the present
were analyzed. The therapeutic target was the sterol 14-alpha demethylase from Leishmania infan-
tum. Of the 125 NMEs tested, 16 demonstrated greater affinity in virtual screening than the co-crys-
tallized inhibitor (fluconazole). This approach offers a promising method for identifying new uses
for existing drugs and provides a rapid way to discover safer treatments for leishmaniasis.
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1. Introduction

Considered as the clinical form of leishmaniasis with the worst prognosis if left un-
treated, visceral leishmaniasis (VL) is caused by species of the genus Leishmania, such as
Leishmania infantum in the New World and Leishmania donovani in the Old World [1,2].
This disease is endemic in around 60 countries worldwide, including 13 countries in the
Americas with a total of 1834 cases and a fatality rate of 9.38% in 2022 [1,3].

Chemotherapy for leishmaniasis remains inadequate regarding safety and accessi-
bility to this day. The most commonly used drugs for this disease are amphotericin B,
pentavalent antimonials, and miltefosine, whose adverse effects may include cardiotoxi-
city, pancreatitis, ototoxicity, and nephrotoxicity [4]. Furthermore, this disease remains
directly linked to poverty, considering the limited access of certain populations to ade-
quate healthcare services [4].

The New Molecular Entities (NMEs) approved by the U.S. Food and Drug Admin-
istration (FDA) consist of molecules that have passed safety and efficacy filters, and they
represent both a new treatment option and a major advance in healthcare systems. The
approval process of NMEs takes an average of 12 years of evaluation and around $1 bil-
lion costs before the drug can enter the market [5,6]. It is important to note that some
drugs characterized as NMEs contain active moieties closely related to those in products
previously approved by the FDA, or they are pre-approved chemical entities that now
constitute a combination product [6]. None of the NMEs approved since 2019 have been
related to the treatment of leishmaniasis, which suggests that, with a drug repositioning
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approach, new uses for drugs that have already passed safety and efficacy filters, or im-
portant chemical entities could be rapidly identified for leishmaniasis.

The enzyme sterol 14-alpha demethylase (CYP51) catalyzes the removal of the 14-
alpha methyl group from sterol precursors, a key reaction to synthesizing the ergosterol
necessary for the cell membrane of protozoa and fungi or synthesizing cholesterol needed
for animal cell membranes [7,8]. This enzyme in trypanosomatids, such as Leishmania, has
been targeted for inhibition using chemical entities that inhibit its orthologs in fungi, such
as azoles including ketoconazole, itraconazole, and fluconazole. However, azoles have
low efficacy against VL in humans and animal models [7]. Although the difference be-
tween the amino acid sequences of CYP51 found in Leishmania and fungi is around 25%,
CYP51 enzymes preserve their conserved catalytic function, maintaining the enigmatic
aspects of the effectiveness of azoles between Leishmania and fungi [9].

In this study, we report which of the NMEs approved by the FDA from 2019 to date
inhibit L. infantum CYP51 in silico via molecular docking, finding that 16 out of the 125
evaluated chemical entities bind with greater affinity than the co-crystallized ligand (flu-
conazole) and interact with the same key residues involved in the inhibition of the en-
zyme.

2. Materials and Methods

The data for Novel drug approvals by the FDA from 2019 to 2024 were obtained from
publicly accessible databases “https://www.fda.gov/drugs/development-approval-pro-
cess-drugs/novel-drug-approvals-fda (accessed on 24 May 2024)” [6]. Since these novel
drugs may contain pre-approved chemical entities that now constitute a combination
product, all chemical entities of the drug were considered. Only chemical entities were
used, and medications with antibodies or peptides were not evaluated in this study. The
SMILE code for all chemical entities was obtained from PubChem “https://pub-
chem.ncbi.nlm.nih.gov/ (accessed on 24 May 2024)” [10], and the 3D structures were gen-
erated using OMEGA software v5.0.0.3 [11], using the “pose” mode that produces con-
formers for the OEDocking suite, obtaining a total of up to 64 possible conformers for each
of 125 NME:s selected.

A crystalline structure of L. infantum CYP51 (RCSB Protein Data Bank accession code:
3L4D) was used as the molecular target [9,12]. This enzyme is in complex with flucona-
zole, which was used to define the area for molecular docking, and the heme group which
serves as a cofactor for this enzyme was kept in the binding site. The OEDocking suite
was used to prepare the molecular target, determining the location and shape of the active
site with the “make_receptor” program v4.3.0.3 [13,14].

A molecular docking was performed between L. infantum CYP51, fluconazole, and
multiples conformers of 125 NMEs using the OEDocking suite, with FRED software
v4.3.0.3 (Chemgauss4) [13,15]. The score for the best 4 conformers of each molecule was
evaluated. This software was chosen based on the predictive capacity obtained in previ-
ous studies [16].

The analysis of interactions between the molecular target and molecules was ana-
lyzed using PyMOL v2.5.0 [17], and Discovery Studio Visualizer v21.1.0.20298 [18].

3. Results and Discussion

Figure 1 shows the residues involved in the interaction of CYP51 from L. infantum
with the co-crystallized ligand fluconazole. Additionally, a heme cofactor is observed,
which directly interacts with fluconazole.


https://www.fda.gov/drugs/development-approval-process-drugs/novel-drug-approvals-fda
https://www.fda.gov/drugs/development-approval-process-drugs/novel-drug-approvals-fda
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Figure 1. Interaction of CYP51 from L. infantum with the crystallized ligand fluconazole. Fluconazole
(in green) interacts mainly with the heme group (yellow) and protein residues such ALA290,
LEU355, ALA286, MET357, PHE289, TYR102, MET105, PHE109, THR294, TYR115. Figure generated
with Discovery Studio Visualizer v21.1.0.20298.

The binding cavity of CYP51 is largely shaped by residues unique to its phylum [7].
Interestingly, L. infantum CYP51 features a plant-specific phenylalanine at position 104,
which alters its substrate preference. Despite this difference, the rest of the amino acids in
the binding cavity are conserved as in other CYP51 enzymes from trypanosomatids, with
the majority being nonpolar amino acids such as methionine, leucine, and alanine [9]. In-
hibitors can fit into this space by conforming to the structure of the binding site, effectively
locking the enzyme in an inactive, substrate-free state. Therefore, the greater the ability of
an inhibitor to stabilize this inactive form, the stronger its inhibitory effect is expected to
be [7,9].

Azole-based inhibitors, such as fluconazole, have limited potency against L. infantum
CYP51. Although these inhibitors can displace the substrate in the enzyme's active site, a
high molar excess is often required to achieve inhibition [7,9]. Furthermore, azoles do not
completely block sterol biosynthesis, resulting in the accumulation of intermediate sterols
that can still function as partial membrane components [7]. All of the above suggests that
new strategies targeting specific aspects of sterol biosynthesis are needed, with the poten-
tial to discover stronger inhibitors than azoles.

Table 1 shows the 16 NMEs whose free binding energy was higher than the co-crys-
tallized ligand fluconazole. The scoring functions of FRED software don't use partial
charges, giving rise to a direct comparison between the affinity energies obtained for the
conformers of each molecule [13,15].

Table 1. FRED Chemgauss4 score and interactions with CYP51 for each NMEs found better than
fluconazole.

Molecule FRED Chemgauss4 Score Interactions with CYP51
Sofpironi i _17.7642 Y102, F104, M105, F109, Y115, P209, A286, F289, A290, T294,
OTpLTOTIm cation ' 1355, M357, M459, heme group.
Perfluorohexyloctane 162173 Y102, F104, M105, F109, Y115, P209, V212, A286, F289, A290,

1294, 1L355, M357, M359, M459, heme group.
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TYR102, M105, TYR115, F289, A290, T294, L355, M357,

Estetrol ~16.0491 1.358, M459, heme group.
Tridabendazole _15.3390 Y102, M105, F109, Y115, F289, A290, L355, V356, M357,
M459, heme group.
Drospirenone _15.1884 Y102, F104, M105, Y115, A286, F289, A290, L355, M357,
M359, M459, heme group.
Capivasertib _15.1749 Y102, F104, M105, F109, A114, Y115, L126, P209, A286, F289,
A290, L355, V356, M357, M459, heme group.
Zuranolone 151568 Y102, F104, M105, F109, A114, Y115, L126, M283, A286,
F289, A290, L355, M357, 358, M359, M459, heme group.
Ganaxolone _15.0057 Y102, F104, M105, F109, Y115, A286, F289, A290, L355,
M357, L358, M459, heme group.
Brexanolone 14.8929 Y102, F104, M105, F109, Y115, A286, F289, A290, L355,
M357, L358, M459, heme group.
Sotagliflozin _14.7156 Y102, F104, M105, F109, Y115, P209, V212, A286, F289, A290,
L355, M357, L358, M359, M459, heme group.
Y102, M105, F109, Y115, L126, A286, F289, A290, T294, L355,
Vonoprazan -14.6532
M459, heme group.
Clascoterone 14,619 Y102, F104, M105, F109, A114, Y115, L126, M283, A286,
F289, A290, L355, V356, M357, C422, M459, heme group.
Ny Y102, F104, M105, F109, Y115, L126, A286, F289, A290, T294,
Oliceridine ~14.4961 1355, M357, M459, V460, heme group.
Y102, M105, F109, Y115, F289, A290, T294, L355, M357,
Voxelotor -14.4840 1358, M459, heme group.
Remimazolam 14,4406 Y102, F109, Y115, A286, F289, A290, T294, L355, M357, L358,
C422, M459, V460, heme group.
Y102, F104, M105, F109, A114, Y115, L126, M283, A286,
Umbralisib -14.3285 F289, A290, T294, L355, V356, M357, M459, V460, heme
group.
Fluconazole 140743 A290, L355, A286, M357, F289, Y102, M105, F109, T294,
Y115, heme group.

The molecular docking results reveal compounds such as drospirenone, brexanolone,
ganaxolone, and zuranolone, which have tetracyclic structures similar to the sterols sub-
strates of CYP51, like eburicol, lanosterol, and obtusifoliol [9]. However, these molecules
also exhibit additional properties, including anxiolytic, anticonvulsant, and sedative ef-
fects [19-21]. Drospirenone is frequently used in oral contraceptives in combination with
another estrogen identified in the virtual screening performed, estetrol [22].

Figure 2a shows the overlay of co-crystallized fluconazole (PDB: 3L4D) and flucona-
zole after molecular docking (highlighted in green), with the same orientation towards
the heme group and a RMSD of 1.241. This result can be taken as a good indicator of the
molecular docking protocol applied. It should be noted that the heme group interacts with
all the best NMEs found in the virtual screening performed as shown in Table 1 and Figure
2b. Unlike fluconazole, the identified NMEs could permanently keep the enzyme in a sub-
strate-free state. The therapeutic potential of these compounds can be determined through
further evaluation in cellular and animal models.
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Figure 2. Interactions with the heme group and substrate binding cavity of L. infantum CYP51. (a)
Overlap of the crystalline fluconazole structure and the pose obtained through molecular docking
(highlighted in green); (b) Fluconazole and all NMEs interact with the heme group (orange) in the
same location. Figures generated with PyMOL v2.5.0.

It is important to highlight the high ranking of perfluorohexyloctane in the virtual
screening performed. This molecule appears to be safe when used as an excipient in drug
delivery emulsions, and its surfactant properties make it a promising candidate for en-
hancing the solubility of lipophilic drugs [23,24]. Additionally, its potential impact on L.
infantum CYP51 could facilitate a synergistic therapy. By using perfluorohexyloctane as
an emulsifier for a leishmanicidal drug, it may be possible to combine the effects of both
the emulsifier and the drug, targeting CYP51 alone or addressing multiple targets that
include this enzyme.
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