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HIGHLIGHTS
e Zika virus non-structural proteins are important pharmacological targets.
¢ Bixin and derived molecules interact with non-structural proteins.
e Bixin and ethyl bixin has the potential to interfere with the viral replication mechanism.

¢ Bixin and ethyl bixin an indicative of being a promising anti-Zika agent.

Abstract: Zika fever is a viral infection of great relevance in public health, especially in tropic regions, in
which there is a predominance of mosquitoes of the genus Aedes, vectors of the disease. Microcephaly in
neonatal children and Guillain-Barré syndrome in adults can be caused by the action of the Zika virus (ZIKV).
Non-structural proteins, such as NS2B, NS3 and NS5, are important pharmacological targets, due to their
action in the life cycle. The absence of anti-Zika drugs raises new research, including prospecting for natural
products. This work investigated the in silico antiviral activity of bixin and six other derived molecules against
the Zika viral proteins NS2B-NS3 and NS5. The optimized structure was subjected to molecular docking to
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characterize the interaction between bixinoids and ZIKV non-structural proteins, where significant interactions
were observed with amino acid residues in the catalytic site in each enzyme. These results suggest that bixin
and ethyl bixin has the potential to interfere with the enzymatic activity of NS2B, NS3 and NS5, thus being
an indication of being a promising anti-Zika agent.

Keywords: Bixa orellana; Flavivirus; Docking Molecular; NS2B-NS3; NS5.

INTRODUCTION

Zika fever is a viral infection caused by the Zika virus (ZIKV), belonging to the family Flaviviridae, genus
Flavivirus, transmitted by the bite of female mosquitoes of the genus Aedes [1]. Considered a pathogen of
importance in public health, ZIKV has been responsible in recent years for neurological disorders in a
considerable percentage of patients, in addition can trigger Guillain-Barré syndrome [2] and cases of
microcephaly in fetuses and newborn children [3].

The first report of infection occurred in 1947 in the Zika Forest in Uganda, Africa from rhesus monkeys.
In 2007 an epidemic was reported in the Micronesia region on the island Yap [4], followed by another
epidemic between the years 2013-2014 in French Polynesia, also in Oceania [5]. On the american continent,
there was the first record on Easter Island, 3700 km from the west coast of Chile, with indigenous
transmission [6]. In Brazil, the first autochthonous cases were reported and subsequently identified since late
2014 and early 2015 [7, 8].

ZIKV has an RNA genome, single-stranded, positive-sense, encoding a single polyprotein, later cleaved
by host cell proteases and by the NS2B and NS3 viral proteases themselves. The cleavage products
generate the three structural proteins (C, prM / M, and E) and the seven non-structural proteins (NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5), important in the processes of infection, maturation, and replication [9,
10]. The NS2B-NS3 and NS5 proteases are an important pharmacological target due to its key role in the
ZIKV life cycle.

Bixa orellana L. is a plant native to tropical America, whose seeds (annatto) have been used since the
pre-colonial period by the indigenous peoples, for the extraction of pigments used in religious and cultural
rituals, as a repellent and to treat diseases [11]. Bixinoids were a chemical group of apocarotenoid-type
pigments, widely used in the cosmetics and food industry [12].

Bixin is a dicarboxylic monomethyl ester apocarotenoid, with molecular formula CazsH3z004, mass of
394.503 Da and mass of the monoisotopic of 394.214417 Da, extracted from the seeds of the native Brazilian
plant species Bixa orellana L., whose pigment provides a range of colors composed of red, orange, and
yellow tones. This group of carotenoid pigments has ethnomedicinal use among traditional Latin American
peoples [13]. Bixinoids are bioactive compounds indicative of medicinal action, including antiviral effect [14,
15]. Reports of the use of medicinal plants by traditional communities are strong indications of biological
action and the presence of bioactive molecules. The ethnomedicinal use of annatto seeds, associated with
reports in the literature of antiviral action, prompted this study of in silico activity.

There is no specific approved treatment for ZIKV infection, only guidelines from the Centers for Disease
Control and Prevention (CDC) for the treatment of symptoms, hydration, rest, and use of paracetamol for
fever and pain. As for preventive measures by immunizing the population, the vaccines under development
are still in clinical phase | and Il studies [16].

The absence of drugs and effective immunobiologicals in the management of ZIKV infection raises new
studies of molecular prospecting of substances with bioactivity against pharmacological targets of ZIKV, such
as NS2B-NS3 and NS5 proteins. Thus, this study aims to investigate the antiviral potential of bixinoids
through molecular docking with non-structural proteins of the ZIKV.

MATERIALS AND METHOD

Computational details

The molecular docking simulations were performed on the Windows 10 64-bit software operating system.
The software used, UCSF Chimera™ [17], Autodocktools™ [18], AutoDockVina™ [19], Avogadro™
(http://avogadro.cc/), Discovery studio visualizer™ viewer [20] and Marvin™ 19.8, 2020,
(http://www.chemaxon.com), Ligplot™ [21]. They are all free of charge for academic use.
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Obtaining structures and optimization

The two-dimensional structures of the annatto bixinoids (ID5020631), bixin (ID4444638), crocetin
dimethyl ester (4475264), ethyl bixin (4940995), mycorradicin (4948234), norbixin (4444661) and
transcrocetin (4444644), were found in the repository of the structures in the repository chemspider
(http://www.chemspider.com/) and drawn in the MarvinSketch™ software. The structural coordinates
obtained from the repository were optimized geometrically (lowest energy state) using the classic MMFF94
force field formalism (Merck Molecular Force Field 94) [22] with descending steepest algorithm [23] with
cycles of 50 interactions. all optimization calculations were performed on the Avogrado code [24].

Protein Preparation

To obtain the protein structure of the NS2B-NS3 (5Ic0) and NS5 (5m5b) of the zika virus, the virtual
protein data bank (PDB) repository (https://www.rcsb.org/) was used. Then, using the UCSF Chimera™
software [17], polar hydrogens were added, the protein structure was visualized, and the residues cleaned,
so that there was no interference between interactions. Finally, the target proteins were in PDBQT.

Docking analysis

The interactions of molecular docking of bixinoids with the NS2B-NS3 protein using the resources
available in Autodock vina, using a Lamarckian genetic algorithm, it is possible to define the grid box
parameters, configured: Center_x = 78.317, center_y = 53.991, center_z = 152.138, size_x = 94, size_y = 76, size_z
=72, spacing = 0.589 e exhaustiveness = 8.

The grid box parameters used for the NS5 protein follow: Center_x = 0.725, center_y = 21.120, center_z = 72.094,
size_x =126, size_y = 126, size_z = 126, spacing = 0.624 e exhaustiveness = 8.

The docking results were clustered into groups with RMSD (Root-mean-square deviation) lower than 2.0
A [25]. To guarantee the docking validity, a redocking procedure was carried out in the same Auto Dock
Vina™ software [26] under the same conditions shown above, using the native ligands of the PDB structure
[27] and the types of chemical interactions L-R’s were analysed and the maps were generated using the
Discovery Studio™ software.

In silico test of ADME properties

To conduct the drugability profile of bixinoids, the molecules were subjected to drug-likeness screening
on the SwissADME (http://www.swissadme.ch/) [28] online platform, where an oral bioavailability radar was
generated for visual inspection of the physicochemical properties within the spectrum provided by the rules
of Lipinski and coauthors [29] and Veber and coauthors [30], in which they include: LIPO (-0.7 < XlogP3 <
5.0) [31], SIZE (150 g/mol < MW < 500 g/mol), POLAR (20 A2 < TPSA < 130 A?) [32], INSOLU (-6 < logS
(ESOL) < 0) [33], INSATU (0.25 < Fsp3 < 1.0) and FLEX (0 < nRotb < 9).

Appropriate physicochemical properties were converted into a quantitative estimate of drug-likeness
(QED) [34] as per equation 1, embedded in the ADMETlab 2.0 (https://admetmesh.scbdd.com/) [35] online
platform, where scores range from O (undesirable) to 10 (very desirable).

QED=exp(1/n 3 (n=1)"nInd_i) eq. 1

where n is the number of properties evaluated, which include MW, logP, nHA, nHD, TPSA, nRotb,
number of aromatic rings (nAR) and number of undesirable functional groups (n = 8), within the desirability
parameters (di).

The absorption, distribution, metabolism, and excretion (ADME) profile were predicted through the
correlation between in silico values and in vitro dataset models, adapted from the methodology by Rocha
and coauthors [36]. The molecules were submitted to the predictive test of Brain or Intestinal Estimated
Permeation (BOILED-Egg) [37], embedded in the SwissADME (http://www.swissadme.ch/) [28] online
platform, to predict passive gastrointestinal (Gl) and blood-brain barrier (BBB) permeabilities through
lipophilicity profiles (WlogP) and polarity (TPSA), as well as substrates and non-substrates of the efflux P-
glycoprotein and inhibitors and non-inhibitors of the CYP450 isoenzymes. While in vitro models of
permeability in colorectal adenocarcinoma cells (Caco2) and Madin-Darby canine kidney cells (MDCK), as
well as the plasma protein binding grail (PPB), were predicted in the ADMETIlab 2.0 platform
(https://fadmetmesh.scbdd.com/) [35].
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Predictive oral acute toxicity

The possible harm caused by ingestion of the substances was predicted by the quantitative estimate of
the lethal dose (LDsp) in oral rats, from the self-consistent QSAR regression of the applicability domain of the
GUSAR Online platform (http://www.way2drug.com/gusar/acutoxpredict.html) [38].

RESULTS AND DISCUSSION

The in silico tests carried out with bixin and six other compounds derived from bixin: annatto, crocetin
dimethyl ester, ethyl bixin, mycorradicin, norbixin and transcrocetin (Figure 1), allowed to analyze patterns of
binding and coupling between the ligands and the viral proteins NS2B-NS3 and NS5.

Annato Bixin Crocetin dimethyl
ester

Ethyl bixin Mycorradicin Norbixin Transcrocetin

Figure 1. Representation of the chemical structure of bixinoids used in molecular docking assays.

From the analysis of the binding and RMSD energies for the NS2B-NS3 enzyme, it was possible to
observe a variation in the affinity energies from -7.1 to -5.5 kcal/mol (Table 1), with values found within the
standard of -6.0 kcal/mol or lower (AG <-6.0 kcal/mol) [39]. All bixinoid compounds showed interaction with
NS2B-NS3 and NS5 S proteases.

Table 1. Molecular fit parameters of bixinoids ligands and NS2B-NS3 protease.

NS2B-NS3 Ligand RMSD (A) Affinity (kcal/mol)

6T8

Annatto 1.237 -5.9

Bixin 1.880 -6.0

Crocetin dimethyl ester 1.756 -6.0

Ethyl Bixin 2.076 -6.0

Mycorradicin 1.450 -55

Norbixin 2.958 -7.1

Transcrocetin 1.883 -6.6

When comparing the distances of protein and ligand residues, the best interactions were observed with
the NS2B-NS3 protease enzyme. Bixin and ethyl bixin (Figure 2) were the bixinoids that exhibited coupling
with the enzyme site in the same region as the 6T8 complexed ligand, although the analysis of the distances
with the amino acid residues that constitute the catalytic site of the enzyme showed (Table 2) only some
amino acid residues with close distances compared to 6T8.
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Figure 2. Schematic 2-D representations the docking between NS2B-NS3 protease with 6T8 Inhibitor and bixinoids.

The molecular docking interaction analyzes in the Autodock Vina software for the bixin molecule showed
only interactions with three residues: His1051 (4.3 A) residue belonging to the catalytic triad (His1051,
Asp1075 and Ser1135), Asp1075 (3.9 A) and Ser81 (4.4 A). Three interactions were observed between the
ethyl bixin molecule and the His1051 (4.3 A) residues belonging to the catalytic triad (His1051, Asp1075 and
Ser1135), Asp1075 (3.9 A) and Asp83 (3.5 A).

Table 2. Distances of binding residues/NS2B-NS3 protease.

NS2B- 6T8 Annatto Bixin Crocetin  Ethyl Mycorrad Norbixin Transcro
NS3 dimethyl  Bixin icin cetin
ester
Ser1135 1,6A 19.0A 8.0A 6.0A 5.7A 6.2A 4.1A 5.6A
His1051 3.9A 15.1A 4.3A 5.3A 3.5A 3.0A 4.4A 3.3A
Asp1075 2.9A 16.4A 3.9A 10.5A 3.0A 3.4A 9.0A 3.8A
Ser 81 3,0A 24.0A 4.4A 13.4A 5.9A 6.5A 13.3A 2.8A
Asp83 2.5A 25.0A 10.0A 8.7A 3.5A 2.9A 9.4A 2.7A

Based on the simulation that showed the shortest distance between the ligand (bixinoid) and the catalytic
site of the enzyme, it was possible to identify and evaluate the interactions between bixinoids and NS2B-
NS3, being possible to identify two interactions of the Pi-Alkyl type with Trp1050 and Tyr1161 and the bixin
molecule and an interaction of the Alkyl type with Val1072 (Figure 3). The analysis of interactions with the
ethyl bixin molecule allowed the identification of two interactions of the Pi-Alkyl type with Trp1050 and
His1051 and an interaction of the Alkyl type with Lys1054, indicating an important route of inhibition (Figure
4).
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Figure 3. Amino acid interactions between NS2B-NS3 protease and the ligand bixin. Schematic 2-D representations of
NS2B-NS3 protease -6T8 complex (A); and NS2B-NS3 protease -bixin complex.

In a previous study that investigated the in vitro and in silico antiviral activities of the beta-caryophyllene
sesquiterpene, present in the essential oil of several aromatic plants, the molecular interaction of
sesquiterpene with non-structural ZIKV proteins was observed, whose docking scores were -6.9 kcal/mol and
- 6.3 kcal/mol, for interactions with binding sites of the NS2B-NS3 and NS5 proteins, respectively [40]. This
result obtained by in silico assay was confirmed by in vitro assays performed with ZIKV in Vero cell culture.
Thus, this affinity energy pattern was observed in this study, with better scoring values for bixin and ethyl
bixin. A study by Yadav and coauthors [41] demonstrated an interaction between flavonoids and the NS2B-
NS5 protease of ZIKV, whose scoring values ranged from -12.13 to 2.13 kcal/mol.
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Figure 4. Amino acid interactions between NS2B-NS3 protease and the ligand ethyl bixin. Schematic 2-D
representations of NS2B-NS3 protease -6T8 complex (A); and NS2B-NS3 protease -ethyl bixin complex.

The crystalline structure of the NS2B-NS3 enzyme with PDB ID: 5LCO, reveals that NS2B can be found
in two conformations; one closed, when attached to a substrate, forming a $-hairpin, close to the binding site
of the NS3 protease substrate; one open when it is not interacting with inhibitor or substrate [42]. The NS2B
interaction with the NS3 protease facilitates the cleavage of the NS3-mediated viral polyprotein, acting as an
important cofactor for the NS3 protease activity [43].

However, the active site of NS2B-NS3 is very well preserved amongst flaviviruses, which points out as
a good molecular target in the development of antiviral drugs with a spectrum of action for ZIKV and other
viruses from the family Flaviviridae [44, 45], such as the viruses that cause dengue (DENV), West Nile fever
(WNV) and yellow fever (YFV).

Molecular screening studies have identified several molecules with antiviral action, targeting the complex
NS2B-NS3, such as the study with hydroxychloroquine [46], bromocriptine [47], boronic acid [42] and with
several small synthetic molecules [48]. All these studies point to the potential to use NSB-NS3 as an anti-
ZIKV molecular target.

In the study for both enzymes, the bixinoid annato was coupled at a site most distant from that used by
the respective co-crystallized ligands 6T8 and SAM, from the enzymes NS2B-NS3 protease and NS5
methyltransferase.
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For assays with the NS5 enzyme, affinity energies of -6.1 to -4.4 kcal/mol were observed (Table 3).
Except for the values found for norbixin and ethyl bixin, all fittings showed values below the standard of up
to 2.0 A for RMSD [25].

Table 3. Molecular fit parameters of bixinoids ligands and NS5 methyltransferase.

NS5 Ligand RMSD (A) Affinity (kcal/mol)

SAM 0.520

Annato 1.746 -5.0

Bixin 1.857 -5.7

Crocetin dimethyl ester 1.761 -4.4

Ethyl Bixin 2.757 -5.0

Mycorradicin 1.860 -5.9

Norbixin 2.152 -6.1

Transcrocetin 1.745 -6.1

Coupling analysis with the NS5 methyltransferase enzyme, it was observed that the molecules bixin and
ethyl bixin (Figure 5) showed the best interactions with the enzyme site in the same region of the complexed
ligand S-adenosylmethionine (SAM), suggesting these molecules may represent a potential inhibitor.

i /)‘L’
IR
e v%y’ :

a7, 2%}

Figure 5. Schematic 2-D representations the docking between NS5 methyltransferase with SAM Inhibitor and
bixinoids.

A better interaction was observed for both bixin and ethyl bixin between four amino acid residues (Table
4), Phe 139 (3.6 A), lle 153 (4.2 A), Asp 137 (4.4 A) and Lys 111 (3.6 A).

Table 4. Distances of binding residues/NS5 methyltransferase.

NS5 SAM Annatto Bixin Crocetin Ethyl Mycorra  Norbixin  Transcr
dimethyl Bixin dicin ocetin
ester
Val 138 3.1A 47.4 A 5.5A 60.5 A 59A 28.3A 50.6 A 52.6 A
Phe139 3.2A 46.6 A 3.6 A 59.7 A 4 A 23.1A 50 A 52.1 A
lle 153 42 A 40 A 42 A 57.3 A 4.6 A 21.7A 47.2 A 48.2 A
Asp 137  3.1A 499 A 4.4 A 62.3A 4 A 28.6 A 53.2 A 54.2 A
Lys 111 4.4 A 45.6 A 3.6 A 58.2 A 55A 30 A 51.6 A 51.1 A
Ser62 2.7A 31.1A 9.8A 445 A 95A 222 A 33.2A 32.8A
Trp93 e 3.2A 35.4 A 105 A 50.2 A 7.4 A 15 A 415 A 40.6 A
Asp152 29A 35.9A 5.7 A 499 A 5A 15.3 A 39.4A 40.5 A
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Coupling routines with the NS5 methyltransferase generated nine interactions between the NS5 amino
acid residues and the bixin molecule (Figure 6), six of which are Alkyl type with Vall62, Alal65, Argl66,
Arg169 and Vall170, and two Pi-Alkyl interactions with Phe139.
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Figure 6. Amino acid interactions between NS5 methyltransferase and the ligand bixin. Schematic 2-D representations
of NS5 methyltransferase -SAM complex (A); and NS5 methyltransferase -bixin complex.

Regarding interactions with the ethyl bixin molecule (Figure 7), four interactions were found between
NS5 amino acid residues, three of which are Alkyl type with Lys111, Alal65, Argl66, Argl69 and Vall70,
and a Pi-Alkyl interaction with Phe139.

After analyzing the results of the interaction between the ligand binding sites, it was possible to observe
that bixin and ethyl bixin were coupled to the same chain as the ZIKV NS2B-NS3 and NS5 proteins, when
compared to the respective 6T8 and SAM inhibitors. Bixin has low toxicity in animal models [49] and its use
has been reported to sensitize cutaneous melanoma tumor cells [50, 51]. Low toxicity is an important point
for the development of drugs, in order to avoid possible adverse effects, when clinical administration.

NS5 non-structural protein is the largest product encoded by viral RNA, with about 904 amino acids in
the structural composition [52], approximately 100 kDa. NS5 is a bifunctional protein that has two domains:
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N terminal domain, which possess methyltransferase (MTase) activity promoting RNA capping, connected
via a linker to another C-terminal domain with RNA polymerase (RdRp) activity [53, 54].

ZIKV NS5 methyltransferase is an important target in screening for new molecules that have an inhibitory
effect on the action of this enzyme, as reported in previous studies who identified the molecules
ZINC1652386 [55], and N, N'-Carbazoyl-aryl-urea [56], both as target molecules for the development of anti-
ZIKV drugs.
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Figure 7. Amino acid interactions between NS5 methyltransferase and the ligand ethyl bixin. Schematic 2-D
representations of NS5 methyltransferase -SAM complex (A); and NS5 methyltransferase -ethyl bixin complex.
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In rational drug planning, the “rule of five” (ROF) by Lipinski and coauthors [29] is often used to delimit
the space of compounds with the greatest number of conditions satisfied to be an oral drug. Parameters
include MW < 500 g/mol, logP < 5, number of hydrogen acceptors (nHA) < 10 and hydrogen donors (nHD) <
5 where there is a high probability that a compound is a drug. So, also, with the experimental parameters of
the rule of Veber and coauthors [30], which consider the limits between polarity (TPSA < 140 A?) and flexibility
(nRotb < 10) where there is a high probability of good oral bioavailability in rats, as a predictive method of
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oral bioavailability in humans. Thus, the measurable drug-likeness properties of a substance can be
quantified in terms of its drugability, as shown in equation 1 [34].

According to the bioavailability radar in Figure 8, it is possible to observe that mycorradicin has the lowest
lipophilicity evaluated by the XlogP3 method in the order of 3.38 within the predicted drug-likeness spectrum
(pink region), due to its small molecular size (MW = 248.27 g/mol) and the polarity of 74.60 A2 associated
with its two carboxyl groups. It is noteworthy that the substances bixin and ethyl bixin do not meet the ideal
characteristics for good oral bioavailability, since they are very lipophilic and flexible, at the same time as
having the best drugability scores associated with the substances mycorradicin and transcrocetin, in the order
of 0.560 and 0.504, respectively, suggest a good bioavailability for interaction with NS2B-NS3 and NS5
proteins, as they better meet the conditions established by ROF [57] (Table 5).

LIPO

FLEX 7\ SIZE

INSATU J POLAR

INSOLU
== Annatto and Norbixin
Bixin
== Crocetin dimethyl ester
=== Ethyl bixin
= Mycorradicin
=== Trans crocetin

Figure 8. Bioavailability radar plotted by the drug-likeness parameters of these bixinoids.

The in silico predictive method of Brain or Intestinal Estimated permeation (BOILED-Egg), built into the
SwissADME platform, has assisted pharmaceutical chemists in the instant screening of new drug candidates.
Based on the physicochemical descriptors of lipophilicity (WlogP) and polarity (TPSA), the tool can show
possible drugs well absorbed in the human intestine and with activity in the central nervous system (CNS)
due to permeability in the blood-brain barrier (BBB) [37]. Together with the dataset of in vitro parameters of
permeability in colorectal adenocarcinoma cells (Caco2) and Madin-Darby canine kidney cells (MDCK), as
well as the degrees of affinity with plasma proteins, built into the ADMETIab 2.0 [35] platform, it was possible
establish a consensual correlation on the absorption and systemic distribution of bixin analogues.

Table 5. Physical-chemical and medicinal properties of these bixinoids.

Annato Bixin Crocetin  Ethyl bixin ~ Mycorradicin Norbixin Transcrocetin
dimethyl
ester
MW 380.48 394.50 356.46 436.58 248.27 380.48 328.40
XlogP3 7.20 7.52 6.06 8.58 3.38 7.20 5.41
WlogP 5.72 5.81 4.79 6.68 2.72 5.72 4.61
nHA 4 4 4 4 4 4 4
nHD 2 1 0 0 2 2 2
TPSA 74.60 63.60 52.60 52.60 74.60 74.60 74.60
nRotb 10 11 10 14 6 10 8
Fsp3 0.17 0.20 0.27 0.29 0.14 0.17 0.20
RO5 Yes Yes Yes Yes Yes Yes Yes
Veber Yes No Yes No Yes Yes Yes
QED 0.375 0.288 0.357 0.194 0.560 0.375 0.504
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The BOILED-Egg (Figure 9) shows that the substances mycorradicin and trans crocetin are within the
predicted spectrum for a predicted high gastrointestinal (Gl) permeability (TPSA < 142 A2 and -2.3 < WlogP
< 6.8), with logarithmic coefficients of permeability in Caco2 cells in the order of -5.5 cm/s and close to ideal
for high intestinal permeability (logPCaco2 > 5.15 cm/s) [58].

-
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(] .
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Figure 9. Passive permeation in the human intestine and blood-brain barrier of these ligands.

However, they ensure greater bioavailability as they are not P-glycoprotein (P-gp) substrates, contrary
to what happens with annatto and norbixin, which are loaded at physiological pH and undergo efflux back to
the Gl tract because they are substrates of P-gp, in addition to having a high degree of affinity with plasma
proteins (> 96%), which reduces their free volumes for distribution in the systemic circulation (Table 6).

Table 6. Predicted ADME properties by the in silico and in vitro models of SwissADME e ADMETIab 2.0.

Annatto  Bixin Crocetin  Ethyl bixin  Mycorradicin Norbixin  Transcrocetin
dimethyl
ester
Gl permeation  High High High High High High High
logPcaco2 -5.43 -5.12 -4.94 -5.13 -5.51 -5.55 -5.51
P-gp substrate Yes Yes Yes Yes No Yes No
Papp (MDCK)  8.1x10°® 1.3x10° 1.7x10™°® 1.6x10°° 5.0x107® 8.9x10® 1.1x107°°
BBB No Yes Yes No No No No
permeation
%PPB 96.82 97.22 90.61 99.33 83.18 96.56 92.92
CYP1A2 No No No No No No No
inhibitor
CYP2C19 No No Yes No Yes No Yes
inhibitor
CYP2C9 No Yes Yes Yes No No No
inhibitor
CYP2D6 No No No No No No No
inhibitor
CYP3A4 No No No No No No No
inhibitor
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The activity in the CNS was evaluated in a systematic analysis of the graph in Figure 9 and Table 6,
where it is possible to observe that the apparent permeability coefficients (Papp) of the MDCK model >
1.0x107° cm/s, associated with the substances bixin, crocetin dimethyl ester, ethyl bixin and transcrocetin
reflect the high permeability in the BBB [59], with the substances bixin and crocetin dimethyl ester within the
ideal spectrum predicted for a passive cerebral permeability through the BBB (TPSA < 79 A2 and 0.4 < WlogP
< 6.0). However, it is worth noting that bixin and ethyl bixin are substrates of P-gp, which limits their access
to the CNS as they undergo efflux to the external environment of the BBB, increasing their concentrations in
the adjacent blood, where their affinities with plasma proteins are greater than 97%. It is also worth noting
that transcrocetin is a charged compound and has about 92% of its molar volume bound to plasma proteins,
which tends to decrease its free molecular fraction to penetrate the BBB but tends to be active in the CNS
due to low passive efflux across biological membranes.

Through the fragmenting method of Veith and coauthors [60] it was possible to relate the molecular
fragments of substances with the inhibitions and non-inhibitions of the cytochrome P450 (CYP450)
isoenzymes predicted by the datasets of the SwissADME platform, since this class of enzymes is responsible
for the oxidation-reduction reactions of xenobiotics in phase | metabolism.

The substances have a high susceptibility to be substrate of most CYP450 isoenzymes with a strong
contribution from their carboxylate groups and derivatives, where it is possible to highlight the substances
annatto and norbixin as non-inhibitors of the evaluated enzyme families (1A2, 2C19, 2C9, 2D6 and 3A4),
while the substances bixin, crocetin dimethyl ester, ethyl bixin, mycorradicin and transcrocetin have a
tendency to inhibit the CYP2C isoenzyme family, which may result in a higher plasma concentration of these
substances after first-pass metabolism [61] (Table 6).

Acute toxicity in rodents constitutes a predictive method frequently used in the discovery of new drugs
with low toxicological risk. In this study, lethal dose values (LDso) were predicted for toxic effects by oral
administration in rats, as a predictive method of acute oral toxicity in humans. For this, the GUSAR Online
server has its applicability domain that uses a self-consistent QSAR regression based on the
electrotopological neighborhoods of atoms (QNA) to relate the molecular structure with possible toxic risks
by ingestion [38].

Thus, it is possible to observe that the substances crocetin dimethyl ester and ethyl bixin obtained the
best results for acute toxicity. Substances are non-charged at physiological pH and LDsp values in the order
of 8218 and 9450 mg/kg, crocetin dimethyl ester and ethyl bixin respectively, are considerably high and do
not present a toxic risk by ingestion. Despite the excellent results of these two substances, the other
molecules, including those with better oral bioavailability: mycorradicin and trans crocetin, have their
predicted values of LDsy > 2000 mg/kg, which means that the structural contributions of these substances
suggest that they do not tend to be toxic by oral administration (Figure 10) [62], constituting promising
therapeutic strategies in the treatment of Zika Virus.
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Figure 10. Predicted LD50 of these bixinoids by the QSAR models of GUSAR Online tool.

Recent studies point to the importance of viral RNA methylation in the process of multiplication and
infectivity of ZIKV and other flaviviruses, such as DENV, YFV, and JEV [52, 63, 64]. The results obtained by
molecular docking assay, point to affinity between the bixinoid binding sites with NS5 methyltransferase,
which suggests a possible inhibitory effect on the viral replication process, as NS5 influences the virus life
cycle on genome replication, interferon capping and suppression, through immune system evasion
mechanisms [65].

CONCLUSION

In silico molecular docking assays are promising in elucidating possible mechanisms of molecular
interaction between pharmacologically active substances and binding sites for pharmacological targets, such
as non-structural virus proteins. Since the only epidemiological control measures for Zika fever are vector
control and health education, the development of antiviral drugs is a necessity, especially for the treatment
of arboviruses. Among the seven bixinoid compounds, bixin and ethyl bixin exhibited better patterns of
interaction with amino acid residues present in the catalytic site of both NS2B-NS3 protease and NS5
methyltransferase enzymes, that is, they interacted in the region close to the site occupied by the 6T8 and
SAM inhibitors, already complexed with the enzymes NS2B-NS3 protease and NS5 methyltransferase,
respectively. Physicochemical properties of bixinoids suggest a good oral bioavailability of the substances
mycorradicin and transcrocetin, since they have high passive gastrointestinal permeability and the lowest
binding to plasma proteins in this study, which ensure a good molecular volume available for interaction with
ZKYV targets without toxic risk by ingestion. These molecules are promising as antiviral agents, inhibitors of
key enzymes in the ZIKV replication cycle. on viral growth. However, in vitro biological studies are necessary
to investigate biochemical and pharmacological parameters of these molecules.
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