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Abstract

Background: Dengue virus (DENV) infection is spreading rapidly, especially in the subtropical and tropical regions,
placing a huge percentage of the global population at risk and causing repeated outbreaks. DENV protease inhibition
has been suggested as a viable therapeutic strategy. Using a computer-aided design approach and the structure-
based drug design approach, ten 1, 2, 4-oxadiazole derivatives were designed based on the lead template (34) from
our prior study. The design involved the substitution at the phenyl pharmacophore of the lead with methylamine,
hydroxyl, and methoxy groups. To compare the anti-DENV efficacy of the optimized designed compounds to the
template and other DENV referenced inhibitors targeting the NS-5 protease (PDB ID: 5K5M), they were docked with
the DENV NS-5 protease. In silico, ADME characteristics and drug-likeness were also assessed for the compounds.

Results: The molecular docking scores of the designed 1, 2, 4-oxadiazole derivatives varied from — 19.091

to—29.61 kcal/mol, with excellent hydrogen bond energies in the range of — 3.402 to — 9.0128 kcal/mol, compared
to the lead with a score of — 19.10 kcal/mol, and the hydrogen bond energy is — 3.10 kcal/mol, both of which are
lower than those of the proposed compounds. Ferentinide, S-adenosyl-I-homocysteine, and Ribavirin were found to
have lower binding scores of — 15.8137, — 16.5362, and — 12.446 kcal/mol, respectively, with hydrogen bond energies
of —4.2659,— 104372, and — 7.2995 kcal/mol. The developed compounds all followed Lipinski's criteria, meaning they
were highly bioavailable, had no potential carcinogenic or mutagenic properties, and posed no concern of cardiovas-
cular toxicity based on the ADMET profile.

Conclusion: The proposed oxadiazole derivative interacted better with DENV protease (NS-5) than the lead inhibitor
as well as the conventional inhibitors. Compounds 34a and 34b had the best ligand-protease interaction and gave
the lowest free energy at — 26.54 and — 29.612 kcal/mol, respectively. Hence, they could be suggested as potential
therapeutic candidates to inhibit NS-5 RdRp protease. This study has revealed the anti-DENV action of the designed
compounds, indicating that synthesis and in vivo studies into their efficacy and mechanism are warranted.
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Background of the world at an epidemic rate especially in the tropi-
The DENV which belongs to the Flavivirus family vec-  cal and sub-tropical region, thereby posing great danger
tored through female mosquitoes is the main cause of to the vast population of the world in recent time (Bhatt
dengue fever disease which has spread to various regions et al. 2013). The health risks posed by DENV infection
include slight flu-like signs, to the further severe hemor-
rhagic fever or shock syndrome that could lead to death if

*Correspondence: agapalawa@gmail.com . W ~ .
! Department of Pure and Applied Chemistry, Faculty of Science, unattended to (Megawatl et al. 2017; Wilder-Smith et al.
University of Maiduguri, PM.B. 1069, Maiduguri, Borno State, Nigeria 2017; Batool et al. 2021).

Full list of author information is available at the end of the article

. ©The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
@ Sprlnger O pe n permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
— original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-8789-7871
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s42269-022-00755-7&domain=pdf

Adawara et al. Bulletin of the National Research Centre (2022) 46:65

There are about four known serotypes of the DENV (1,
2, 3, and 4), in which any could cause the infection but
infection by one of the serotypes could offer immunity
against further infection but not against other serotypes;
infected individuals are susceptible to further infec-
tion due to antibody-dependent disease enhancement.
Among the seven nonstructural (NS-1, NS-2a, NS-2b,
NS-3, NS-4a, NS-4b, and NS-5) proteins of the DENV,
the NS-5 is the most conserved among all the serotypes
that having an essential part in the DENV duplication
thereby serving as the target of interest for the treatment
of the DENV infection (Anusuya and Gromiha 2019).

The alarming rate of DENV infection coupled with
undesirable health impacts on children and previously
infected persons as well as the unavailability of approved
drugs demand urgent attention towards the discovery of
a more potent therapeutic agent to fight the scourge of
the infection.

The conventional or classic drug discovery approach
has been expensive, time-wasting, and complex (Wang
et al. 2015). The growth in the field of computation,
as well as the availability of varieties of computational
chemistry software, has facilitated drug development and
discovery process such as a structure-based approach to
be less expensive, timely, and efficient (Macalino et al.
2020; Anusuya et al. 2016). Among the structure-based
approaches, molecular docking is becoming interestingly
reliable owing to its successful application in the identifi-
cation of lead compounds as well as the screening of large
compounds databases for potentially active compounds
(Benmansour et al. 2016; Ul et al. 2016).

One of the most important strategies is structure-based
drug design (SBDD) that has been molecular docking
studies (Benmansour et al. 2016; Ul et al. 2016). Gener-
ally, the docking technique entails predicting ligand con-
formation (poses) and calculating the free binding energy
of all poses using a score derived from knowledge-based
potential. Docking analyses are particularly useful for
predicting the protease’s binding location as well as
determining the binding affinities of drugs on protease
structures (Meng et al. 2011).

The role of computer-aided drug discovery approaches
ranged from virtual screening to estimation of drug-like-
ness (D-L), bioavailability, medicinal chemistry ADMET
(Absorption/Distribution/Metabolism,  Excretion/Tox-
icity) properties of the significant number of chemical
compounds with high potential of being active and ful-
filling the prerequisites of auspicious drugs (Daina et al.
2017).

Quantitative structure—activity relationship stud-
ies (QSARs), molecular docking, and pharmacokinetics
and toxicity studies are only a few of the in silico meth-
odologies employed in drug research and development.
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Correlations between chemical structures and their
descriptors are statistically investigated in QSAR stud-
ies in order to detect correlations that could be used to
predict biological activity (Vilar et al. 2008; Adawara
et al. 2021). Molecular pharmacokinetics and toxicity
evaluations give adequate information on features that
influence a molecule’s pharmacokinetics (Butina et al.
2002; Daina et al. 2017), and molecular docking simula-
tion elucidates interactions between binding molecules
(Macalino et al. 2020).

We aimed to explore this proficient, less expensive,
and accurate approach of drug discovery to design an
inhibitor of the DENV NS5 protease with high potency
than the lead compound identified in our previous work
(Adawara et al. 2021) through the structure-based design
method through the modification of the lead as well as
predicting their D-L, bioavailability, ADMET, and medic-
inal chemistry to avoid failure after development or
advance discovery state and adverse effect. We hope that
the outcome of this work could explain the basis for the
better activity of DENV inhibitor of such class of com-
pounds as well as provide information that could ease
the design and synthesis of effective, less toxic, and good
pharmacokinetic DENV inhibitors that could aid it the
treatment of infections caused by Flavivirus.

Methods
Data set
The data used in this study is the lead compounds identi-
fied from our previous work (Adawara et al. 2021) pre-
sented in Fig. 1 in which a quantitative structure—activity
study was carried out as well as virtual screening for
potential lead identification. In furtherance for the study,
in which compound 34 ((E)-5-(2-(5-bromothiophen-2-yl)
vinyl)-3-(3-chlorophenyl)-1, 2, 4-oxadiazole) was hinted
as the lead, hence this study was initiated. Compound
34 has been reported to possess a good docking score
of — 19.10 kcal/mol using ICM pro, likewise favourably
interacted with the active site amino acid residues of
DENV-2 NS-5 protease (Adawara et al. 2021).
Compound 34 was also found within the applicability
domain of the model developed which entails its similar-
ity with other derivatives as well as the predictivity of its
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Fig. 1 (E)-5-(2-(5-bromothiophen-2-yl) vinyl)-3-(3-chlorophenyl)-1,
2, 4-oxadiazole (compound 34 as lead a template for the design
(IC5p=9.141.3 pM, binding score (AG) = — 19.10 kcal/mol)
(Benmansour et al. 2016; Adawara et al. 2021)
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inhibitory activity by the model. The lead compound has
been reported elsewhere to have better pharmacological
activity in a cell culture assay (Benmansour et al. 2016).

Insilco design of the hypothetical compounds
Using the information obtained from the lead with its
interaction with the biochemical target (PDB: 5K5M), the
analogues of the lead compound were designed through
replacement, addition, or the removal of side-chain
atoms in the structure of the selected lead compound
(Benmansour et al. 2016; Adawara et al. 2021). The sub-
stitution was carried out at phenyl pharmacophore of the
lead with methylamine hydroxyl and methoxy groups.
After this, a methodical substitution on the phenyl
pharmacophore of the lead resulted in the lead analogues
with modifications at the terminal of the chlorophenyl
pharmacophore. Towards this end, ten analogues of the
lead compound were designed. The 2-dimensional chem-
ical structures (2D) of the compounds were drawn by the
use of Chemdraw (Li et al. 2004). The ten drawn designed
compounds are presented in Table 1.

Pre-docking preparation of designed compounds

and target protease

After drawing the chemical structure of the hypotheti-
cal compounds, we further subject them to energy mini-
mization to obtain them in their best conformation and
converted them to PDB readable file format. The energy
minimization was achieved using the B;LYP (Lee—Yang—
parr hybrid functional) level using 6-31G* as the basis set
of the Density Function Theory technique implemented
in Spartan 14 (Hehre and Huang 1995). The DENV pro-
tease earlier used as the target in our previous work was
used in this as the target which was obtained from http://
www.rcsb.org/pdb protein data bank (PDB ID: 5K5M).
The protease was acquired in complex with other com-
pounds (potential target inhibitor) (Lim et al. 2016). The
preparation of the protease involved the deletion of het-
eroatoms and water molecules and the addition of hydro-
gen which has been described (Adawara et al. 2021). The
prepared 3D structure of the protease is presented in
Fig. 2.

Docking calculation and virtual screening

We accomplished molecular docking calculation for the
estimation of the binding mode/affinity between the
DENV Serotype 2 RNA Dependent RNA Polymerase
NS-5 receptor (PDB ID: 5K5M) presented in Fig. 2 and
the designed compound (ligand) presented in Table 1
with the aid of the Molsoft IC-M-Pro (Neves et al. 2012)
to obtain the binding mode of the designed compounds
to the NS-5 protease.
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Protease preparation before the docking calculations,
as well as the binding interaction mode visualization, was
done using Discovery Studio 2017 (DST) (Biovia 2017).

Due to the absence of any specifically approved
drug for the treatment of dengue virus disease, in
this study, we well-thought-out Fenretinide (4-HPR
(N-(4-hydroxyphenyl)-retinamide) based on our pre-
vious study where it was considered as the standard
inhibitor (Adawara et al. 2021) and S-adenosyl-1-homo-
cysteine (SAH) as standard inhibitors since Fenreti-
nide was reported elsewhere (Behnam et al. 2016) to
be involved in inhibiting the DENV NS5 polymerase as
well as demonstrated activity in the prevention of viral
replication against all serotypes in cell culture as well
as mouse model, whereas, S-adenosyl-l-homocysteine
(SAH) has been earlier considered as Flavivirus NS5
inhibitor (Behnam et al. 2016). Alongside the Ferenti-
nide and SAH, Ribavirin was also taken into account as
standard.

Additionally, to substantiate our evidence, the co-crys-
tal ligand obtained in complex with the protease from the
PDB was removed, optimized, and re-docked with the
protease. Its interaction with the protease before prepa-
ration and after the docking was viewed using the DST.

The docking scoring function is based on force-field
interaction energy terms and is a function of the free
binding free affinity between a ligand and a protease. The
lower the score, the better the ligand’s chances of becom-
ing a good binder (Adawara et al. 2020).

In silico ADMET predictions of the designed DENV
inhibitors

The design compounds after being successfully docked
were as well subjected to ADMET and D-L evaluation.
The ADMET and D-L predictions of the designed com-
pounds were accomplished using the Swiss-ADME and
pkCSM web tools (Daina et al. 2017; Pires et al. 2015).

Results

The molecular docking results for the designed
compounds

The results of the molecular docking calculations
binding affinity scores (kcal/mol) of the designed
compounds (Table 1) with protease using the Mol-
soft IC-M-Pro software are presented in Table 2. The
binding score designates how strongly bound the
interaction of the compounds with the biochemical
target (PDB ID: 5K5M) is Yokokawa et al. (2016). It
is expressed in the unit of kcal/mol and the lower the
numeric value the better the interaction. The molecu-
lar docking interactions of the designed compounds
and some selected standard inhibitors with the indi-
vidual amino acid involving various interactions type
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Table 1 2D Structures of the designed 1, 2, 4-oxadiazole derivatives from the lead

ID Structure Chemical name
34a OH (E)-4-(5-(2-(5-bromothiophen-2-yl) vinyl)-1,2,4-oxadiazol-3-yl)phenol
Br. s /NW/©/
[/ / o-N
34b HO OH (E)-3-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)benzene-1,2-diol
0N
S~ N
Br \ ‘
34c¢ HO (E)-2-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)benzene-1,3-diol
0N
S~ N
Br \ | HO
34d Br S o-N (B)-(3-(5-2-(5 bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanamine
L7\
N NH,
34e Br S o-n (B)-(3-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanamine
\ 7 N\ !
N
H,N
34f Br S o-n OH (B)-(2-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
\Em 1|
N
34g Br S o-n (B)-(4-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
\ Y N\ 8
N
OH
34h Br S o-n (B)-(3-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
UM 1|
N
HO
34i Br_S o-n (B)-(2-(5-(2-(5-bromothiophen-2-yl)vinyl)-1,2,4-oxadiazol-3-yl)phenyl)methanol
UM |
N
20
34j Br_S N O S’H (E)-5-(2-(5-bromothiophen-2-yl)vinyl)-3-(2-hydrosulfonylphenyl)-1,2,4-oxadiazole
2

and the nature of such interactions as well as their bond  1la—j and 3a—f, whereas those of the co-crystal ligand of
distances are illustrated in Table 3. The visualized 2D  the protease before and after docking are presented in
docking interactions of the ligand-protease complexes  Additional file 1: Fig. SF2a, b, respectively.

for the designed compounds and standard inhibitors

using DST are shown in Additional file 1: Figs. (SF)
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Fig. 2 Prepared 3D structure of the therapeutic target (PDB: 5K5M)
201 A

Designed compounds’ predicted ADMET

The results of the predicted D-L, pharmacokinetics,
and ADMET parameters of the designed compounds
(Table 1) are presented in Tables 4 and 5. Table 4 illus-
trates the parameters suggested by Lipinski for D-L and
oral bioavailability, gastrointestinal adsorption, PAINS
alert synthetic accessibility, and bioavailability score.
Table 5 presents some selected toxicity profiles of the
designed compounds.

Discussion

Molecular docking of the designed compounds

with the target

The designed compounds after optimization were sub-
jected to molecular docking simulation to validate the
improvement in the interaction of the lead compound
for a better inhibition of the DENV NS-5 protease.
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The results of the docking scores of the designed com-
pounds (34a, 34b, 34c, 34d, 34e, 341, 34g, 34h, 34i, and
34j) obtained from the Molsoft IC-M-Pro are presented
in Tables 2 and 3 shown to be —26.54, —29.612, — 22.65
2,—23.644, —23.594, — 19.992, — 23.943, — 19.292, — 20.
121, —19.091, — 22.347 kcal/mol, respectively.

The interaction of the designed compounds with pro-
tease amino acid residues indicating the individual resi-
dues’ interaction distance as well as the nature and the
type of the interactions is presented in Table 3. From
Table 2, it could be observed that the docking score
of the designed compounds ranged between —19.091
and —29. 61 kcal/mol; the lead compound has
been reported to have a binding/docking score
of —19.10 kcal/mol (Adawara et al. 2021). The designed
compound-protease interactions, as well as those of
the standard inhibitors, are illustrated in Fig. 3a—d and
Additional file 1: SF1.

Compound 34a (binding score —26.54 kcal/mol) was
observed to form three conventional hydrogen bonds (C
HB) with SER763, CYS780, and SER885 (1.852, 1.799,
and 2.084 A) amino acid residues and one carbon-hydro-
gen bond (C-H-B) with ARG773 amino acid residue.
About eight hydrophobic interactions were also formed
with TYR882, ASN777, TRP833, TRP833, TYR882, and
HIE786 A: CYS780 and MET809 residues through Pi—
Sulfur, Pi-Lone Pair, Pi—Pi Stacked, Pi—Pi Stacked, Pi—Pi
T-shaped, Pi—Alkyl, Pi—Alkyl, and Pi-Alkyl, respectively.
The conventional hydrogen bond formation in com-
pound 34a involved oxygen and nitrogen at position 2 of
the oxadiazole core, as well as the —-HO group at the para
position in which it interacted with SER885 amino resi-
due where it acts as hydrogen bond donor.

Table 2 Detailed illustration of the bonding interaction terms between the designed compounds and the target

NAME Score Natom Nflex Hbond Hphob Vwint Eintl Dsolv SolEl mfScore
34a —26.54 29 0 —7.1674 —5313 —29.769 241128 200612 149636  —58933
34b —29.612 30 0 —9.0128 —5.195 —28.302 6.56021 228616 11.858 —52.234
34c — 22652 30 0 —6.9164 —5.2689 —30.962 404884 23.0364 18.2753 —57.657
34d —23.644 33 2 —6.9283 —5.6338 —32.029 28763 218772 183033 —61.056
34e —2359% 33 2 —6.8769 —5.5997 —32.083 299389 21.7696 183519 —60.919
34f —19.992 32 2 — 54656 —5.8109 —28.074 422493 20.0227 145241 —77.084
349 —23.943 32 2 — 85685 —5.6745 — 23612 404006 20.2441 13.2815 —56.242
34h —19.292 32 2 —5.6761 —5.7906 —27.76 647946 200336  15.8832 —59.996
34 —20.121 32 2 —5.5041 —5.801 — 28244 442449 199582 147963  —76.584
34j —19.091 31 1 — 3402 — 54062 —28.306 2.00666 16.1955 13.1779 —77.548
SAH —16.5362 46 1 —104372 —3.77189 —29.1123 6.76474 346089  13.5648 —87.0805
Ribavirin —124462 29 5 —7.2995 —2.29231 —19.3849 403432 24.692 821707 —48.6846
Co-crystalised ligand —250433 56 5 —7.11578  —6.93854 —32.5424  16.0821 224688 15.605 —88.6953
[13] Fenretidine (4-HPR) ~ —12.0 62 0 —-29 —69 —295 133 214 206 —64.5
[13] Template (34) —19.1 28 0 —3.1 —6.1 —288 2.1 16.9 13.5 —579
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Table 3 Binding interaction distances and amino acid residues types between the designed ligands and the protease
Inhibitor-ligand protease complex Amino acid residue Distance (A) Type Binding affinity
34a vs. 5K5M ASER763 1.852 CHB —26.54
A.CYS780 1.799 CHB
:A:SER885 2.084 CHB
A:ARG773 2.895 C-H-B
ATYR882 5.199 Pi-Sulfur
A:ASN777 2.668 Pi-Lone pair
ATRP833 3.466 Pi-Pi stacked
ATRP833 3.867 Pi—Pi stacked
ATYR882 5.027 Pi-Pi T-shaped
AHIE786 4.683 Pi-Alkyl
A.CYS780 4.011 Pi-Alkyl
A:MET809 4.448 Pi-Alkyl
34b vs. 5K5M A: ASN777 1.858 CHB —29612
A:TRP833 2.164 CHB
A: SER885 1.836 CHB
A: SER885 2123 CHB
A: MET809 2.957 Pi-donor hydrogen bond
A: MET809 2.689 Pi-Sigma
A: CYS780 5.877 Pi-Sulfur
A: TYR882 5.828 Pi-Sulfur
A: ASN777 2.929 Pi-Lone pair
A:TRP833 3.565 Pi—Pi stacked
A:TRP833 3616 Pi-Pi stacked
A: TYR882 4.507 Pi—Pi stacked
A: HIE786 4157 Pi-alky!
34c vs. 5K5M AMET809 2370 CHB — 22652
ATRP833 2398 CHB
AMET809 2978 Pi-donor hydrogen bond
A:MET809 2.669 Pi-sigma
A:CYS780 5598 Pi-sulfur
ATYR882 5.860 Pi-sulfur
A:ASN777 2.797 Pi-lone pair
ATRP833 3.663 Pi-Pi stacked
ATRP833 3.755 Pi-Pi stacked
ATYR882 4.385 Pi—Pi stacked
AHIE786 4.124 Pi-alky!
34d vs. 5K5M A: SER763 2613 CHB —23.644
A: ARG773 2.649 CHB
A: SER763 2.251 CHB
A:TYR882 5.651 Pi-Sulfur
A: ASN777 2.904 Pi-Lone Pair
A:TRP833 3.524 Pi-Pi Stacked
A: TRP833 4114 Pi-Pi Stacked
TYR882 4621 Pi-Pi T-shaped
A: HIE786 4352 Pi-Alkyl
A: CYS780 4.005 Pi-Alkyl
A: MET809 4361 Pi-Alkyl
34e vs. 5K5M ASER763 2609 CHB —23.594
ASER763 2.255 CHB
A:ARG773 2676 CHB
ATYR882 5.643 Pi-sulfur
A:ASN777 2.907 Pi-lone pair
ATRP833 3520 Pi—Pi stacked
ATRP833 4111 Pi—Pi stacked
ATYR882 4.621 Pi—Pi T-shaped
AHIE786 4.343 Pi-alky!
A:CYS780 4.002 Pi—alkyl
A:MET809 4.364 Pi-alky!
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Inhibitor-ligand protease complex Amino acid residue Distance (A) Type Binding affinity
34f vs. 5K5M A: SER763 1.993 CHB —19.992
A: CYS780 1.752 CHB
A:TRP833 1.733 CHB
A: ASP808 2548 CHB
:REST:H9 -REST:N1 2123 C-H-B
:TYR882 5320 Pi-sulfur
A: ASN777 2.864 Pi-lone pair
A:TRP833 3345 Pi-Pi stacked
A:TRP833 3.786 Pi—Pi stacked
A:TYR882 4.970 Pi-Pi T-shaped
A: HIE786 4.575 Pi—alky!
A: CYS780 3.966 Pi-alkyl
A: MET809 4371 Pi—alky!
34 g vs. 5K5M ASER763 2.041 CHB —23943
A:ASN777 1.582 CHB
A.CYS780 1.762 CHB
ASER885 1.937 CHB
A:SER885 2.832 C-H-B
A:CYS780 2457 Pi—donor hydrogen bond
ATYR882 5.305 Pi-sulfur
A:ASN777 2.727 Pi-lone pair
ATRP833 3498 Pi-Pi stacked
ATRP833 3.904 Pi—Pi stacked
ATYR882 4.892 Pi-Pi T-shaped
AHIE786 4.589 Pi—alky!
AMET809 4436 Pi-alkyl
34 h vs. 5K5M A: ASN777 1.709 CHB —19.292
A: TRP833 2.161 CHB
A: ASN777 3.071 CHB
A: SER885 2.603 CHB
A: MET809 2.841 Pi-donor hydrogen bond
A: CYS780 5.257 Pi-sulfur
A:TYR882 5.644 Pi-sulfur
A: ASN777 2633 Pi-lone pair
A:TYR882 4454 Pi—Pi stacked
A: TRP833 4.704 Pi-Pi T-shaped
A: HIE786 4.215 Pi-alky!
A: MET809 5.252 Pi-alkyl
A: ALA776 5.068 Pi-alky!
34i vs. 5K5M ASER763 1987 CHB —20.121
A.CYS780 1738 CHB
ATRP833 1735 CHB
A:ASP808 2.545 CHB
:‘REST:H9-REST:N1 2119 C-H-B
ATYR882 5321 Pi-sulfur
A:ASN777 2.869 Pi-lone pair
ATRP833 3338 Pi—Pi stacked
ATRP833 3784 Pi—Pi stacked
ATYR882 4978 Pi-Pi T-shaped
AHIE786 4.548 Pi—alky!
A:CYS780 3.968 Pi-alky!
AMET809 4.369 Pi-alkyl
34j vs. 5K5M A: CYS780 1.738 CHB —19.091
A:TRP833 1.735 CHB
A: ASP808 2.545 CHB
:REST:H9 -REST:N1 2119 C-H-B
A:TYR882 5322 Pi-sulfur
A: ASN777 2.869 Pi-lone pair
A: TRP833 3338 Pi—Pi stacked
A: TRP833 3.7845 Pi—Pi stacked
A:TYR882 4978 Pi-Pi T-shaped
A: HIE786 4.549 Pi—alky!
A: CYS780 3.968 Pi-alky!
A: MET809 4.3692 Pi—alkyl
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Table 3 (continued)
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Inhibitor-ligand protease complex Amino acid residue Distance (A) Type Binding affinity
Co-crystalised ligand vs. 5K5M A: ARG729 3.109 CHB —25.0433
A:THR794 2748 CHB
A: TRP795 3.399 CHB
A: LYS800 2.823 CHB
A: GLU802 2673 CHB
A:THR794 3336 C-H-B
A: SER710 3.574 C-H-B
A: CYS709 3492 C-H-B
A: ARG729 4.150 Pi—cation
A: THR794 4.035 Pi-donor hydrogen bond
A:HIS711 5183 Pi—Pi T-shaped
A:LEU512 4.182 Alkyl
A: ALA799 4.224 Alkyl
Ribavirin vs. 5K5M A: LYS756 1.690 CHB — 124462
A: SER763 1.853 CHB
A: CYS780 2536 CHB
A: CYS780 2467 CHB
A: ASN777 2.799 CHB
A: GLN760 2.896 CHB
A: GLN760 2208 CHB
A:THR806 2554 CHB
A: THR806 2927 C-H-B
A: SER785 2.194 C-H-B
A: THR806 2.056 C-H-B
A: GLUB07 2.985 C-H-B
A: GLN760 2477 C-H-B
A: MET809 3.115 Pi—donor hydrogen bond
A: CYS780 4.584 Pi-alkyl
A: MET809 4.758 Pi—alky!
SAH vs. 5K5M ALYS756 2325 CHB —16.5362
A:ASN777 1.871 CHB
A.CYS780 1.840 CHB
A:MET809 2925 CHB
‘GLN760 2.099 CHB
A:GLN760 2.047 CHB
ASSER763 2816 C-H-B
A:ASP808 2.398 C-H-B
AGLN760 2333 C-H-B
A:SER785 2.841 C-H-B
ATHR806 2385 C-H-B
A:ASP808 2721 C-H-B
AHIE786 2553 C-H-B
ATYR882 4328 Pi—sulfur
A:HIE786 4782 Pi-Pi T-shaped

C HB conventional hydrogen bond, C-H-B=Carbon hydrogen bond, HB hydrogen bond

Compound 34b with the best docking score of —29.
61 kcal/mol was observed to participate in the inter-
actions involving four C HB with ASN777, TRP833,
SER885, SER885 (1.858, 2.164, 1.836, and 2.123 A) amino
acid residues where the two —OH group at the ortho and
meta position of the phenyl ring both donated hydrogen
to SER885 residue, while the oxygen of the —OH group
at the para position of the phenyl ring and the nitrogen
at position 2 of the oxadiazole account for the other
two C HB interactions involving ASN777 and TRP833
residues where they act as donors. There was no C-H-B
interaction observed in compound 34b, other than the
four C BH and nine hydrophobic interactions involving

MET809, MET809, CYS780, TYR882, ASN777, TRP833,
TRP833, TYR882, and HIE786 amino acid residues
through Pi-Donor Hydrogen Bond, Pi-Sigma, Pi—Sulfur,
Pi—Sulfur, Pi—Lone Pair, Pi-Pi Stacked, Pi—Pi Stacked, Pi—
Pi Stacked, and Pi-Alkyl.

Ribavirin formed eight favourable conventional
hydrogen bond interactions involving LYS756, SER763,
CYS780, CYS780, ASN777, GLN760, GLN760, and
THR806 (1.690, 1.853, 2.536, 2.467, 2.799, 2.896, 2.208,
and 2.554 A) were observed as well as five C—~H-B with
THR806, SER785, THR806, GLU807, GLN760 amino
acid residue, whereas the MET809, CYS780, MET809
residues were involved in hydrophobic interactions
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Table 5 Predicted toxicity of the designed compounds

Compound ID AMES toxicity Max. tolerated hERG | Oral rat acute Oral rat chronic Hepatotoxicity Skin
dose (human) inhibitor toxicity (LDsg) toxicity (LOAEL) sensitization
log(mg/kg/day)

34a (=) 0.227 (=) 2441 1.671 +) (=)

34b (=) 0.460 (=) 2674 1.028 (+) (=)

34c (=) 0369 (=) 2372 0.982 =) (=)

34d (=) 0192 =) 2492 1.692 (+) =)

34e (=) 0.194 =) 2478 1723 (+) =)

34f =) 0.243 (=) 2423 1.707 +) (=)

34g (=) 0.254 (=) 2425 1.732 (+) =)

34h (=) 0.256 (=) 2424 1.744 (+) (=)

34i (=) 0.256 (=) 2424 1.744 (+) (=)

34j (=) 0.257 (-) 2.154 1.774 (+) (=)

SAH (=) 0.522 (=) 2485 2177 (+) (=)

Ribavirin (=) 0.508 (=) 1481 2.559 (=) (=)

Fenretinide (=) —0.381 (=) 2.696 2332 (=) (=)

Yes (+)

No (-)

through Pi-Donor Hydrogen Bond, Pi-Alkyl, and
Pi—Alkyl.

SAH has the highest hydrogen bond interaction
energy of —10.4372 and formed six C HB interactions
with LYS756, ASN777, CYS780, MET809, GLN760,
GLN760 (2.325, 1.871, 1.840, 2.925, 2.099, 2.047 A)
amino acid residues, and formed seven C-H-B interac-
tions with SER763, ASP808, GLN760, SER785, THR806,
ASP808, HIE786, with other two hydrophobic interac-
tion TYR882, HIE786 residues through Pi—Sulfur, Pi-Pi
T-shaped, respectively. The higher hydrogen bond energy
observed in SAH could be due to majorly C—H-B interac-
tion because it has the highest amount of C—H-B interac-
tion but a lower binding score of — 16.536 kcal/mol.

The co-crystal ligand of the protease demonstrated a
binding score of —25.0433 kcal/mol (Table 2), but despite
having such a higher binding score was observed to form
some unfavourable bond (Additional file 1: Fig. SF2b)
which entail instability of the complex. The 2D binding
interactions of the native ligand-protease presented in
Additional file 1: Fig. SF2 were viewed before and after
docking (Additional file 1: Fig. SF2a, b) to understand the
significance of optimizing the co-crystal ligand in terms
of how it interacts with the protease.

In summary, the hydroxyl group of the phenyl moiety,
as well as those of the methylamine and methoxy groups,
formed conventional hydrogen bond interaction with
some important amino acid residues of the protease. This
observation could be responsible for the higher hydro-
gen bond energy interactions obtained for the designed
compounds which are important for the ligand-protease

complex stability. More so, the nitrogen at position two
of the oxadiazole core was observed to be stabilized
through conventional hydrogen in all the designed com-
pounds, this highlights the importance of nitrogen at
position two in conferring the stability of the ligand pro-
tease complexes.

The compounds all formed favourable interactions with
the protease which entails the good potential of the com-
pounds as inhibitors. Among the designed compounds,
compounds 34a and 34b showed remarkable docking
scores far much better than the lead as well as the stand-
ard inhibitor, although, none of the inhibitors had a dock-
ing score close to the lead talk more of the improved
derivatives of the lead.

The stabilization of the complexes of the designed
compound-protease was majorly through conventional
hydrogen bond and hydrophobic bond interactions
involving residues at the allosteric sites of the protease.
All the designed compounds have a better hydrogen bond
energy (—3.402 to—9.0128 kcal/mol) than the template
(—3.1 kcal/mol) which entails favourable interactions
with the protease than the template and were all found
to be in a similar manner as the standard inhibitors. This
could bring about better stability of the complexes, hence
better inhibitory activity.

D-L, pharmacokinetics, and ADME prediction

of the designed compounds

D-L of any potential drug candidate is essential in the
drug development process. The D-L properties for poten-
tial drug candidate proposed by Lipinski implemented in
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Fig. 3 2D docking interaction of some selected design compounds (34a and 34b) (a, b) and standard inhibitors (SAH and Ribavirin) (c, d) with the
DENV NS-5 protease (PDB ID: 5K5M)

the Swiss-ADME web tool were utilized. The obtained
D-L parameters are presented in Table 4. It could be
observed that all the designed compounds perfectly
obeyed the rules suggested by Lipinski characterized by
their molecular weight of not less than 500, logP value of
not greater than 5, hydrogen-bond donors of not greater
than 5; hydrogen-bond acceptors of not greater than 10,
and topological polar surface area (TPSA) of less than
140 recommended by Lipinski (Lipinski 2016; Daina
et al. 2017), from the predicted properties presented in
Table 4, it could also be seen that our designed com-
pounds passed all Lipinski’s rule of five which also sug-
gests good D-L and oral bioavailability (Lipinski 2016).

The estimation of the ease of synthesis (synthetic-
accessibility) of bioactive compounds possessing drug-
likes-ness is an essential need in the drug discovery
process (Ertl and Schuffenhauer 2009).

Other valuable information obtained from the ADME
evaluation presented in Table 4 includes the gastro-
intestinal adsorption (GIA), pan-assay interference com-
pounds (PAINS) alert, bioavailability score, and synthetic

accessibility. The designed compounds could all be seen
to possess high GIA except the standards inhibitors con-
sidered, which entail easy and favourable GIA by the
designed compound.

The designed compounds were predicted to possess no
PAINS alert except compound 34b with one PAINS alert
which depicts the true activity of the compounds in the
biochemical assay (Baell and Holloway 2010).

The bioavailability scores of the designed compounds,
as well as those of the standard all, fall within the range of
active category as compounds with bioavailability scores
in this range, are classified as highly active (Ertl and
Schuffenhauer 2009; Mishra et al. 2016). The compounds
have all demonstrated the ease of synthesis evidenced by
their synthetic accessibility score of 3.27-3.83 which are
lower than those of the standards since the smaller the
value, the easier a chemical compound could be synthe-
sized (Ertl and Schuffenhauer 2009).

The drug-metabolizing capacity of CYP450 enzymes,
clinically relevant CYP450 genetic polymorphisms,
cytochrome P450 CYP-1A2, CYP-2C9, CYP-2C19, and
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CYP-2D6 were also evaluated. The compounds includ-
ing the standard are all non-Pgp substrate, as well as
CYP2D6, a CYP3A4 inhibitor, whereas only compound
34j was found to be non-inhibitor of CYP-2C9, respec-
tively (Table 4) (Hollenberg 2002; Serretti et al. 2009).

The toxicity of the designed compounds was assessed
using the pkCSM webpage tool, with the results pre-
sented in Table 5. The results revealed that the designed
compounds all had no AMES toxicity, no skin sensiti-
zation, and were all non-inhibitors of the human ether-
a-go-go-related gene (hERG) cardiovascular toxicity,
making them safer. Except for compounds 34c, all of the
compounds’ hepatotoxicity potential was assessed to
be positive. The proposed compounds’ Oral Rat Acute
Toxicity (LDg,) ranged from 1.894 to 2.674, while SAH
Ribavirin and Fenretinide had 2.485, 1.481, and 2.696,
respectively, indicating that they are in the same range as
Ribavirin and are even safer. Based on the toxicity pro-
file of the developed compounds, it may be reasonable to
classify them as non-toxic, and they have been demon-
strated to have good D-L.

Conclusions

Through structural modification of the lead (compound
34) from our previous study, and subsequent molecu-
lar docking, D-L, ADME, and toxicity evaluation of the
hypothetically active compounds, we were able to design
highly potent and less toxic dengue virus serotype 2
inhibitors targeting the NS-5 protease using a structure-
based drug design approach from a template of the class
of 1, 2, 4-oxadiazole derivative identified in our previous
work. Ten derivatives of the lead drug were developed
and found to bind better than the lead compound, with
a molecular docking score of —19.19 to—29.3 kcal/mol,
outperforming the template, the standard inhibitor. All
the compounds had better hydrogen bond interaction
than the template which entails better interaction with
the biological target. The designed compounds’ D-L,
ADME, and toxicity estimations demonstrate good D-L
and desirable ADME parameters, but no AMES toxicity
was detected among all the designed compounds, and
other toxicity aspects analyzed suggested a relatively safe
drug. The proposed compounds have a good possibil-
ity of being made into an anti-DENV medication. This
research also provides a foundation for further synthe-
sis of such potent derivatives to create novel treatment
options for treating dengue virus infections at a low cost
and on time.
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