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Abstract

Infection caused by Chikungunya virus (CHIKV) commonly results in chronic inflammation in the joints, with serious
impairment of social life and labor activities. Like many arbovirus diseases, there are no approved vaccines or treatment
for CHIKYV illness, although progress has been made in understanding the structural biology of the virus and in relation to
compounds with anti-chikv activity. Recently, a neglected CHIKV molecular target, essential for viral replication, has gained
more attention because of its huge structural similarity, including at the active site, to several homologous viral proteins,
including from Severe acute respiratory syndrome 2 virus (SARS-Cov2). This sparked the interest in the search for a pan-an-
tiviral drug focusing on this target, the Macrodomain of Non-Structural Protein 3 (nsp3). Nsp3 macrodomain is a hydrolase
which removes post-translational modifications (sugar residues) from other proteins. It has been considered as enigmatic,
with limited information about its functions and modulative site(s), besides no known validated inhibitors. However, since
the start of research race on SARS-Cov2, on account of the new coronavirus pandemic, many structures of nsp3 in complex
with fragments and other ligands are now available, besides inhibition assays with the protein, which opens up a range of
possibilities in virtual screening strategies for discovery of new putative antiviral compounds. Here we found that anti-chikv
compounds and other known hydrolase inhibitors showed greater affinity to macrodomain binding site than the substrate.
The stability of a potent anti-chikv compound was verified by MD studies and its protein-ligand interaction profile, as well
as that of many other molecules has been evaluated. Thus, this work brought together information of CHIKV nsp3 mac-
rodomain studies from different medicinal chemistry approaches in order to contribute to the development of therapeutic

agents with broad range for virus infections.
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Introduction

Viruses are parasitic microorganisms whose expressed
machinery is both economical and versatile, considering
its multiple essential and accessory functions (many not yet
understood) with a minimum of genetic material and proteins.
One example of this switchblade molecular machinery are the
non-structural proteins (NSPs), which only subsists as long as
the virus stays inside the cell, where they actively participate in
viral replication, and are not present within the inert particles
[1]. Among the NSPs expressed by chikungunya virus (CHIKV),
nsp3 is known to be the most difficult to understand [2]. But even
ten years after the structural elucidation of its first functional

domain [3], few in silico studies have been carried out to date.

The first CHIKV three-dimensional protein structures
obtained from crystallographic data were nsp3 Macrodomains,
also known as Macrodomain-X, a functional fold that is evo-
lutionarily very conserved and found in all kingdoms of living
beings [4]. In CHIKV genome, it is comprised from the N-ter-
minal portion of nsp3 to its residue 160, has a topology of the
a/B/a sandwich composed of 4 a-helix and 6 B-sheets, the all
[-sheets are located in the middle of the protein, surrounded by
three a-helix on one side, and one a-helix on the other. While the
understanding of the specific role of nsp3 viral cycle is still fuzzy,
the function of its macrodomain has been gradually revealed [5-
7].

Evidence about nsp3 macrodomain function came from
information that homologues were able to recognize ADP-ribose
(ADPr) nucleotides and remove their first phosphate group, the
1"-phosphate phosphatase activity. Based on this, Malet, et al.
(2009) crystallized the macrodomain (both CHIKV and VEEV)
with good resolution (< 2A) under three different conditions:
apo form - in complex with ADP ribose - an adenosine diphos-
phate nucleotide linked to an additional ribose in the distal tip,
at its second phosphate; and also in holo form - in complex with
an RNA trimer (AAA) - respectively corresponding to the PDB
ID 3GPG, 3GPO, 3GPQ codes. There was no difference between
the apo and holo conformations of the protein. Furthermore,
the analysis of crystals with different ligands, in principle, al-
lows identification of two sites: ADPr site - above the 2, 4 and 5
B-sheets and surrounded by the loops that connect B2 to al and
B5 to a3; and RNA trimer site, where nucleotide fit in the same
site as the ADPr but, additionally, depended on the electrostatic
attraction of the phosphate groups with a positively charged re-
gion composed of the G112, V113, and Y114 residues.

Site-directed mutagenesis outlined essential residues
for phosphatase activity [8], and the analysis of the complexes
allowed identification of important residues in substrate bind-
ing, which could be involved in catalysis. Thermal shift assays
showed the macrodomain specificity by adenine when compared
to guanine; by a di-phosphate instead of one or three; and by
distal ribose, instead of glucose, phosphate, nicotinamide or
nothing. Following studies have shown, however, that phospha-
tase activity is not very pronounced in alphaviruses [9], and that
there is another, much more notable function of this target: be-
sides binding to ADPr units, they are able to recognize these sug-
ars in glycosylated proteins and remove them, an activity known
as ADP-ribosyl hydrolase or even mono-ADP-ribosyl hydrolase
“MARilase” [6, 10, 11].

Protein glycosylation with ADP ribose (ADPr), ri-
bosylation, is a post-translational modification carried out by
ADP-Ribosyltransferases (ARTs), which transfer the Nicotin-
amide ADPr monomer Adenine Dinucleotide (NAD+) to the
side chain of amino acids, an action which may result in al-
losteric modulation - comparable to the phosphorylation or
methylation of nucleic acids [12]. Dynamic and still poorly un-
derstood, the fact is that the reversal of ribosylation of proteins
(still unknown) is an essential activity for CHIKV replication in
both mammalian and mosquito cells. And it has already been
demonstrated with the isolated nsp3 md the hydrolysis of ADPr
in Aspartate and Glutamate residues, what does not happen in
Lysine residues, and was also concluded that MARilase activity
(and not just ADPr affinity) is critical for viral replication in cell
lines, even though mutants with greater affinity for ADPr have

been more virulent [6].

All of this reflects the importance of studying macro-
domain structure for the development of anti-CHIKV drugs.
Considering the studies with CHIKV proteins, certainly the
potential of nsp3 macrodomain in drug development has been
neglected, but recently more attention has been given due to the
great structural similarity of this protein in different viruses of
families Togaviridae, Hepeviridae and Coronaviridae , of such
relevance to public health as the pandemic SARS-Cov2. There-
fore, it has been suggested that macrodomain is an strategic
molecular target for the development of broad-spectrum antivi-
rals, and the large amount of data generated due to SARS-Cov2
boosted studies involving the macrodomain also of other virus-
es, such as CHIKV [13].
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It is noteworthy the fact that there is a lack of inhibi-
tors directly associated with CHIKYV targets, especially nsp3 md.
Beyond the substrate (ADPr), the unique in vitro validated com-
pounds with inhibitory activity against CHIKV nsp3 md are py-
rimidone derivatives obtained very recently by a fragment-based
drug design which proposed the 2-pyrimidone-4-carboxylic
acid as a scaffold for nsp3 modulation, from which a derivative
showed a viral replication inhibition of IC5q of 23 uM in human
fibroblasts. Thus, there is still a hindrance to the implementation
ofligand based virtual screening evaluations. On the other hand,
there are a series of virtual screens already carried out based on
the structure of CHIKV macrodomain, but that were carried
out in different software and approaches that make it difficult to
compare them. Because of this, in this work we aim to investigate
the previously reported virtual hit putative CHIKV nsp3 md in-
hibitors and the in vitro CHIKV inhibitors (mainly those that are
not associated with targets) in relation to their affinity to CHIKV

and SARS-Cov2 macrodomains.

Here we 1) review the structural aspects of CHIKV
nsp3 macrodomain “nsp3 md” as well as the contributions
of in silico and in vitro assays related to this target/virus,
2) evaluate the affinity of most promising compounds from all
over these studies with CHIKV and SARS-Cov2 nsp3 mds by the
same method, and 3) use the protein ligand interaction profile of
the virtual hit compounds to understand the specificities of each
modulation pattern and 4) build a virtual screening strategy for

the search of new putative antiviral compounds.

Material and Methods

Subset selection and preparation

Initially, an extensive search was accomplished for stud-
ies using the in silico molecular docking and molecular dynamics
methods with CHIKV nsp3 macrodomain, both in indexed re-
positories and grey literature. Then a new search was performed
in the same literature sources for in vitro inhibitory compounds
for CHIKV. The information on the i silico methodologies used
was collected and presented in the form of tables (with corrected
and standardized numbering or residues), and the 16 top virtu-
al hit molecules from those studies were drawn and had their

smiles generated on the Marvin Sketch software [14], for “virtual

hits” subset preparation. After the selection of CHIKV in vitro
inhibitors (IC/EC 50 < 0.1 mM = 139 compounds) (see supple-
mentary Table 1), were also selected the scaffold pyrimidine frag-
ment proposed as the minimal essential structure for CHIKV
nsp3 inhibitory action; and the inhibitor of nsp3 macrodomain
of SARS-Cov2.

All these structures were drawn and had their smiles
generated on the Marvin Sketch software. Finally, a subset of 324
molecules bounded in hydrolases structures from Protein Data
Bank (https://www.rcsb.org/) which were similar to ID 3GPO
- CHIKYV nsp3) and a subset of 652 molecules retrieved in the
same database bound to nsp3 viral structures were selected

(crystallographic residues and ions were discarded).

The SMILE strings from all molecules were converted
into SYBYL-X 2.0 mol2 3D format [15] and were prepared for
docking procedures by addition of the hydrogen atoms and cal-
culation of the Gasteiger-Hiickel charges in Open Babel v. 3.2.1.
[16]. The macrodomain structures from CHIKV and SARS-Cov2
used in calculations were obtained, respectively in chain A from
PDB IDs 3GPO 1.9A and 7KQP 0.88A in Protein Data Bank. The
receptor preparation with Hydrogen atoms and Gasteiger partial
atomic charges (ff14SB) was set in the DockPrep module at Chi-
mera 1.10.1 program [17].

Docking procedures

Docking was carried out in DOCK 6.9 software pack-
age, using the molecular surface file generated by Display Midas
System (DMS) [18] in Chimera 1.10.1 program to access receiver
solvent and the negative image of the receptor. The orthosteric
site was delimited by crystallographic ligand (ADPr) position, as
the closest spheres (radius: 10A) were selected, using SPHGEN
and SPHERE_SELECTOR programs Then, a calculation box
8A distant from these selected spheres was set in both CHIKV
and SARS-Cov2 macrodomain structures. Finally, the physical/
chemical properties were calculated by the GRID program [19]
in its standard configuration, and the GridScore function was

used to rank the structures.

The docking parameters were evaluated by perform-
ing the root-mean-square deviation (RMSD) between the crys-

tallographic ligand and the best classified pose by the program.
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Considering a satisfactory value an RMSD of less than 2 A [20].
Accordingly the GridScore value, the top scored molecules were

selected for molecular dynamics simulation.
Molecular Dynamics

CHIKV macrodomain complex with topl anti-chikv
compound was submitted to molecular dynamics. First, the
protonation of ionizable protein residues was calculated using
PROPKA server [21], to reproduce the cell pH of 7.2 and the
protonation states were manually set in Gromacs environment
[22] using PDB2GMX module, that in addition to generating the
topology also converted receptor coordinates into Gromacs gro
file using PDB2GMX module. Ligand topology was generated in
PRODRG server, as well as the conversion of its coordinates de-
manded by GROMOS united atom force field.

The system was placed in the center of a dodecahedron
simulation box of size: 4.105/ 3.886/ 4.010 (nm) and solvated
with 9054 SPC-E water models, and 1 Cl counterion was added
to neutralize it. Subsequent minimization steps were carried out
by Steepest Descent and Conjugate Gradient algorithms until
the convergence in the energy. Then using the Verlet integrator
a nanosecond of molecular dynamics was carried out for care-
fully heating the system, with restriction of protein atoms, until
the 300K were reached. Finally, the restraints were removed in a
run of 100ns of molecular dynamic simulation. For each atom,
long-range the closest interactions in 14A were considered, and
electrostatic interactions were treated using the PME - Particle
Mesh Ewald method.

The stability of system was evaluated through analyses
of RMSD (Root Mean Square Deviation) and RMSF (Root Mean
Square Fluctuation) of heavy chain atoms, RG (Radius of Gyra-
tion) calculation and the calculation of h-bonds permanence be-
tween ligand and receptor over the simulation. Also, the module
of mm-gbsa was employed to calculate the free energy binding of

the complex.
Intermolecular interactions analysis

The central pose from the most populated cluster of
the molecular dynamics production phase was selected for Pro-
tein-Ligand Interaction Profile calculations in PLIP server [23].
And the visual inspection of complexes was made using Pymol
[24].

Results and Discussion

Docking studies with CHIKV nsp3 Macrodomain (select-

ed from literature review)

The structural features of protein-ligand interactions of
virtual hits from nsp3 macrodomain docking studies, selected
from a literature review, are presented in Table 1 (Brinda, et al.
2019; Kumar, et al. 2020; Nguyen, et al. 2014; Oo, Hassandarvish,
Chin, Lee, Bakar, et al. 2016; Puranik, Ninad V.; Rani, Ruchi;
Singh, Vedita Anand; Tomar, Shailly; Puntambekar, Hemalata
M.; Srivastava, 2019; Sangeetha, et al. 2017; Santhanam Vijayas-
ri, 2017; Seyedi, et al. 2016; Singh, et al. 2019; Vora, et al. 2019)
(Table 1) [25-34].

Author, year of Target 4 Interacting amino
publication (PDB-ID) Sotimars Stralegy n* LigandsiSubset acid (aa) residues
1M1, A23, N24 N31,
AutoDock Vine  Blind e (1541) Diversity Set Il - W33, L108, G112,
Rguysn, 2014 e 154 Directed {NCI} V113, Y114, Y142,
R144
Baicalin. Mari C34, L108, 5110,
Seyed 2016 IEPE AutoDock Vina  Directed s g Eu_'"ge"’“' T119. Y114, Y142,
koo R144, D145
Q17. G30, YB3, NT2,
AutoDock Vina " - L1068, 5110, w113,
O, 2016 IGPG 155 Blind Hesperatin K118, T122, Y142,
R144, W14B
Mot 5) Tect i
Sangeethaa. 2017  3IGPO Docking server o T Mo interaction
menioned compounds
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M9, D10, 111, A12,

A22 A23 N24,G30,
D31, G32, Va3, C34,
K35, A36, V&8, GT0,

Santhanam, 2017 3GPO LigandFit Darected {150) Phytochemicals P07, L108, L109,
5110, T111, G112,
W13, Y114, Y142,
C143, R144
Schrodinger,
Vora, 2018 IGPG Cicxwaty Directed 24 Ml -
studico, Compounds
Maolegro
N24, D31, V33, L1049,
? ; {12) Halogenated L108, 5110, T111,
Puranik, 2019 AGPO Glide Directed Sistenoide G2, Y114, Y142,
Ri44, D145
A2Z AZ3, N24, D31,
(200) Derived of W33, Ca4, GTO,
Kumar, 2018 IGPO IGEMDOCK Directed Sl L108. S110. V113,
Y114
111, M24, D31, 5110,
Singh, 2019 IGPO ParDOCK Directed {4} Noscapine isomers T111. G112, w113,
Ri44, Wi4a
T111,G112, Y114,
: IGPOY (23) Glycosmis W33, 5110 (3GPO)
Brinda, 2019 CDOCKER Directed
s 4TUO pentaphylla compounds T111, 5110, G112,

Va3 (4TUD)

Table 1: Docking studies with CHIKV nsp3 Macrodomain

Although the selection of starting structure for virtual tests
is crucial for the reliability of results, there are incompatibilities
within these choices. It is known that molecular targets when
crystallized in a complex provide important information about
the interacting residues, in addition, a holo structure reflects the
transition state of an enzyme, in which both central and lateral
chains assume a conformation which allows to “receive” the li-
gand, the induced fit. There was generally a consensus on the
choice of the holo structure for in silico calculations [35], but
almost half of the studies with the macrodomain used the apo
structure. This choice was probably based only on the criterion
of crystallographic resolution, lower in 3GPG (Apo 1.65A) than
in 3GPO (in complex with ADPr - 1.9A), a minimal difference,
which would not have justified the choice of 3GPG, since the
two resolutions are sufficiently detailed for virtual screenings.
Even so, the structural overall similarity between both structures
(0.19A rmsd) may have influenced the choice for 3GPG. The
structural alignment of apo and holo states shows that among the
ADPr interacting amino acids residues cited by the author, there
is variation only in G30 and D31.

The structure in complex with RNA (3GPQ) was not

chosen, because even though it is able to bind to polynucleotides,

the macrodomain does not show PARylase activity (Poli ADP
ribosylase). The same justification should apply for 4TUO, al-
though a single study used this structure [25].

In order to consider other putative modulable regions,
some studies have used the blind docking procedures, in this case
the simulation box is large enough to cover the entire protein to
consider the possible existence of other interaction sites. How-
ever, in a study which used the Diversity Set II Bank for screen-
ing, a chemical and structural diverse set of compounds selected
by a therapeutic development program of the North American
National Cancer Institute, blind strategy did not prove to be ad-
vantageous. The best scored virtual hits were located at the ADPr
site and the other proposed site presented only hydrophobic in-
teractions with ligands attached to it [27]. Also in studies which
selected two regions for docking calculations, all ligands bound
with more affinity within the large catalytic cavity [31] detected
by CavityPlus.

For directed docking strategies, most studies with
nsp3 md at least suggested the use of the crystallographic ligand
(ADPr) as defining the simulation region, or relied on the help

of software to predict the binding site [33], however, in most
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of them no details were given about the docking region. The
amount of ligands evaluated diverged according to the objective
of each study. Virtual screenings were carried out mostly with
natural compounds, however relatively few compounds were
evaluated in relation to the available databases [36]. Other in
silico studies proposed which would be the most likely target to
known inhibitors of chikv replication, yet the majority of CHIKV
inhibitors remain with no associated biological target of action
[37,38].

The diversity of computer programs and methods em-
ployed for molecular docking studies makes it difficult to com-
pare results from different authors, and often the same research
groups optimize the compounds they have prioritized. Each
study showed in table 1 mapped the interactions of virtual hits
complexes, important residues are marked. This analysis allows
to establish which ones are important in a desired modulation,
and can help to define the proper region for next calculations.
The authors highlighted the important role of polar and aromat-
ic interactions, and especially the hydrogen bonds, in which the
macrodomain residues participated predominantly as donors,
which for example, in ADPr (substrate) complex stabilizes the

phosphate groups and distal ribose.

Until recently there were no known inhibitors for the
chikv nsp3 macrodomain, thus the validation of scoring func-
tions was not possible through the discrimination between de-
coys (false positives) and true ligands. Therefore, the only op-
tion available to assess the predictive capacity was to re-dock
the crystallographic ligand to the active site after submitting it
to minimization. The smaller the variation is between crystallo-
graphic ligand and the re-docked one, the greater the accuracy of
the technique and parameters used is supposed to be. However,
the re-docking values were only indicated by Nguyen (2014). In
many cases, in silico calculations were employed just to comple-
ment in vitro assays, but it is worth noting that to publicize de-

tailed information on the methodology used is fundamental for

reproducibility, comparison and reliability of the results.

Molecular Dynamics Simulations with CHIKV nsp3

Macrodomain (selected from literature review)

Some limitations of docking technique (for example,
the fact that the receptor structure is generally kept fixed and
the non-consideration of a solvated system) can be overcome
through molecular dynamics (MD) simulations of prioritized
virtual hits. MD simulations are extremely useful to assess the
permanence of interactions identified in docking, as well to as-
sess the adaptations of the complex induced fit. Among the ten
studies that used accomplished docking, only six implemented
studies with MD simulations (Kumar, et al. 2020; Nguyen, et al.
2014; Oo, Hassandarvish, Chin, Lee, Abu Bakar, et al. 2016; San-
thanam Vijayasri, 2017; Singh, et al. 2019; Vora, et al. 2019), and
one more which evaluate 3GPO crystallographic complex (with
ADPr) (Rungrotmongkol, et al. 2010) [39].

As in the docking studies, the methodologies used
for MD were as varied as possible (Table 2). The description of
system preparation was not clear in the majority of these stud-
ies. Authors did not mention how protonation of the ionizable
residues was calculated and simulated, only Santhanam (2017)
provided information on how ligand topology was generated
(by PRODRG server). MD studies employed the most popular
water models, and in general, used cubic simulation boxes. Sev-
eral MD rmsd trajectories with macrodomain showed that most
ligands were able to stabilize the protein. An intriguing excep-
tion occurred in Vora (2018) results, whose rmsd values were
discrepant in relation to all the others. This could indicate that
Vora et al probably showed a wrong description of the system,
or Mulberroside ligand caused an accentuated conformational
change. In any case, the disorganization of the graphs and the
tiny description of results prevent a reliable interpretation (Table
2).

(Box\
Author, year Water Simulation i
Yo Target  Softwars : Rmsd  amino acid
of model Ligand time (prod.
(POE-D}  \Forcefield approx. (aa)
publication [System phase)
residues
siza)
Cubic Hat D10, 111, N24,
Rungrotmongk BE=&T=T4 5 W31, Va3,
o, 2010 JIGPO Amber \ /03 \TIF3E ADP riboss &ns ;‘-‘Eﬂa— C34, 5110,
\25 803 < G112, V113,
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Yii4, R144
111, AZ2, N24,
Cubic P25, L28, V23
ADF riboss i ;
MAKD EaxE8xEE AdE, P10T,
Nguyen. 2014 3GPG |- ARMM2Z TIP3 ;::J;srm oy 1825 16112,
18.000 V113, Y114,
Wida
Amber 14 Mot
O, 2016 IGPG WF145E mertianad Hesperetin 10ns =1.8
Somecy Cubic|  Galangin
20"“1':""”“' 3GPO ‘éf;;s SPC-e  Taxifolin, &ns 2 -
g B 36.451 Rhiein, Apo
Ortharhio
mibic
AZZ, N24
Desmond 10w10x10 . i
Vora, 2018 IEPG |  s  \Tiea, | Mulbemoside  50ns 8 N31, C34,
L108, T111
Not
mentioned
5 Amberig\ [4)
Singh, 2018 3GPO TIP3FE 40 2 -
o fH4SB Moscapines
PYTANOOXAZO
Amberig\ Mot 100ns,500ns L108, R1d4,
Ko, 2003 30PD o mentianed L“D:f""m & 2ue 17 D145

** Thee residues that interacted were mantioned only in the docking results.

Table 2: Molecular Dynamic studies with CHIKV nsp3 Macrodomain

The authors were mainly concerned in describing the
polar interacting residues. Rungrotmongkol (2010), for example,
highlighted the importance of other residues for ADPr binding
such as I11, N31, V33, C34 and S110, whose interaction was not
noticed by Malet (2009) in the crystal complex. The study with
the longest simulation periods provided interesting information,
for example, residues L108, A22, V69 and R144 (two of them with
permanent interactions throughout the simulation), respectively,
had the lowest rmsf values, which corroborates their importance
in stabilizing the ligands within the site, and correspond to the
those pointed out by several authors as important for binding,
in showed an extremely similar pattern both in analysis of 500ns
and 2us (Kumar, et al. 2020). This makes it possible to say that
simulations shorter than 500ns may be sufficient to evaluate the

macrodomain complexes interaction.

Another highlight derived from MD studies was that
D10, a conserved residue in all macrodomains and important
for adenine binding (Malet, et al. 2009) appeared few times in
the list of other ligands interacting residues, both in the docking

procedures and in after MD simulations, as well as the identifica-

tion of residue D145, recognized only in two docking evaluations
(Puranik, Ninad V; Rani, Ruchi; Singh, Vedita Anand; Tomar,
Shailly; Puntambekar, Hemalata M.; Srivastava, 2019; Seyedi, et
al. 2016). The other residues pointed out by MD results were re-

current.

In all simulations performed in the Amber software,
the binding free energy for the complex was calculated, using the
method that considers molecular mechanics of Born’s general-
ized surface area (MM-GBSA). The obtained values were -40.05
Kcal/mol for CMPD-104 (Kumar, et al. 2020); -28.18 Kcal/mol
for Hesperetin (Oo, Hassandarvish, Chin, Lee, Bakar, et al. 2016);
-46.18, -34.47, -34.22 and -39.85 kcal/mol for the binders derived
from Noscapine (Singh, et al. 2019); and -6.2 Kcal/mol for ADPr
(crystallographic ligand - substrate) (Rungrotmongkol, et al.
2010) [39], which shows that these molecules have a high po-
tential to inhibit the activity of macrodomain in vitro. Finally,
taking into account only the best in silico scored molecules, the
molecules which comprise the subset of “virtual hits”. Some of

these molecules were shown in Table 3.
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Table 3: Virtual Hits obtained in nsp3 macrodomain docking studies
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Selected In vitro studies with CHIKV infected cells (se-

lected from literature review)

More than fifty inhibitory CHIKV studies in mamma-
lian cells have already been carried out to date. The majority did
not specify the protein target of compound modulation, at most,
they indicated what is the replication stage of the inhibitory activ-
ity (e.g.: entry, post-entry events, virus assembly, vesicle budding,
early and late virus cycle events, transcription and translation,
PKC metabolic via, PKC independent via, AKT-phosphoryla-
tion, cholesterol trafficking). Information such as EC50, IC50,
CC50 and SI not always was indicated, for example, as in the
evaluation of plant extracts. Few of them used in silico analysis
to indicate, within the available viral structures and its proposed

active sites, which has more affinity to the active compounds.

Docking calculations

The redocked crystallographic ligand poses (figure
1) showed the following RMSD: CHIKV = 0.34A; SARS-Cov2
= 0.29A, which indicate very satisfactory results, as values are
much less than 2A (Verli, 2014), thus the DOCK program was
able to reproduce the conformation of ADPr in the active site
of crystal complexes with minor variation, thus it can generate
reliable poses in virtual screening. The quality of the structural
models has a great influence on this. The 2D protein-ligand map
from both complexes (CHIKV and SARS-Cov-2 nsp3 macro-
domains) shows the subtle differences between their active sites
and the substrate (Figure 2), and although the active site is not
entirely conserved, there is high similarity and structural posi-
tioning correspondence of the residues, the only difference is an

additional interaction with the central ribose by CHIKV nsp3.

Figure 1 - Redock alignment CHIKV macrodomain with ligand ADP ribose - substrate - in

sticks (left) and SARS-Cov2 macrodomain (right)

Aap10A

CLUSTAL W (1.83) multiple sequence alignment

seq-3gpo
seq-7kqp

seq-3gpo
seq-7kqp

seq-3gpo
seq-Tkap

STDADVVIYCRDKEWEKKISEAIQMRT
- - - TNVYLAVFDKNLYDKLVSSFL- -

KTVMCGT - - YPVIHAVGPNFSNYSESEGDRELAAAYREVAKEVTRLGYNSVAIPLLSTGVY SGGKDRLTOSLNHLFTAMD
CVLSGHNLAKHCLHVVGPNVNKGE - - -DIQLLKSAYENFNQ- - - - - - HEVLLAPLLSAGIFG- - - ADPTHSLRVCVDTVR

Figure 2 - Up - ADPr site 2D representation with ligand at the center of picture, surrounded with interacting (labed) residues by PoseView in
ProteinPlus server. Left: ADPr-macrodomain (CHIKV); Right ADPr-macrodomain (SARS-Cov2)/ Down - Sequence alignment of CHIKV and

SARS-Cov2 nsp3 using structural information
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Marked residues: Adenine site = yellow; distal ribose

site = red; central ribose and phosphates site = green

The structural similarity of the active sites is also evi-
denced through the remarkable resemblance of the results from
all subsets evaluated. This reinforces the importance of drug de-
sign directed for Macrodomains in a perspective of a broad anti-
viral range. Some of these molecules need to be evaluated against
nsp3, for confirmation of its putative target modulation. Here,
the 5 top scored molecules from each subset are presented below
in table 3, and the interacting residues from each one with both
Macrodomains (CHIKV and SARS-Cov2) are presented in sup-
plementary Table 2.

Considering the selected molecules from in silico stud-
ies involving CHIKV macrodomain, none of them showed affin-
ity for the Macrodomains active site than the substrate, though
Nguyenl4-T1 presented H-bond interactions with some of the

same ADPr interacting residues in both proteins.

Within the best scored selected anti-CHIKV com-
pounds, three are natural diterpene esters compounds which
were able to inhibit CHIKV and HIV replication in vitro at the
nanomolar level and have been proposed to act through modu-
lation of protein kinase C isoenzymes (PKC) (Nothias-Scaglia,

et al. 2015). In addition to antivirals which have been associated

NothiasScaglial5-18 (in CHIKV macrodomain)

with other mechanisms of action, such as Akt-phosphorylation
and at early stages of infection, as Suramin (Salgado-Benvindo,
et al. 2020). The top1 against CHIKV macrodomain, with refer-
ence “NothiasScaglial5-18” a phorbol triester (12,13-O,0X-din-
onanoylphorbol-20-homovanillate) of 0.6 uM/L EC50 anti-chikv
activity, could bind very tightly to the large macrodomain cavity,
comprising most of the regions accessed by other ligands and
substrate, with a energy scoring value (-83.04 kcal/mol), stronger
than the obtained in crystal complex with the substrate (-79.58
kcal/mol).

The analyzes of CHIKV and SARS-Cov2 nsp3 unique
inhibitors served as a basis for interacting residues evaluation of
other ligands, beyond the substrate, and it is important to high-
light that even with differences in binding energies, they were

also able to reduce viral replication in vitro.

The results showed a diversity of scaffolds structural-
ly different from the substrate, many of them, considering the
in silico analysis, even showed greater affinity to the active site
of both macrodomains (from CHIKV and SARS-Cov2) or very
close energy values to the value found for substrate. Some of
these compounds (detailed in figure 3) have been already con-
firmed as putative antivirals by in vitro assays, which reinforces
the importance of further evaluating this potential modulative

capacity against viral nsp3 macrodomains.

NothiasScaglial5-15 (in CHIKV macrodomain)

Sharmal8-Miltefosine (in CHIKV macrodomain)
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Henf$16-Suramin (in CHIKV macrodomain)

Lys3bs

h O
£e
SeW.
§_U
H ;e
0= —
=] 5 }‘0 $ 154

Molecular Dynamics (MD)
Figure 3 - 2D protein-ligand interaction profile representation of top scored molecules from docking calculations.

Considering the 100ns of MD simulation of CHIKV macro-
domain in complex with topl anti-chikv (NothiasScaglial5-18)
compound, the production phase after 30ns (average of SD = 2.3)
was selected based on rmsd trajectory analyses, because the rmsd
values showed variations less than 2A (Figure 4), besides that all

over the simulation the ligand stayed in the macrodomain cav-

0 20 4

ity. Thus, the free binding energy complex calculated using the
production phase was -133.49 kJ/mol, which corroborates that
this ligand showed a good affinity with the macrodomain. Finally,
through a cluster analysis the frame at 36050ns was selected for

mapping the ligand-receptor interactions.

60 80 100

Figure 4 - RMSD (root mean square deviation) trajectory of receptor heavy chain atoms in 100ns Molecular

Dynamics simulation
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When the RMS (root mean square deviation) is evalu-

Also, ILE11, ASN14, ASP31, ALA36, VAL37, TYR142, ASP145

ated by residue, loop residues present variations above 3A. How-

ever, the most important residues for ligand stabilization, which
interacted through their heavy chains (R144 and D145) are 1A
around (Figure 5). This also is evidenced, when analysing their

residues were important for hydrophobic interactions,
whose majority are present in other ligand-receptor interacting

residues obtained by previous in silico evaluations.

interaction frequency throughout the simulation (Figure 6).

RMSF (Angstroms)

0,5
0,45 -|
0.4 |
0,35 |
0.3 -
0,25 |
0.2 -
0,15 |
0.1
0,05 |

4] 20 40 60 a0 100 120 140 160 180
Rasidue number

Figure 5 - RMSF (root mean square fluctuation) trajectory of receptor heavy chain atoms
in 100ns Molecular Dynamics simulation

ARG-144

1,&.1h

VAL-113 ASP-145

4134 3

i
H bond i

e o  FL-StACKING
TRP-148

Figure 6 - Left: Hydrophobic surface representation of NothiasScaglial5-18 in the receptor binding pocket (by Chimera). Right:
The interacting residues (by PLIP).
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After the simulation, the compound was able to form
new hydrophobic and polar interactions, which indicates a bet-
ter accommodation than previously indicated on docking result.
The hydrogen bond formed between ligand and ARG144 resi-
due was very permanent over the simulation (Table 4), and it
hadn’t even been indicated by docking. In fact, some of the rel-
evant residues for this interaction (figure 6 - right) are different
from those found in the substrate active site. But, previous MD
simulation studies found in literature show that ARG144 residue

was indeed important in the stabilization of the substrate at the

active site (Rungrotmongkol, et al. 2010), and had been pointed
out by MD studies with other compounds (including an eval-
uation throughout 2000ns of simulation) (Kumar, et al. 2020;
Nguyen, et al. 2014). Considering the residues which contrib-
uted to stabilizing the ADPr phosphates in the substrate active
site, VAL113 and ASP31 also were detected in our simulation,
but not so frequently. So the putative displacement of the sub-
strate in a competitive inhibitory action of NothiasScaglial5-18

compound should be in vitro validated.

Donor Acceptor %

Lig-03 ASP310 46.43
VAL113N Lig-09 37.28
ARG144N Lig-O11 80.51
ASP145N Lig-O11 63.17

Table 4 - Frequency of identified h-bond in the Clustered complex along the 100ns of simulation

Conclusions

The lack of treatment and vaccines for chikungunya virus
infection is a challenge for medicinal chemistry. To date, most
inhibitors of viral replication have not been correlated to their
respective biological targets, either in the viral or host proteome.
On the other hand, the fact that CHIKV presents a biological
target so similar to the pandemic SARS-Cov2 and other viruses
makes the macrodomain previous studies an important source of
evidence for structural dynamic understanding and selection of

putative broad-spectrum inhibitors.
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Supplementary Table 1 - Selected compounds in subset “anti-chikv” with inhibitory activity against CHIKV infected cells

EC50 IC50 CC50 S
Author-compound name (uM/L) (uM/L) | (uM/L) g((i)c 50/_C | proposed target
Abdelnabil6-1 4.3 +£0.5 >50 >11.62 PKCs
Abdelnabil6-2 8 >50 >6,25 PKC independent via
Abdelnabil6-3 7.2 >50 >6.94 PKC independent via
Abdelnabil7-Prostatin 0.2 >50 PKCs
Aggarwall7-Piperazine ? ? zlliugs assembly and bud-
Ashbrook16-digoxin 0.0488 ? ;fafz entry\Na+ K+ AT-
Ashbrook16-ouabain ? ? ;zt:z entry\Na+ K+ AT-
Bassetto13-1 5+0.2 72 20 14 nsp2 docking
Bassetto13-13 5.6 +2.0 72 2 13 nsp2 docking
Bassetto13-2 4+0.3 20 +2 5 nsp2 docking
Bassetto13-25 32+1.8 101 £50 |32 nsp2 docking
Bassetto13-8 3.6 £0.9 61423 |17 nsp2 docking
Bourjotl2-prostatin (2) 2.6 79+17.4 |30.3 PKCs
Bourjot12-TPA (4) 0.0029 5.7+1.7 |1965 PKCs
Bourjot14-trigocherrierin A | 0.6 £0.1 43 +16 71.7 £
Chingl5-15¢ 2 >100 >50
Ching17-20 3 >100 33.33 Late replication events
Chingl7-23¢ 7 >100 14.28 Late replication events
Cruz13-CNDO0335 33 >50 >15 nsp2 docking
Cruz13-CNDO0364 6.2 >50 >8.1 nsp2 docking
Cruz13-CNDO0366 7.1 >50 >7 nsp2 docking
Cruz13-CND0415 6.2 >50 >8.1 nsp2 docking
Cruz13-CNDO0545 5.6 >50 >8.9 nsp2 docking
Cruzl13-CND3514 2.2 >50 >22.7 nsp2 docking
Das16-8 1.5 >200 >133.3 nsp2 in vitro
Delogull-arbidol - 12.2 376 36 entry/adsorption
DiMolal4-I1Ie 30 +4 397 +24 | 13.2 e?
DiMolal4-11If 32 +1.1 >468 14.6 e
Ehteshamial7-NHC 1.8 £0.2 7.7%% e
Espositol16-14 15+3.8 36 2.4 £
Espositol16-7 55=*1.7 17.6 3.2 £
Esposito17-10 4103 424 10.6 e
Feibelman18-lobaricacid 8913 53.8+8.1 |6 nspl in vitro
Ferreiral8-Sofosbuvir 2.7 £0.5 402 £32 | 149 nsp4 docking
Francol8-Favipiravir 127.3 >6365 50 22
génBc)olS—Interferon—al— 22 2
Franco18-Ribavirin 10.54 48.93 4.64 £
Giancottil8-41 59+l1.1 igz 5 18 nsp2 docking
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Giancottil8-44 4.310.5 52.9+11.6 nsp2 docking
Giancottil8-51 11.6 nd - nsp2 docking
Giancottil8-59 9.1 nd - nsp2 docking
Giancottil8-71 29 nd - nsp2 docking
Giancottil8-78 17.2 nd - nsp2 docking
Giancotti18-89 17.9 nd - nsp2 docking
Gigantel4-15b 3+1 >668 >222 [£4
Gigantel7-18b 12 +1 >729 >60.75 nspl in vitro
Gigantel7-18f 6.9 £2 95 +40 13.76 nspl in vitro
Gigantel7-8 3.6+1.3 101 £73 28.05 nspl in vitro
GomezCalderén17-Coumarin A 264 7788 295.2 2
GomezCalderén17-Coumarin B 1.34 1476 1021 22
GoémezSanJuanl8-15e 1+0.4 >220 >220 nspl suggested**
GoémezSanJuan18-9b 0.3 >220 >733 nspl suggested**
Guptal4-3-methoxydebromoaplysiat- | 2.7 24.8 9.2 after entry

oxin (5)

Guptal4-debromoaplysiatoxin (2) 1.3 13.9 10.9 after entry
Henf316-suramin (ver albu..15) - 5.68 162.6 28.6 entry inhibitor
Henss18-silvestrol 0.00189 ? Host helicase eIF4A
Houranil2-1D1452-2 - 31 nsp2 suggested**(Bhat)
Hwang18-SR9009 2 (£ Late replication event
Hwang19-Halofuginone 2 2 2

Hwul5-10a 19.1 178 9.3 [£4

Hwul5-10b 10.2 117 11.5 [£4

Hwul5-10e 17.2 144 8.8 [£4

Hwul5-12e 19 107 5.6 [£4

Hwul5-14e 13 75.2 5.8 [£4

Hwul7-2f 2.7 +1.2 >200 >74.9 [£4

Hwul7-2¢g 2+1.2 >200 >100 [£4

Hwul7-2j 1.6% 50 <32* [£4

Hwul7-3f 1.9+1.2 >200 >100 [£4

Hwul7-3g 1.5% >200 <133* [£4

Hwul7-3i 2.3+1.3 >200 >87 [£4

Hwul9-14k 13.9 >227 >16.3 [£4

Hwul9-7f 9.9 >212 >21.7 [£4

Hwul9-7¢g 10.3 96.5 9.37 [£4

Jadav14-16 - 40.1 >100 >2.49 nsp2 docking
Jadav14-19 - 6.8 >100 >14.7 nsp2 docking
Jadav14-7 - 0.42 >100 >238 nsp2 docking
Jadav14-8 - 42 >100 >23.8 nsp2 docking
Jadav14-9 - 3.6 >100 >27.7 nsp2 docking
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Kaurl2-harringtonine 0.24 2 early and late replication
events
Lanil5-silymarin - 35 633.03 18.08 after entry
Lanil6-baicalein - 6.99 1755 251 early replication event
Lanil6-fisetin - 29.5 741 25.11 early replication event
Lanil6-quercetagetin - 43.52 164 3.76 early replication event
Lin17-nobiletin 68.7 ? ? 2
Mishral6-MBZM-N-IBT 38.68 >800 20.68 £
Mouncel7-Bisdemethoxy-cucurmin | 4.84 16 3.30 2
Mouncel7-Cucurmin 3.89 11.6 2.98 Cell binding inhibition
Mouncel7-Demethoxy-cucurmin 0.89 13.2 14.83 membrana...
Muralil5-apigenin - Extract after entry
Muralil5-luteolin - Extract after entry
NothiasScaglial4-3 0.76 £14 159 208 PKCs
NothiasScaglial5-10 3.2 5.76 1.8 PKCs
NothiasScaglial5-11 0.006 4.1 686 PKCs
NothiasScaglial5-12 1.5 33 2.2 PKCs
NothiasScaglial5-13 0.0029 5.7 1965 PKCs
NothiasScaglial5-14 2.8 5.32 1.9 PKCs
NothiasScaglial5-15 1.1 3.63 3.3 PKCs
NothiasScaglial5-18 0.6 2.22 3.7 PKCs
NothiasScaglial5-19 1.7 24.14 14.2 PKCs
NothiasScaglial5-22 0.7 4.13 5.9 PKCs
NothiasScaglial5-23 2.7 61.56 22.8 PKCs
NothiasScaglial5-24 0.7 3.5 5 PKCs
NothiasScaglial5-28 1.2 7.68 6.4 PKCs
NothiasScaglial5-29 1.8 4.14 2.3 PKCs
NothiasScaglial5-3 49 7.35 1.5 PKCs
NothiasScaglial5-6 22 21.34 9.7 PKCs
NothiasScaglial5-7 0.99 891 9 PKCs
NothiasScaglial5-8 9.4 39.48 42 PKCs
NothiasScaglial5-9 1.8 3.78 2.1 PKCs
Prykel7-AV-C ? transcription and trans-
lation
Scuottol6-Ilc 6.5 %1 156 22 2
Sharmal8-Miltefosine 8.1 2 Akt- phosphorylation
Singh18-pepl - 34 5 0.14 nsp2 in vitro Ki 33uM
Singh18-peplI - 42 >300 >7.14 nsp2 in vitro Ki 45uM
Staveness16-bryo-10 4 >50 >12.5 PKC independent via
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Staveness16-bryo-11 3.7 41 11.08 PKC independent via
Staveness16-bryo-14 34 >50 >14.70 PKC independent via
Staveness16-bryo-16 22 >50 >22.72 PKC independent via
Staveness16-bryo-17 3.1 >50 >16.12 PKC independent via
Staveness16-bryo-4 3.7 >50 >13.51 PKC independent via
Staveness16-bryo-5 2 >50 >25 PKC independent via
Staveness16-bryo-6 1.4 >50 >35.71 PKC independent via
Staveness16-bryo-7 2.8 >50 >17.85 PKC independent via
Staveness16-bryo-8 2 >50 >25 PKC independent via
Staveness16-bryo-9 3.5 >50 >14.28 PKC independent via
Tardugnol8-11a 5.9 £0.8 117+23.8 | 19.8 nsp2 docking
Tardugnol8-12a 5.8 +0.9 124 +7.1 |214 nsp2 docking
Varghesel6-abamectin 1.5 28.2 19.2 early and late replication events
Varghesel6-berberine 35.3 800 22.66 MAPK signaling
Varghesel6-ivermectin 0.6 37.9 62.4 early and late replication events
VonRhein16-AKBA 6.75 >30 >4.44 2

VonRhein16-curcumin 10.79 >60 >5.56 2

Wadal7-A 0.54 £0.08 3.7+0.3 |6.85 nsp4 -by reverse genetics
Wang16-niclosamide 0.95+0.22 >20 21.05 entry inhibitor/ transmission
Wang16-niflumic acid ? ? entry inhibitor/ transmission
Wang16-nitazoxanide 2.96+0.18 25 8.45 entry inhibitor/transmission
Wang16-tolfenamic acid ? ? entry inhibitor/transmission
Weberl5-EGCG - 12 * * entry inhibitor
Wichit17-Imipramine ? ? Cholesterol Trafficking
Wintachail5-andrographolide 88 ? ? entry inhibitor
Wintachail5-FL23 - ? 0.09 entry inhibitor
Wintachail5-FL3 - 0.02 0.12 6 entry inhibitor
Wintachail5-sulfonylamidine Im | - ? 0.14 entry inhibitor
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Supplementary Table 2: Interacting residues from the 5 to
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The non-interacting residues were kept hidden. Symbols in table: y = hydrophobic interactions; h = H-bonds; s = salt-bridges;

a = aromatic interactions; hal = halogen interactions.
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