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Abstract: Adenosine deaminase acting on RNA 2 (ADAR?2) is an important enzyme involved in
RNA editing processes, particularly in the conversion of adenosine to inosine in RNA molecules.
Dysregulation of ADAR2 activity has been implicated in various diseases, including neurological
disorders (including schizophrenia), inflammatory disorders, viral infections, and cancers. Therefore,
targeting ADAR2 with small molecules presents a promising therapeutic strategy for modulating
RNA editing and potentially treating associated pathologies. However, there are limited compounds
that effectively inhibit ADAR?2 reactions. This study therefore employed computational approaches
to virtually screen natural compounds from the traditional Chinese medicine (TCM) library. The
shortlisted compounds demonstrated a stronger binding affinity to the ADAR2 (<—9.5 kcal/mol)
than the known inhibitor, 8-azanebularine (—6.8 kcal/mol). The topmost compounds were also
observed to possess high binding affinity towards 5-HT,cR with binding energies ranging from
—7.8 to —12.9 kcal/mol. Further subjecting the top ADAR2-ligand complexes to molecular dynamics
simulations and molecular mechanics Poisson—Boltzmann surface area (MM /PBSA) calculations
revealed that five potential hit compounds comprising ZINC000014637370, ZINC000085593577,
ZINC000042890265, ZINC000039183320, and ZINC000101100339 had favorable binding free energies
of —174.911, —137.369, —117.236, —67.023, and —64.913 k] /mol, respectively, with the human ADAR2
protein. Residues Lys350, Cys377, Glu396, Cys451, Arg455, Ser486, GIn488, and Arg510 were also
predicted to be crucial in ligand recognition and binding. This finding will provide valuable insights
into the molecular interactions between ADAR?2 and small molecules, aiding in the design of future
ADAR?2 inhibitors with potential therapeutic applications. The potential lead compounds were also
profiled to have insignificant toxicities. A structural similarity search via DrugBank revealed that
ZINC000039183320 and ZINC000014637370 were similar to naringin and naringenin, which are
known adenosine deaminase (ADA) inhibitors. These potential novel ADAR2 inhibitors identified
herein may be beneficial in treating several neurological disorders, cancers, viral infections, and
inflammatory disorders caused by ADAR2 after experimental validation.
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1. Introduction

ADAR? is a part of a family of proteins called ADARs for adenosine deaminase acting
on double-stranded RNA [1]. ADAR family proteins catalyze the hydrolytic deamination
of adenosine to inosine (A-to-I), resulting in a high diversity of outcomes, although ADAR3
has no known catalytic activity [2,3]. Some of the impacts of A-to-I editing come from
the direct changes in RNA sequences in coding regions. This RNA recording emerges
because inosine is structurally similar to guanosine and can be interpreted by the cellular
translational machinery as such. A popular and well-understood example of such editing
includes glutamate receptor GRIA2 transcripts. In ADAR2 null mice, the mice suffer from
epileptic-like seizures and die briefly after conception [4]. This phenotype is a repercussion
of increased calcium permeability through the o-amino-3-hydroxy-5-methyl-4-isoxazole
propionic acid (AMPA) receptor associated with a lack of RNA editing of the Q/R site
in the GluA2 subunit by ADAR?2 [5]. However, the majority of ADAR editing occurs in
non-coding regions, including inverted Alu repeats [6,7]. The functionality and biological
relevance of ADARs are far from being fully established. ADARs have been clearly impli-
cated in a wide variety of complications such as viral infections [8], metabolic disorders [9],
autoimmune and inflammatory diseases [10-12], several cancers, and neurological dis-
orders [13,14]. These issues can be related to the dysregulation of ADAR RNA-editing
activities that may generate codon alterations or splice site modulations, antagonize RNAi
pathways, or interrupt miRNA processing [15,16]. The idea of ADAR proteins having
RNA-editing independent activities through protein—protein interactions, sequestration,
and other mechanisms also increases the potential roles of ADARs [17-19].

Some specific instances of ADAR2’s crucial roles include neurological disorders such
as schizophrenia and major depressive disorder, roles in both tumor suppression and tumor
aggravation, and its role in the innate immune system and viral infections. ADAR?2 is
known to edit multiple sites in the 5-hydroxytryptamine 2C receptor (5-HT>cR). Results
from mice studies support that the editing of 5-HT,cR pre-mRNAs led to changes in
the regulation of lipolysis and metabolism [20]. Variations in RNA editing efficiency
at these sites led to symptoms that encompassed excessive anxiety and anti-depressive
behaviors [20]. Dysregulated editing of 5-HTpcR pre-mRNA has been reported with
psychiatric disorders, suggesting a role of ADAR?2 in schizophrenia, autism, depression,
and bipolar disorder [21-24]. ADAR?2 plays conflicting roles in cancer. In some cancers
ADAR? activity may lead to proto-oncogenic effects, and in others ADAR?2 acts as a tumor
suppressor. ADAR? plays an impactful role in GBM as it regulates a multitude of miRNAs
in glioblastoma cells [25]. The reduction of ADAR? editing on some miRNAs is involved in
increasing tumor growth and migration in glioblastoma multiforme (GBM), which lead to a
downregulation of their inhibition and thereby promoted their oncogenic activities [25,26].
In contrast, ADAR?2 editing of certain transcripts in hepatocellular carcinoma (HCC) results
in the regulation and suppression of oncogenic miRNAs. Thereby, in HCC, the upregulation
of ADAR?2 editing results in inhibited tumorigenicity [27,28]. ADAR?2 plays specific roles
in monitoring the self-compared to non-self RNA, which is key for regulating the innate
immune response. ADAR2’s role in the innate immune response makes it a target of some
viruses that use it to escape immune detection, but ADAR? also has anti-viral abilities [29].
Borna disease virus (BoDV) is an RNA virus that utilizes ADAR2 editing of its own genomic
RNA to avoid immune detection. Upon knockdown of ADAR?, editing of the virus was
also reduced and resulted in an intense innate immune response [30].

With a wide variety of significant roles, ADARs make valuable drug targets for
future therapies. Currently, there are no full models of ADAR proteins, but structures of
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valuable domains and motifs have been identified. Common domains between ADAR
family proteins include multiple double-stranded RNA binding domains (dsRBD) and
a singular catalytic deaminase domain (CDD) [31]. These domains are both involved in
substrate selectivity. In ADAR editing there are two types of editing and certain preferences
for editing sites that are impacted by RNA substrate structure and length. One type of
editing is hypermutation, which is nonselective and rapidly deaminates adenosines that
are commonly occurring in duplex RNA that is long and complimentary, and the other
is a highly selective and accurate editing of duplex RNA that is short or broken up by
bulges, mismatches, and loops [32,33]. ADARs also have nearest neighbor preferences
that impact which adenosines will be edited. ADAR? has a 5’ nearest neighbor preference
for uracil followed by A > C > G and a 3’ nearest neighbor preference for G followed by
C > U~A [34]. A structural study of ADAR2 depicting the CDD of ADAR?2 in complex
with dsRNA suggests that the 3’ preference is impacted by the CDD [35]. However,
another study of ADAR2’s dsRBD complexed to duplex RNA supports that the second
dsRBD of ADAR? impacts the 3’ nearest neighbor preference of ADAR?2 [36]. The dsRBDs
increase binding to duplex RNA in a sequence-independent manner [37]. Site specificity is
predominantly impacted by the CDD. In a domain-swapping study, the CDD of ADAR1
and ADAR2 were exchanged and the proceeding substrate editing corresponded to the
CDD [38]. The ability for the ADAR2 CDD to effect substrate specificity has been further
explained by structures depicting the base-flipping mechanism of ADAR showing an RNA
binding loop near the ADAR? active site, whose steric clashes complimented the evidence
for nearest neighbor preferences [35]. This RNA binding loop covers the amino acids of
454 to 479 with interactions made primarily to the sugar phosphate backbone of the
RNA [35]. Conservation of this loop across ADAR?2 sequences of other species support
its significance, although this region deviates between ADAR family members potentially
influencing substrate specificity [39]. Interestingly, experiments using high-throughput
mutagenesis determined that of the 18 conserved residues within the ADAR2 5 RNA
binding loop only six required the original wild type amino acid to maintain RNA editing
efficiency [39]. The six residues, Phe457, Asp469, His471, Pro471, Arg474, and Arg477, are
involved in stabilizing the ordered conformation of the 5 binding loop upon substrate
binding and may provide additional dsRNA binding contacts [39]. The other 12 conserved
residues in the RNA binding loop are not required for efficient editing, indicating that
they play other key functional roles. It has been suggested that their conservation may
correlate to their importance in protein—protein interactions for ADAR?2 regulation or
editing independent activities [39]. Overall, the six key residues of the 5’ binding loop of
ADAR? have been confirmed as necessary for efficient ADAR?2 editing activity, and while
ADARI and ADAR? share significant sequence similarity in the majority of their CDDs,
the 5 binding loop represents an area of distinction between the two. Thus, indicating
that targeting the 5 binding loop of ADAR2 should affect the editing of ADAR2 substrates
without affecting subsequential ADAR1 substrates.

This is incredibly important, as ADAR1 and ADAR2 can edit the same substrate at
different editing sites such as in the 5-HT,cR. Within the five editing sites of the 5-HT>cR,
ADARI1 edits sites A and B, ADAR?2 edits site D, and sites C and E could be edited by
either enzyme [40]. In a knockout study of ADAR?, it was shown that certain editing sites
that relied on ADAR?, including the D site of 5-HT,cR, as well as the GluA2 Q/R site and
the CYFIP2 K/E site, had reduced editing [40]. These ADAR2 knock out mice, in turn,
did not develop enhanced ethanol intake or preference, even after chronic exposure to
ethanol vapor, which did appear in the wild type mice. Therefore, ADAR2-dependent sites
of the 5-HT,cR may contribute to alcohol intake. Additionally, as mentioned previously,
altered RNA editing of the 5-HT,cR has been reported in several other complications,
including major depression, depressed suicide victims, bipolar disorder, and schizophrenic
patients, as well as in emotional influences such as anxiety and stress [21,41-46]. Thereby,
the modulation of RNA editing of the 5-HTcR may be therapeutic for these variable com-
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plications. However, the dearth of research on the screening of small molecule inhibitors
that specifically target ADAR?2 is surprising.

Pharmacoinformatic-based approaches are beneficial for analyzing and interpreting
data related to drugs and drug action. These approaches aid in studying the properties
of drugs and their interactions with biological systems, as well as in analyzing and inter-
preting large datasets generated by various sources, such as clinical trials, electronic health
records, and drug databases. These, in turn, enable the identification of new, improved,
safer, and more effective drug candidates, in addition to speeding up the process of repur-
posing therapeutic agents for existing and emerging diseases. Using molecular docking,
this study virtually screened TCM compounds that target the RNA binding loop of the
ADAR? protein. The topmost compounds were subjected to molecular dynamics simula-
tions and molecular mechanics Poisson-Boltzmann surface area (MM /PBSA) calculations
to corroborate their affinity to the ADAR?2 protein. The topmost compounds were further
docked against the 5-HT>cR in order to investigate their multi-target inhibitory potential
against both ADAR2 and 5-HT,cR. The biological activity of the shortlisted compounds
were predicted using a Bayesian-based algorithm, prediction of activity spectra of sub-
stances (PASS) [47-49]. Furthermore, the pharmacokinetic and pharmacodynamics profiles
of the shortlisted compounds were evaluated to determine their absorption, distribution,
metabolism, excretion, and toxicity (ADMET) properties.

2. Results and Discussion
2.1. Selecting Binding Site

Previously, three potential binding sites of the human ADAR2 (hADAR?2) protein were
predicted [50] using Computed Atlas of Surface Topography of proteins (CASTp):

1.  IHP binding site [35,51] comprising of residues Ala389, Leu390, Asn391, Asp392,
11e397, Arg400, Arg401, Leu404, Tyr408, GIn500, Leu512, Thr513, Met514, Lys519,
Arg522, Trp523, Val526, Gly527, 1le528, GIn529, Gly530, Ser531, Leu532, Leu533,
Lys629, Leu632, Tyr658, His659, Lys662, Leu663, Tyr668, GIn669, Lys672, Phe676,
Trp687, Val688, Glu689, Lys690, Pro691, Thr692, GIn694, and Asp695.

2. RNA binding loop [35,39] comprising of residues Lys350, Val351, Gly374, Thr375,
Lys376, Cys377, 11e378, Asn379, His394, Ala395, Glu396, Ile446, Thr448, Ser449, Pro450,
Cys451, Gly452, Arg455, I1e456, Pro459, Lys483, Ile484, Glu485, Ser486, Gly487, GIn488,
Gly489, Thr490, Leu511, Thr513, Cys516, Arg590, Lys594, and Ala595.

3. A third plausible binding site lined by residues Ser458, His460, Glu461, Pro462, Ile463,
Glu466, Pro467, Ala468, Asp469, Arg470, His471, His552, Asp554, and His555.

Recently, the IHP binding site [35,51] was virtually screened for potential anti-ADAR?2
compounds, and nine compounds were shortlisted [50]. ADAR2 was also experimen-
tally targeted using 8-azanebularine, nebularine, and coformycin. However, only 8-
azanebularine was reported to inhibit ADAR?2 reaction with an ICsp of 15 = 3 mM [52].
Not much is reported about screening small molecule inhibitors against the ADAR2 RNA
binding loop in literature. To the best of the authors” knowledge, there is a dearth of
studies which screen for small molecule inhibitors targeting the ADAR2 RNA binding site.
Therefore, the RNA binding loop was selected for virtual screening in this study.

2.2. Molecular Docking of ADAR?2

Molecular docking is the most popular and widely used computer-aided drug design
technique for predicting the binding affinity and interactive modes of bioactive com-
pounds and for performing receptor-based virtual screening studies [53,54]. Herein,
AutoDock Vina embedded in PyRx was employed to virtually screen 8-azanebularine
(known ADAR?2 inhibitor) and natural compounds from the TCM library. The known
inhibitor, 8-azanebularine, had a binding energy of —6.8 kcal/mol (Table 1). A previous
study which shortlisted the top 10% of compounds after virtually screening against the
ADAR?2 IHP binding site reported the top compounds as having binding energies below
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—8.8 kcal/mol [50]. Herein, TCM compounds with binding energies below —9.5 kcal/mol
were shortlisted.

Table 1. Binding energies of some TCM compounds and 8-Azanebularine after docking against the
RNA binding loop of ADAR2. The interacting residues, as well as the hydrogen bond lengths, are
also provided. The common names and/or IUPAC names of the compounds have been provided.

Interacting Residues

Compound Binding Energy
(kcal/mol) Hydrogen Bonds (A) Hydrophobic Contacts
~ . _ Thr375 (2.94, 3.14), 1le484 (2.82, Lys376, Cys377, 11e378, His394,
8-Azanebularine 6.8 3.2), and Gly487 (3.21) Lysi83, and Glud85
ZINC000095913861 ((2Z)-2,11,28-trimethyl-19-methylidene-13,30- Thr375, Lys376, Cys377, 11378,
dioxaheptacyclo[21.10.1.0%18.0715 01014 02432 02731 Jtetratriaconta- 120 Asn379 (2.92) and Glv489 (2.99 His394, Arg455, Tle456, Lys483,
1(33),2,6(18),7(15),10(14),11,16,23(34),24(32),27(31),28- : sn379 (2.92) and Gly489 (299) 10484 Gludss, Thra90, and
undecaene-8,9,25,26-tetrone) Leu511
T1e378 (3.01), Arg455 (2.99),
ZINC000085996580 (Lespedezol B2 or Lys483 (3.17), 1le484 (2.55, 2.88),  Val351, Thr375, Lys376, Cys377,
8-[[2-(2,4-dihydroxyphenyl)-6-hydroxy-1-benzofuran-3-yllmethyl]-6H- -11.0 Gly487 (3.05), Leu511 (2.85), His394, Thr448, Cys451,
[1]benzofuro[3,2-c]chromene-3,9-diol) Leu512 (3.11), Thr513 (2.97), Glu485, and Leu512
and Arg590 (2.8)
ZINCOOOO70415;1?}?;11(%53'2-81,14}1{565&gi{f,rllga";?%}1875//214955235:21&231{’268)_ 109 His394 (3.15) and Gly487 (2.91 L 12531715/421527621%, 581774/188
pentaoxanonacyclo[17.9.1.11,20.02,12.04,6.06,11.015,19.018,23.021,26]triacont- -10. i394 (3.15) and Gly487 (2.91) Yo183 Tled84, Sordst, CIndss,
8-ene-10,16,25,30-tetrone) yac?, Argo7l, and Ala
Cys377 (3.08), Cysd51 (3.15), ;Ysggg' 5?125916' TT?‘rifS' %,YS‘Z%'
ZINC000042890265 (Disulfuretin) —10.6 Gly452 (3.19), Ser449 (2.7), and Als 455 11u456’ L r483, Ilr284 ’
Arg590 (3.05) TEEa, ey SYSIeY Te
g Gly487, Gly489, and Thr490
Val351, Thr375, Lys376, His394,
Cys377 (3.01), 11378 (3.19), Thr448, Pro450, Cys451,
ZINC000039183320 (Neeocalyxin A) ~105 Asn379 (3.11), Glud96 (2.77),  Arg4b5, Lysas3, Tle4sa, Glu4ss,
and Ser449 (3.14) GIn488, Gly489, Arg590, and
Ala595
Val351, Thr375, Lys376, Cys377,
ZINC000085593577 Lys483 (2.97), le484 (2.97), 11e378, His394, Glu396, Thr448,
((2S,3R)-2-[2-(4-aminophenyl)ethyl]-3,5-dihydroxy-8-[(1R)-1-hydroxy-2- -10.5 Gly487 (2.78), and Leu511 Ser449, Cys451, Argd55,
phenylethyl]-2-methyl-3,4-dihydropyrano[3,2-g]chromen-6-one) (2.89) Glu485, Ser486, Gly489, Thr490,
and Thr513
ZINC000070454124 ((35,108,115,125)-10,11-dihydroxy-7,18-bis(2- Lys376 (3.08), Cys377 (3.13), Va13%ﬁ;zgss7§£4zléssg4ég1{1396,
phenylethyl)-2,8,13,17-tetraoxapentacyclo[12.8.0.03,12.04,9.016,21]docosa- —10.2 Asn379 (3.07), Tle484 (2.94), Arg455/ P Ayla595/
1(14),4(9),6,15,18,21-hexaene-5,20-dione) Ser486 (2.85), and Gly487 (3.27) Asn597, and Thr615
ZINC000103585067 ((1R,2S,5S,85,9R,17R,18S,21S,24R,265,275)-5-hydroxy- Thr375 (2.9), Lys376 (3.29),
2,9,26-trimethyl-3,19,23,28- 102 Cys377 (3.0), Asn379 (3.33), Lys483, Ser486, GIn488, and
tetraoxaoctacyclo[16.9.1.118,27.01,5.02,24.08,17.09,14.021,26Jnonacosa- : His394 (3.13), le484 (3.05), and Thr615
11,14-diene-4,10,22,29-tetrone) Gly487 (2.99)
ZINC000014637370 ((8R)-8-(2,2-dimethyl-3,4-dihydrochromen-6-yl)-5- 1os Cys377 (3.34), Asn379 (2.97), Cysg‘lﬁig's 2%;317&;&53‘3485
hydroxy-2,2-dimethyl-3,4,7,8-tetrahydropyrano[3,2-g|chromen-6-one) Ser486 (3.31), and Gly489 (3.19) Gly487, and Thrd90
Val351, Thr375, Cys377, 11378,
; _ Asn379 (3.03), Glu396 (3.13), His394, Pro450, Arg455, Lys483,
ZINC000013384051 (Cassigarol E) 101 Serd49 (2.79), and Cysd51 (2.97)  Iled84, Glu485, GIndss, Gly4so,
and Leu511
Thr375, Lys376, Cys377, 11378,
ZINC000059586224 ((5S)-9-methoxy-14-methyl-5,19-diphenyl-4,12,18- Asn379, His394, Arg455,
trioxapentacyclo[11.7.1.02,11.03,8.017,21]henicosa-1(21),2,6,8,10,13,16,19- —10.1 Gly489 (3.07) Lys483, Tle484, Glu485, Gly487,
octaen-15-one) GIn488, Thr490, Leu511,
Asnb97, and Thr615
ZINC000070454074 ((1S,2R,7R,10R,13R,14S,16R,19R,20R)-19-[(2S)-2- . Val351, Thr375, Lys376, Cys377,
hydroxy-5-oxo-2H-furan-3-y1]-9,9,13,20tetramethy1'4,15, 18- ~10.1 Hisaou (2.97), Argiss 297, Cysd51, lle484, Gly487, and
trioxahexacyclo[11.9.0.02,7.02,10.014,16.014,20]docosane-5,12,17-trione) 96,3.2) and Arg590 (2.81) GIn488
ZINC000085530502 ((1S,2R,4S,75,85,11R,12R,17S,19R,20S,245)-19- .
cyclohexyl-7-(furan-3-yl)-24-hydroxy-8,19-dimethyl-3,6,14,18- Thr375, Lys376, His394, Cys51,
t —10.1 Cys377 (3.22) and Arg455 (3.31) Lys483, Ile484, Ser486, Gly487,
etraoxaheptacyclo[18.3.2.01,11.02,4.02,8.012,17.012,20]pentacos-21-ene- GInds8, Glv489 and Thrad0
5,15,25-trione) nace, LIyas?, and 1hr
ZINC000085532258 ((5E)-5-[(15,2R 35,115,135)-13-benzyl-11-[(S)-hydroxy- Val351, Thr375, Cys377, His394,
[(1S,5R)-5-methylcyclohex-2-en-1-yl]methyl]-3-methyl-5-oxa-10- Glu396, Thr4d8, Serdd9, Cysd51,
’ yey Y Y y -10.1 Asn379 (2.92) and Argd55 (3.32)  Pro459, Lys483, lle484, Glu4s5,

azatricyclo[8.4.0.02,6]tetradec-6-en-4-ylidene]-3-(hydroxymethyl)-4-
methoxyfuran-2-one)

Ser486, Gly487, GIn488, and
Gly489
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Table 1. Cont.

Interacting Residues

Compound Bindin§ Energy s
(kcal/mol) Hydrogen Bonds (A) Hydrophobic Contacts
ZINC000085532442 (5-[(15,2R,35,4E, 118,135)-13-benzyl-11-[(1S)-2- Val351, Thr375, Lys376, Asn379,
cyclopentyl-1-hydroxyethyl]-3-methyl-5-oxa-10- Cys377 (3.04), 11378 (2.91), and His394, Glu396, Ser4d9, Cysd5l,
. e . ~10.1 Arg455, Tled56 Lys483, Tle4s4,
azatricyclo[8.4.0.0%°]tetradec-6-en-4-ylidene]-3- Gly489 (3.05)
R Glu485, Ser486, GIn488, and
(hydroxymethyl)-4-methoxy-2,5-dihydrofuran-2-one) Thrd90
ZINC000095911347 ((1R,2S,4R,6S,11R,12S,15R,185,19R,20S,215,23R,26S)-
: Thr375, Hs394, Ile484, Ser486,
15-hydroxy-11,18,21-trimethyl-5,17,24,28,29- ~101 Lys376 (3.19), Cys377 (3.28), Gly487, GIn488, Gly489, and

pentaoxanonacyclo[17.9.1.11,20.02,12.04,6.06,11.015,19.018,23.021,26] triacont- and Arg455 (2.99)

8-ene-10,16,25,30-tetrone) Ala595

Gly374 (3.25), Lys376 (2.9),

Cys377 (3.07), Glu396 (2.96), Lys350, Val351, Thr375, His394,

ZINC000095914813 (5-[(Z)-2-[(2S,35)-3-(3,5-dihydroxyphenyl)-2-(4- Thedd8, Prod30, Gly487, Glndss,

-10.1

hydroxyphenyl)-2,3-dihydro-1-benzofuran-5-yl]ethenyl]benzene-1,3-diol) ' Ser449 (2.54), Cys451 (3.16),
and Argd55 (2.8) Gly489, Arg590, and Ala595
ZINCO00085530478 ((15,2R 4S,75,85,103,135,17R, 185,215,255 27R)-7-
(furan-3-yD)-25-hydroxy-8,20,20-trimethyl-3,6, 15, 15- 10.0 ArgiS5 81) and Clyss?7 (306)  His3os et roedan, iedss
tetraoxaoctacyclo[19.3.2.11,10.02,4.02,8.013,18.017,21.017,27]heptacos-22- —10, 1g455 (2.81) and Gly487 (3.06) 1939 Cysadl, Lysdss, lledss,
ene-5,14,26-trione) €100, an
ZINC000085530490 ((1R 2R,3'R 75,95,10S,125,135,14R  165,195,205)-19- c .
R INCNSE ¢ - 3 e i g ys377, His394, Cys451,

(furan-3-yD-12-hydroxy-13,20-dimethyl-3'-propan-2-ylspirol4 8, 1518 ~10.0 Thr375 (3.12) and Lys376 (2.89)  Argd55, Lys4s83, lle484, Serds6,

tetraoxahexacyclo[11.9.0.02,7.02,10.014,16.014,20]docosane-9,1’-

cyclohexane]-5,11,17-trione) Gly487, GIn488, and Gly489

Val351, Gly374, Thr375, Lys376,
Cys377, His394, Ala395,
Glu396, Ser449, Cys451,
Arg455, Lys483, Gly489,

Arg590, and Thr615

Val351, Thr375, Cys377, His394,
ZINC000085592995 ((1R,2R)-2-[(3S,4S)-4-hydroxy-8-[(3- Glu396, Thr448, Pro450,
hydroxyphenyl)methyl]-6-methoxy-3,4-dihydro-2H-chromen-3-y1]- —10.0 Serd49 (Zg?)hggréfi gg()?’ 19),and Cys451, Arg455, Lys483, Tle484,
1,2,3,8,9,10-hexahydropyrano[3,2-f]chromen-1-ol) Y . Glu485, Gly487, GIn488, and
Arg590

ZINC000085543539 (3-[[(1R,3R)-3-[(15,55)-1,5-dimethylcyclohex-2-en-1-
yl]cyclohexyl]methyl]-5-[(1R,4S)-4-(ethylamino)-1,2,3,4- —10.0
tetrahydronaphthalen-1-yl]phenol)

Tle484 (2.86, 3.2) and Gly487
(2.86)

ZINC000085633079 11e378, His394, Arg455, Ile456,
(9-[[(25,45)-5,5-dimethyl-4'-(3-methylbut-2-enoxy)spiro[1,3-dioxolane- -10.0 Lys376 g?ﬁ)hgoy 537077(3'31)’ Lys483, Ile484, Glu485, GIn488,
2,7’-furo[3,2-g]chromene]-4-ylJmethoxy]furo[3,2-g]chromen-7-one) an T (3.07) Gly489, Leu511, and Thr513

Lys376, Cys377, 11e378, Lys483,
ZINC000101100339 (Qingdainone) —-9.7 Asn379 (3.01) Tle484, Glu485, Gly487, Gly489,
Thr490, Leu511, and Thr513
ZINC000085532375 ((5E)-5-[(1S,2R,35,9S,12S,13S)-12-hydroxy-3-methyl- Thr375, Lys376, Cys377,
12-[(1S,5S)-5-methylcyclohex-2-en-1-yl]-5-oxa-17- -~ Asn379, His394, 1le456, Lys483,
azatetracyclo[7.7.1.02,6.013,17[heptadec-6-en-4-ylidene]-4-methoxy-3- 96 Argd55 (3.11) and Gly487 (3.05) Glu485, Ser486, Gly489, and
methylfuran-2-one) Thr490

A total of 310 compounds met this threshold (below —9.5 kcal/mol) and were selected for
further analysis. The highest binding affinity to ADAR2 was observed for ZINC000095913861
with a binding energy of —12.0 kcal/mol, followed by ZINC000085996580, ZINC000070454467,
and ZINC000042890265, with binding energies of —11, —10.9, and —10.6 kcal/mol, respec-
tively. Compounds ZINC000039183320 and ZINC000085593577 had a binding energy of
—10.5 kcal/mol, while ZINC000070454124, ZINC000103585067, and ZINC000014637370
had a binding energy of —10.2 kcal/mol. Also, compounds ZINC000013384051,
ZINC000059586224, ZINC000070454074, ZINC000085530502, ZINC000085532258,
ZINC000085532442, ZINC000095911347, and ZINC000095914813 all had a binding
energy of —10.1 kcal/mol.

For the top 310 compounds, it was observed that their molecular weights ranged
between 350 to 600 g/mol (Figure 1). All compounds which had binding energies lower
than —11.0 kcal/mol had molecular weights greater than 500 g/mol (Figure 1). Only one
compound (ZINC000014637370) with molecular weight less than 450 g/mol (408.49 g/mol)
had a binding energy lower than —10.0 kcal/mol (—10.2 kcal/mol) (Figure 1). The binding
energies of shortlisted compounds with large molecular weights suggest that the size and
spatial characteristics of the RNA binding site may play a crucial role in facilitating ligand
interaction and binding.



Int. . Mol. Sci. 2023, 24, 12612

7 of 31

Plot of Molecular Weight Against Binding Energy For Top 310 Compounds
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Figure 1. A plot of molecular weight against the binding energies of the top 310 compounds after
docking with ADAR2. Only compounds with molecular weights above 450 g/mol had binding
energies below —10.5 kcal/mol.

2.3. ADMET Prediction

The prediction of a molecule’s absorption, distribution, metabolism, excretion, and
toxicity (ADMET) properties is of utmost importance in the drug discovery and develop-
ment process. Although more accurate, traditional experimental approaches to assess these
properties can be time-consuming, costly, and sometimes ethically challenging as compared
to the computational approach. Notwithstanding, advancements in computational drug
studies have provided powerful platforms that can predict these properties with remark-
able accuracy. The 310 shortlisted compounds were subjected to ADMET profiling in order
to select the ligands with the most desirable safety profiles (Table 2). Lipinski’s and Veber’s
rules were applied to the compounds. A total of 136 compounds failed Lipinski’s rule,
while 177 failed Veber’s rule.

The topmost compound, ZINC000095913861, with a binding energy of —12.0 kcal, passed
both Lipinski’s and Veber’s rules with a TPSA of 94.56 A2 (Table 2). However, ZINC000070450936
and ZINC000070454365, with binding energies of —11.2 and —11.1 kcal /mol, respectively, failed
both Lipinski’s and Veber’s rules. ZINC000070450936 and ZINC000070454365 had TPSA values
of 178.53 and 180.3 A2, respectively. Overall, a total of 121 compounds passed both Lipinski’s
and Veber’s rules and were shortlisted for further analyses. Of the 121 compounds, only five
comprising ZINC000014637370, ZINC000085532375, ZINC000085547677, ZINC000085547700,
and ZINC000101100339 were predicted as blood-brain barrier (BBB) permeants.

The 121 shortlisted compounds were further subjected to toxicity tests using OSIRIS
DataWarrior [55], of which a total of 90 were shortlisted. Compounds that were predicted
to have two or more toxicity risks were eliminated. Additionally, compounds with tu-
morigenic and mutagenic effects were eliminated since ADAR?2 inhibition is implicated
in certain cancers [56], including lung cancer [57]. Furthermore, ADAR2 inhibition may
promote tumor growth since ADAR?2 has been shown to suppress tumors [25,58,59]. Com-
pounds with tumorigenic and mutagenic effects may be involved in promoting the growth
of tumors and the spread of cancers during ADAR2 inhibition.
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Table 2. ADME prediction for some shortlisted TCM compounds.
ESOL No. of No. of
C ; BB Gl L .. No. ;
Compound MW (g/mol) 132?2/5;5 TPSA (A%) Permeant Absorption Solubility Lipinski’s Rule ~ Veber’s Rule
Class Violations Violations
ZINC000095913861 556.6 5.97 94.56 No Low Poorly 1 0
soluble
ZINC000085996580 508.48 4.47 136.66 No Low Poorly 1 0
soluble
ZINC000070454467 526.53 447 137.96 No Low Poorly 1 0
soluble
ZINC000042890265 538.46 5.27 173.98 No High Poorly 1 0
soluble
ZINC000039183320 474.6 3.93 94.45 No High Ms(ifgfeely 1 0
ZINC000085593577 487.54 355 126.15 No High M;’g’;rslt:ly 0 0
ZINC000070454124 564.58 3.38 119.34 No High M;’gl‘:&fly 1
ZINC000103585067 510.53 127 125.43 No High Soluble 1
. Moderately
ZINC000014637370 408.49 458 64.99 Yes High 0
soluble
ZINC000013384051 486.47 3.44 139.84 No Low Poorly 1 0
soluble
ZINC000059586224 486.51 5.7 61.81 No Low ;‘fﬁgﬁ; 0
ZINC000070454074 500.54 2.17 128.73 No High Soluble 1
. Moderately
ZINC000085530502 578.65 331 1248 No High 1
soluble
ZINC000085532258 561.71 427 88.46 No High Poorly 1 0
soluble
ZINC000085532442 548.7 436 88.46 No High Poorly 1 0
soluble
ZINC000095911347 526.53 137 137.96 No High Poorly 1 0
soluble
ZINC000095914813 454.47 401 110.38 No High Poorly 0 0
soluble
ZINC000085530478 536.57 2.32 1248 No High M‘s’(‘jl‘f;fly 1 0
ZINC000085530490 568.65 3.35 1248 No High Moderately 1 0
soluble
ZINC000085543539 471.72 7.08 32.26 No Low Poorly 1 0
soluble
ZINC000085592995 490.54 347 97.61 No High Moderately 0 0
soluble
ZINC000085633079 556.56 5.46 102.64 No Low Poorly 1 0
soluble
ZINC000101100339 363.37 3.25 63.47 Yes High Mgﬁfgfjly 0 0
ZINC000085532375 481.62 391 68.23 Yes High Moderately 0 0
soluble
A total of nine compounds, including ZINC000013310993, ZINC000014686335,
ZINC000085547677,  ZINC000103559699,  ZINC000085548190,  ZINC000085567825,

ZINC000085761575, ZINC000085976998, and ZINC000095914856, were predicted to be highly
mutagenic, while 12 were predicted to have low mutagenicity. A total of 100 compounds
were predicted to have no mutagenic effects. For tumorigenicity, three compounds, in-
cluding ZINC000103578914, ZINC000103559699, and ZINC000085976998, were predicted
as high; eleven (including ZINC000085594038, ZINC000085594040, ZINC000085594044,
ZINC000085594057, ZINC000103527863, ZINC000103543220, ZINC000085547700,
ZINC000085594065, ZINC000095914212, ZINC000085547677, and ZINC000085548190) were
predicted as low; 109 were predicted to have none (Table S1). A total of 76 compounds
were predicted to have high reproductive effects while two (ZINC000085532375 and
ZINC000013310993) were predicted as low, leaving 97 compounds with no reproduc-
tive effects. A total of 29 compounds were predicted to have high irritancy, while three
(ZINC000103543220, ZINC000103578914, and ZINC000085548190) were low. A total of
89 compounds were predicted as non-irritants. In all, a total of 58 compounds were pre-
dicted as non-tumorigenic, non-mutagenic, and non-irritant, and had no reproductive effect
(Table S1).

The known inhibitor, 8-azanebularine, was also predicted as a non-tumorigenic, non-
mutagenic, and non-irritant, and had no reproductive effect (Table S1). The topmost
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compound, ZINC000095913861, with a binding energy of —12.0 kcal/mol, was predicted
as non-tumorigenic, non-mutagenic, and non-irritant, but had a high reproductive effect
(Table S1). Compounds ZINC000085996580 and ZINC000070454467 with binding energies
of —11.0 and —10.9 kcal/mol, respectively, also passed the toxicity risk filter. However,
ZINC000085594057, which had a binding energy of —11.1 kcal/mol, was predicted to have
no mutagenicity, low tumorigenicity, high reproductive effects, and high irritancy risks,
and was thus eliminated (Table S1). Also, two of the five compounds which were predicted
as BBB permeants (ZINC000085547677 and ZINC000085547700) failed the toxicity risk filter
(Table S1).

2.4. ADAR?2-Ligand Interaction Profiling

Protein-ligand interactions are crucial in drug discovery, molecular recognition, and
understanding the mechanisms of biological processes. Therefore, visualizing and ana-
lyzing these interactions is essential as they provide insights into the binding modes and
intermolecular contacts existing between proteins and small molecule ligands (Table 1,
Figures 2, S1 and S2). The known inhibitor, 8-azanebularine, interacted with the ADAR2
via hydrogen bonds with residues Thr375 (bond lengths of 2.94 and 3.14 A), Tle484 (bond
lengths of 2.82 and 3.2 A), and Gly487 (bond length of 3.21 A), and formed hydrophobic
contacts with Lys376, Cys377, 11378, His394, Lys483, and Glu485 (Figure 2a and Table 1).
The pyrimidine ring of 8-azanebularine was observed to be involved in hydrophobic con-
tacts with Cys377, Lys483, and Glu485; the hydroxides attached to the furan were involved
in all five hydrogen bonds observed; the triazole formed hydrophobic interactions with
Lys376 and 11e378 (Figure 2a,b). ZINC000095913861, which had the least binding energy
(—12.0 kcal/mol), was observed to form two hydrogen bonds with Asn379 (2.92 A) and
Gly489 (2.99 A) and hydrophobic contacts with Thr375, Lys376, Cys377, 1le378, His394,
Arg455, 11e456, Lys483, 1le484, Glu485, Thr490, and Leu511 (Table 1, Figures Sla and S2a).

Lys376(A)
3 %?nﬂ\‘ %\:nean(m

%:5394&&)
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Figure 2. Cont.
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Figure 2. Protein-ligand interaction maps for ADAR2 complexed with 8-azanebularine (a,b) and
ZINC000014637370 (c,d). For the 2D interaction maps (a,c), the ligand is colored violet, hydrogen
bond lengths are labelled green, and hydrophobic contacts are shown as red arcs with spokes towards
the ligand. For the 3D profiles (b,d), the ligands are shown as sticks while the protein is represented
as ribbons with lines.

ZINC000085996580 interacted with the ADAR2 via ten hydrogen bonds with residues
11e378 (3.01 A), Arg455 (2.99 A), Lys483 (3.17 A), Tle484 (2.55 and 2.88 A), Gly487 (3.05 A),
Leu511 (2.85 A), Leu512 (3.11 A), Thr513 (2.97 A), and Arg590 (2.8 A) (Table 1,
Figures S1b and S2b). It also formed hydrophobic interactions with Val351, Thr375,
Lys376, Cys377, His394, Thr448, Cys451, Glu485, and Leu512. ZINC000070454467, which
had a binding energy of —10.9 kcal/mol, was also observed to form two hydrogen
bonds with His394 (3.15 A) and Gly487 (2.91 A), and hydrophobic bonds with Thr375,
Lys376, Cys377, Lys483, Ile484, Ser486, GIn488, Gly489, Arg590, and Ala595
(Table 1, Figures Slc and S2c). ZINC000042890265 (disulfuretin), an aurone derivative
made up of two sulfuretins, was arranged in a cis isomeric form, establishing five hydro-
gen bonds with Cys377 (3.08 A), Cys451 (3.15 A), Gly452 (3.19 A), Ser449 (2.7 A), and
Arg590 (3.05 A), and 15 hydrophobic bonds with residues Lys350, Val351, Thr375, Lys376,
His394, Glu396, Thr448, Pro450, Arg455, Ile456, Lys483, Ile484, Gly487, Gly489, and Thr490
(Table 1, Figures S1d and S2d). ZINC000039183320 was also observed to form five hydrogen
bonds with Cys377 (3.01 A), 11e378 (3.19 A), Asn379 (3.11 A), Glu396 (2.77 A), and Ser449
(3.14 A), and 15 hydrophobic contacts with Val351, Thr375, Lys376, His394, Thr448, Pro450,
Cys451, Argd55, Lys483, 1le484, Glu485, GIn488, Gly489, Arg590, and Ala595 (Table 1,
Figures Sle and S2e). ZINC000014637370, which has a benzopyrano pyran fused to a ben-
zopyran (or chromene), interacted with Cys377 (3.34 A), Asn379 (2.97 A), Ser486 (3.31 A),
and Gly489 (3.19 A) via hydrogen bonds and residues Thr375, Lys376, His394, Cys451,
Lys483, Ile484, Glu485, Gly487, and Thr490 via hydrophobic bonds (Figure 2c,d). Two of the
three oxygen atoms in the benzopyran-benzopyrano pyran core were involved in hydrogen
bonds with Cys377 and Gly489, while the other two hydrogen bonds (Asn379 and Ser486)
were formed with the oxygen bonded to the middle benzene in the benzopyrano pyran
core (Figure 2c).
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Analyzing the molecular interactions of multiple protein-ligand complexes help to
identify critical residues involved in ligand binding as well as common binding patterns,
which will aid in the design and optimization of ligands for therapeutic purposes. From
the interaction profiles, residues Thr375, Lys376, Cys377, His394, Cys451, Arg455, Lys483,
Ile484, Glu485, Gly487, GIn488, and Gly489 were common residues involved in ligand
binding in the RNA binding site of the ADAR?2.

2.5. Prediction of Biological Activity of the Selected Hit Compounds

In silico prediction of biological activity helps to prioritize compounds for further ex-
perimental testing. These predictions can be made using a variety of approaches, including
structure-based methods, machine learning algorithms, and quantitative structure-activity
relationship (QSAR) models. In silico prediction can also be used to evaluate the potential
toxicity or therapeutic efficacy of a compound, as well as to identify novel compounds with
desired biological properties. Herein, prediction of activity spectra of substances (PASS)
was employed to determine the biological activity of the shortlisted compounds [47,48,60].

Compounds ZINC000085996580, ZINC000042890265, and ZINC000101100339 were
predicted to be inhibitors of various deaminases, including blastcidin-S, pterin, creati-
nine, ornithine cyclodeaminase, glucosamine-6-phosphate, deoxycytidine, ATP, and cyto-
sine deaminases. Since ADAR?2 also belongs to the deaminase family, these compounds
may possess anti-ADAR?2 activity and are worthy of further experimental testing. Com-
pounds ZINC000042890265 (Pa: 0.312 and Pi: 0.127), ZINC000085996580 (Pa: 0.270 and
Pi: 0.188), and ZINC000014637370 (Pa: 0.255 and Pi: 0.213) were also predicted to be
useful in dementia treatment. ZINC000101100339 was predicted as an antineurotic (Pa:
0.512 and Pi: 0.105) while ZINC000085532375 was predicted to be beneficial in neurode-
generative diseases treatment (Pa: 0.377 and Pi: 0.083). Also, ZINC000095913861 (Pa:
0.458 and Pi: 0.080), ZINC000014637370 (Pa: 0.336 and Pi: 0.168), and ZINC000042890265
(Pa: 0.278 and Pi: 0.239) were predicted as neurotransmitter uptake inhibitors. Selective
serotonin reuptake inhibitors (SSRIs) such as sertraline and fluoxetine, which are neu-
rotransmitter uptake inhibitors, exhibit beneficial effects in the treatment of depression,
anxiety disorders, and certain forms of obsessive-compulsive disorder [61-63]. Sertraline
and fluoxetine have also been found to be helpful in managing depression in individuals
with epilepsy due to their ability to lower the risks of triggering seizures [64].

ZINC000042890265 and ZINC000101100339 were predicted to possess antialcoholic
properties with Pa values of 0.228 and 0.220, respectively, with corresponding Pi values
of 0.097 and 0.102. Abnormal ADAR? editing of 5-HT,cR is implicated in increased alco-
hol intake [40], making ADAR? a therapeutic target for alcoholism. ZINC000042890265
was further suggested to be useful in treating prion disease (Pa: 0.296 and Pi: 0.121),
which is associated with increased RNA editing of FKRP and Rragd in mice. Compounds
ZINC000042890265, ZINC000085593577, and ZINC000014637370 were predicted as an-
tidyskinetic with Pa values of 0.460, 0.287, and 0.408, respectively, with corresponding Pi
values of 0.076, 0.228, and 0.099. These compounds may prove useful in treating dyskinesia,
which manifests in most neurologic disorders [65-70]. Compounds ZINC000042890265 (Pa:
0.725 and Pi: 0.013), ZINC000095913861 (Pa: 0.499 and Pi: 0.057), ZINC000085996580 (Pa:
0.595 and Pi: 0.033), ZINC000070454467 (Pa: 0.269 and Pi: 0.193), ZINC000039183320 (Pa:
0.514 and Pi: 0.053), ZINC000014637370 (Pa: 0.727 and Pi: 0.013), and ZINC000101100339
(Pa: 0.248 and Pi: 0.215) were predicted to possess anti-inflammatory properties.

Compounds  ZINC000070454467,  ZINC000095913861,  ZINC000101100339,
ZINC000014637370, ZINC000085996580, ZINC000039183320, ZINC000042890265,
ZINC000085593577, and ZINC000085532375 were predicted as antineoplastics with Pa
values of 0.995, 0.928, 0.793, 0.670 0.594, 0.533, 0.532, 0.317, and 0.290; and corresponding
Pi values of 0.003, 0.005, 0.013, 0.031, 0.046, 0.062, 0.062, 0.143, and 0.158. They were
also predicted as chemopreventive, chemoprotective, antimutagenic, anticarcinogenic,
antimetastatic, and beneficial for treating prostate cancer, prostate disorders, prolifera-
tive diseases, and preneoplastic conditions. Furthermore, they were predicted to possess
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antileukemic properties and may demonstrate activity against various types of cancers,
including breast, cervical, lung, ovarian, renal, gastric, colon, colorectal, uterine cancers,
as well as carcinoma, melanoma, and sarcoma. Although ADAR? is implicated in var-
ious cancers, it has been reported that ADAR?2 is downregulated in esophageal squa-
mous cell carcinoma (ESCC) [58]. These compounds may help in suppressing cancer
growth and progression owing to ADAR2 inhibition. Furthermore, ZINC000042890265,
ZINC000085996580, ZINC000014637370, and ZINC000101100339 were predicted as Pinl
inhibitors with Pa values of 0.663, 0.374, 0.324, and 0.252, respectively, with corresponding
Pi values of 0.010, 0.103, 0.142, and 0.222. Increased Pin1-ADAR?2 interactions have been
shown to contribute to ADAR? stability [71,72], and these interactions increase as neurons
mature [71]. Pinl is essential for editing GluA2 transcripts in cell lines and plays a role in
regulating ADAR? levels and its catalytic activity [72]. Pin1 is also implicated in promoting
multiple cancer-driving processes [73], supporting the potential anti-cancer prediction
of these compounds. ZINC000095913861 (Pa: 0.561 and Pi: 0.021), ZINC000085996580
(Pa:0.395 and Pi: 0.054), ZINC000039183320 (Pa: 0.194 and Pi: 0.174), ZINC000014637370
(Pa: 0.354 and Pi: 0.065), and ZINC000085532375 (Pa: 0.201 and Pi: 0.166) were predicted as
dermatologic and may be beneficial in treating ulcers, pigmentation, and other skin-related
issues in melanoma, as ADAR2 has been reported to play a crucial role in the stemness of
melanoma and melanoma relapse [74].

Compounds ZINC000095913861 (Pa: 0.315 and Pi: 0.045), ZINC000085996580
(Pa: 0.293 and Pi: 0.060), ZINC000042890265 (Pa: 0.308 and Pi: 0.050), ZINC000039183320
(Pa: 0.284 and Pi: 0.066), ZINC000085593577 (Pa: 0.209 and Pi: 0.157), ZINC000014637370
(Pa: 0.283 and Pi: 0.067), ZINC000101100339 (Pa: 0.205 and Pi: 0.162), and ZINC000085532375
(Pa: 0.243 and Pi: 0.108) were predicted as RNA synthesis inhibitors. ZINC000095913861
(Pa: 0.224 and Pi: 0.066), ZINC000085996580 (Pa: 0.254 and Pi: 0.047), ZINC000042890265
(Pa: 0.189 and Pi: 0.104), ZINC000039183320 (Pa: 0.174 and Pi: 0.130), ZINC000085593577
(Pa: 0.200 and Pi: 0.089), ZINC000014637370 (Pa: 0.241 and Pi: 0.054), ZINC000085532375
(Pa: 0.205 and Pi: 0.084) were further predicted as RNA directed DNA polymerase inhibitors.
Also, ZINC000042890265 (Pa: 0.364 and Pi: 0.084), ZINC000101100339 (Pa: 0.274 and Pi:
0.181) were predicted as RNA-directed RNA polymerase (RdRp) inhibitors. The com-
pounds were also predicted to possess antiviral properties. BoDV, a non-segmented RNA
virus [75,76], exploits the host’s ADAR2 throughout its life cycle to edit its genomic RNA
in order to evade immune response [30]. A study showed that the knockdown of ADAR2
limits A-to-I editing of BoDV genomic RNA, leading to a strong host immune response [30].
This is not surprising, as both ADAR1 and ADAR2 regulate autoimmune responses [30,77].
Furthermore, BoDV is characterized by neurological disorders, including ataxia (affecting
coordination, balance, and speech) and abnormal depressive behavior [76,78,79].

A structural similarity search via DrugBank revealed that ZINC000095913861 is sim-
ilar to tanshinone I (Tan-I) with a score of 0.717. Tan-I, found in Salvia miltiorrhiza, has
been shown to be effective in treating anti-inflammatory diseases, including mastitis [80],
inflammation due to osteoarthritis [81], and neuro-inflammation [82]. Tan-I also possesses
chemoprotective, chemopreventive, and anti-cancer properties against MCF-7 and MDA-
MB-231 human breast cancer cells [83,84], colorectal cancer [85,86], hepatic carcinoma [84],
gastric cancer [87], cervical cancer [88], ovarian cancer [89], and glioblastoma [90], among
others. The broad-spectrum anti-cancer activity of Tan-I warrants the experimental testing
of ZINC000095913861 on ADAR?2 and cancer cell lines. Furthermore, Tan-I has been shown
to possess neuroprotective properties, reverses cognitive and motor impairments, and
enhances learning and memory in mice [91-93].

ZINC000070454467 is structurally similar to beta-escin (0.729), escin (0.729), and gly-
cyrrhizic acid (0.703). The anti-cancer and anti-inflammatory properties of escin and
beta-escin are recorded in literature [94-96]. Escin demonstrated anti-inflammatory activity
in a mouse model of global cerebral ischemia, improved learning and memory recovery,
and reduced hippocampal damage [97]. Escin was also reported to upregulate the ex-
pression of granulocyte-macrophage colony-stimulating factor (GM-CSF), which is known
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for its neuroprotective properties [97]. Oral administration of escin in a Parkinson’s dis-
ease mouse model inhibited neuro-inflammatory cytokine expressions in the substantia
nigra [98]. The substantia nigra plays a crucial role in dopamine regulation, motor move-
ments, learning, mood, and decision making [99,100]. Dysregulation of dopamine signaling
has been associated with schizophrenia [101]. Also, glycyrrhizic acid inhibited kynurenine
aminotransferase 2 (KAT?2), with ICsy and Ki values of 4.51 + 0.20and 10.42 + 1.62 puM,
respectively. KAT2 catalyzes the conversion of kynurenine to kynurenic acid (KYNA) in
brain tissues, and the accumulation of KYNA has been linked to schizophrenia [102].

ZINC000039183320 and ZINC000014637370 were predicted to be similar to naringin
(scores of 0.746 and 0.704, respectively) and hesperidin (0.744 and 0.833, respectively).
Furthermore, ZINC000014637370 is structurally similar to sakuranetin (0.862), naringenin
(0.848), taxifolin (0.772), dihydromyricetin (0.772), and silibinin (0.709). Naringin and narin-
genin are known adenosine deaminase (ADA) inhibitors [103,104], with naringin inhibiting
the deamination of cordycepin with Ki values of 58.8 and 168.3 pmol/L in mouse and
human erythrocytes, respectively [103]. Taxifolin also inhibited the human ADA with ICsg
of 400 uM [105]. The experimental testing of ZINC000039183320 and ZINC000014637370 as
potential ADAR? inhibitors is warranted since ADAR2 also belongs to the deaminase class
of proteins. Hesperidin was shown to prevent and reverse ketamine-induced schizophrenia-
like behaviors, including hyperactivity, social withdrawal, and cognitive impairment in
mice [106]. Silibinin (10 pM) and naringenin (10 uM) were also shown to possess neuro-
protective properties in zebrafish by reversing behavioral changes induced by bisphenol A
(17.52 uM) [107]. Dihydromyricetin (DHM) is believed to counteract the intoxication effects
of ethanol in mice and may be useful in treating alcohol use disorder [108]. DHM possesses
neuroprotective activity and counteracts changes, including increased anxiety levels, re-
duced exploratory behaviors, and increased serum corticosterone levels and activation in
NF-«B pathway, caused by socially isolating mice [109].

2.6. Molecular Dynamics Simulations
2.6.1. Analyzing RMSD, RMSF, and Rg

The unbound ADAR? protein and the ADAR2-ligand complexes were subjected to
100 ns molecular dynamics (MD) simulations. Understanding the molecular motion and
conformational changes of macromolecules upon small molecule binding is germane to
drug discovery [110,111]. MD simulations provide a platform to computationally study
these atomic motions and fluctuations by using Newtonian physics approximations, taking
into consideration the forces at play between bonded and non-bonded atoms [110,112].
Notwithstanding this, MD simulations have limitations, requiring lengthy simulation
periods in order to correctly explain some dynamical properties and the paucity of math-
ematical descriptions of some of the physical and chemical forces that govern protein
dynamics [113]. However, MD simulations have been shown to be comparable with ex-
perimental results and are very useful in drug discovery [113-115]. The root mean square
deviation (RMSD), radius of gyration (Rg), and root mean square fluctuation (RMSF) were
analyzed after the MD simulations.

Herein, the ADAR2-8-azanebularine complex demonstrated the greatest stability
with an average RMSD of 0.196 & 0.025 nm, followed by ADAR2-ZINC000101100339
and ADAR2-ZINC000014637370 complexes with average RMSD values of
0.201 £ 0.028 and 0.210 £ 0.023 nm, respectively (Figure 3). The ADAR2-ZINC000085532375,
ADAR2-ZINC000042890265, ADAR2-ZINC000039183320, and ADAR2-ZINC000085593577
complexes also had average RMSD values of 0.211 + 0.030, 0.230 £ 0.031, 0.238 + 0.031,
and 0.247 £ 0.030 nm, respectively (Figure 3). The unbound ADAR?2 had an average
RMSD of 0.217 % 0.031 nm (Figure 3) [50] throughout the 100 ns, implying that the ADAR2
achieved higher stability when in complex with 8-azanebularine, ZINC000101100339,
ZINC000014637370, and ZINC000085532375 (Figure 3). Although ADAR2 has loop regions,
which may account for the slight increase in RMSD values [116], the RMSDs obtained
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herein are within the acceptable range, as RMSDs up to 3 A (0.3 nm) are typical for most
proteins after MD simulations [117].
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Figure 3. Root mean square deviation (RMSD) plot of the unbound ADAR?2 protein and
ADAR2-ligand complexes throughout the 100 ns MD simulations. ADAR2-8-azanebularine,
ADAR2-ZINC000101100339, ADAR2-ZINC000014637370, and ADAR2-ZINC000085532375 com-
plexes demonstrated lower average RMSDs than the unbound ADAR?2.

The average Rg values of all ADAR2-ligand complexes showed that upon ligand binding,
ADAR?2 demonstrated lower, Rg implying greater compactness and stable folding compared
to the unbound state [118]. The unbound ADAR?2 had an average Rg of 2.070 £ 0.008 nm
throughout the 100 ns simulation period while the ADAR2-ZINC000042890265 and ADAR2-
ZINC000085532375 complexes had Rg values of 2.049 £ 0.006 and 2.054 + 0.007 nm,
respectively (Figure 4). The ZINC000042890265 demonstrated higher stability than all ten
ligands, including IHP, which were previously shown to be good ADAR2 binders in the
IHP binding site [50]. The ADAR2-8-azanebularine complex demonstrated comparable Rg
(2.058 +£ 0.007 nm) to that of ADAR2-ZINC000042890265 and ADAR2-ZINC000085532375
complexes (Figure 4). For the 100 ns simulation period, ADAR2-ZINC000014637370,
ADAR2-ZINC000039183320, ADAR2-ZINC000085593577, and ADAR2-ZINC000101100339
complexes also had average Rg values of 2.058 £ 0.008, 2.064 + 0.011, 2.065 £ 0.06, and
2.065 % 0.007 nm, respectively (Figure 4).

For the RMSF analyses, residue indexes 380-390, 460-478, 492-515, 585-595, and
650-655 were observed to have high fluctuations for all the ADAR2-ligand complexes
(Figure S3). On the other hand, at residue positions 352-359, 369-375, 394-397, 445-455,
482-486, and 512-560, very low fluctuations were observed (Figure S3), implying that these
regions could be involved in strong interactions with the various ligands and thus have
higher stability [119].



Int. . Mol. Sci. 2023, 24, 12612

15 of 31

Radius of gyration (total and around axes)

21 T T T
— ADAR2-8-Azanebularine
- — ADAR2-ZINCO000042890265
— ADAR2-ZINC000039183320
2097 — ADAR2-ZINCO000085593577

ADAR2-ZINCO00014637370
ADAR2-ZINC000101100339
ADAR2-ZINCO00085532375
— ADAR2

I

Rg (nm)

Time (ns)

Figure 4. Radius of gyration (Rg) plot of the unbound ADAR?2 protein and ADAR2-ligand complexes
throughout the 100 ns MD simulations. On average, all the ADAR2-ligand complexes demonstrated
lower Rg than the unbound ADAR?2, implying higher compactness and folding.

2.6.2. Analyzing Snapshots and Hydrogen Bonds

The hydrogen bond interactions between the ADAR?2 and each ligand were evaluated
using “gmx hbond” (Figure 5). Snapshots at 25 ns intervals were also generated to visualize
the position of the ligands at these time steps. The snapshots showed the 8-azanebularine
was not stable in the RNA binding site of the ADAR2. The 8-azanebularine remained in
the RNA binding pocket until 75 ns, where it moved to the region surrounded by residues
Ser458, His460, Glu461, Pro462, Ile463, Glu466, Pro467, Ala468, Asp469, Arg470, His471,
His552, Asp554, and His555, and remained there until the end of the simulation. This
region was previously predicted via CASTp as a potential binding site of the ADAR2
protein [50]. According to “gmx hbond”, 8-azanebularine formed only one hydrogen bond
with ADAR? at times 25, 50, 75, and 100 ns. However, from the protein-ligand interaction
maps, 2 H-bonds were observed at 25 ns with Ser458 (bond lengths of 2.96 and 3.09 A)
and only one was observed at times 50 [Glu466 (3.35 A)], 75 [Asp503 (3.01 A)], and 100 ns
[Asp503 (2.66 A)].

All the potential lead compounds except ZINC000085532375 were observed to bind
stably in the RNA binding site throughout the simulation. Compound ZINC000085532375
moved away from the ADAR2 protein at 25 ns, implying a positive binding energy (repul-
sion), which could influence the binding affinity. However, at 50 ns ZINC000085532375
binds to ADAR? in a different region, surrounded by residues Arg435, Leu436, Lys437,
Val440, Pro571, Pro572, Leu573, Tyr574, and Thr575. It remained in this binding region
until the end of the 100 ns simulation period. At times 50 and 100 ns, no hydrogen bonds
with ADAR?2 were observed. However, at 75 ns, ZINC000085532375 formed a hydrogen
bond with Leu573 of length 3.00 A, which was also predicted via “gmx hbond”.
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Figure 5. Plot showing the number of hydrogen bonds formed between ADAR2 and the shortlisted
compounds throughout the 100 ns MD simulation. Compound ZINC000042890265 formed the
greatest number of hydrogen bonds with ADAR?2 throughout the simulation period.

Compound ZINC000042890265 formed the highest number of hydrogen bonds with
ADAR?2 (7) at 17 ns. At 25 ns, hydrogen bonds with Cys377 (3.14 and 3.15 A), Arg455 (2.9 A),
GIn488 (2.99 A), and Gly489 (2.89 A) were observed, although “gmx hbond” predicted 3.
At 50 ns, only one hydrogen bond with Cys377 (3.17 A) was maintained, while forming
new bonds with Lys350 (2.69 A), Ser449 (2.76 and 3.29 A), and GIn591 (2.82 A). At 75 ns,
four hydrogen bonds were formed: two with Ser449 (2.76 and 2.90 A) and one each with
Arg455 (2.78 A) and GIn488 (2.75 A). At the end of the simulation, three hydrogen bonds
were formed with residues Ser449 (2.68 A), Arg455 (2.99 A), and Glu485 (2.45 A), although
only one was predicted via “gmx hbond”. The number of hydrogen bonds formed by the
ADAR2-ZINC000042890265 complex makes ZINC000042890265 an interesting candidate
to probe further since ligand binding and activity have been shown to be influenced by the
formation of multiple hydrogen bonds [120,121]. Another complex worth mentioning is
ADAR2-ZINC000085593577. ZINC000085593577 was predicted via “gmx hbond” to form
1,1, 2, and 3 hydrogen bonds with ADAR?2 at times 25, 50, 75, and 100 ns, respectively
(Figure 5). However, from the interaction maps, one [Gly489 (2.99 A)], three [Asn391
(2.71 A) and His394 (3.13 and 3.20 A)], three [Asn391 (2.75 A), His394 (2.82 A), and Gly487
(2.77 A)], and four [Asn391 (3.32 A), His394 (2.84 A), GIn488 (3.13 A), and Gly489 (2.91 A)]
were formed at 25, 50, 75, and 100 ns, respectively.

2.7. MM/PBSA Calculations for the ADAR2-Ligand Complexes
2.7.1. Analyzing Binding Free Energy

The molecular mechanics/Poisson-Boltzmann surface area (MM /PBSA) method is
a computational technique that is used to calculate the binding free energy of a small
molecule to a protein [122-125]. The binding free energy is a measure of the strength of
the interaction between the small molecule and the protein, and it is an important factor
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in drug discovery, as molecules with a favorable binding free energy are more likely to be
effective as drugs. The g_mmpbsa tool was used to perform the MM /PBSA calculations
of the protein-ligand complexes using the complete 100 ns simulation trajectories [122].
The binding free energy, van der Waals (vdW), electrostatic, polar solvation, and solvent
accessible surface area (SASA) energies were computed using this method (Table 3).

Table 3. Energy terms contributing to ADAR2 binding to the top compounds and 8-Azanebularine from

MM/PBSA calculations. All energy values are presented in k] /mol as energy =+ standard deviation.

Compound vdW Electrostatic Polar Solvation SASA Binding
ZINC000042890265 —185.615 £ 1.989 —81.409 + 2.341 174.426 + 3.098 —24.866 £ 0.150 —117.236 + 4.040
ZINC000039183320 —110.150 £ 2.956 —23.952 £+ 1.891 82.789 £ 2.665 —15.755 £ 0.366 —67.023 £ 3.022
ZINC000101100339 —156.644 £ 1.535 12.671 + 1.635 95.394 + 2.438 —16.419 £ 0.171 —64.913 £ 2.029
ZINC000014637370 —218.832 £+ 1.310 —42.038 £+ 1.376 108.673 £+ 1.974 —22.854 £ 0.099 —174.911 £ 2.104
ZINC000085532375 —69.224 £ 5.194 289.884 +7.174 18.341 +2.572 —9.868 £ 0.750 228.669 + 3.288
ZINC000085593577 —224.512 £ 2.058 —47.130 £ 1.820 158.815 4 2.933 —24.585 £ 0.180 —137.369 £ 2.365
8-Azanebularine —49.600 £+ 2.917 227.826 + 11.031 75.515 + 7.041 —7.374 £ 0.412 246.374 + 5.841
8-Azanebularine rerun  —109.745 £ 1.390 310.967 + 6.418 123.630 £+ 5.771 —13.942 £ 0.096 310.779 £ 2.145

The vdW energies of all the complexes ranged from —49.600 (8-azanebularine) to
—224.512 kJ /mol (ZINC000085593577) (Table 3), while the electrostatic energies ranged
from 310.967 (8-Azanebularine re-run) to —81.409 kJ/mol (ZINC000042890265). ADAR2-
ZINC000042890265 and ADAR2-ZINC000085532375 complexes demonstrated the highest
and least polar solvation energies, with values of 174.426 and 18.341 kJ/mol, respec-
tively (Table 3). The vdW, electrostatic, and polar solvation energies were major con-
tributors to the binding free energies of the ADAR2-ligand complexes than the SASA
energies. A similar trend was observed for ligands which bound in the IHP binding site
of ADAR?2 [50]. The SASA energies ranged from —24.866 (ADAR2-ZINC000042890265)
to —7.374 kJ /mol (ADAR2-8-Azanebularine), with the ADAR2-8-azanebularine re-run
demonstrating a SASA energy of —13.942 k] /mol (Table 3). ADAR2-ZINC000085593577,
ADAR2-ZINC000014637370, ADAR2-ZINC000101100339, ADAR2-ZINC000039183320,
and ADAR2-ZINC000085532375 complexes had SASA energies of —24.585, —22.854,
—16.419, —15.755, and —9.868 kJ/mol, respectively (Table 3). This implies that
ZINC000042890265, ZINC000085593577, ZINC000014637370, ZINC000101100339, and
ZINCO000039183320, with lower SASA energy values than 8-azanebularine and
ZINCO000085532375, are situated within a hydrophobic environment at the active site
of ADAR?2, resulting in reduced exposure to water molecules from the surrounding physio-
logical medium [126].

The known ADAR?2 inhibitor, 8-azanebularine, had a binding free energy of
246.374 k] /mol (Table 3). A re-run of the MM /PBSA calculation after another MD simula-
tion of the ADAR2-8-azanebularine complex revealed a binding free energy of
310.779 kJ/mol. These two different simulation runs show that 8-azanebularine does
not form strong bonds with ADAR?2. This is not surprising, as 8-azanebularine was ex-
perimentally reported to inhibit ADAR?2 reaction with a weak ICsp of 15 &+ 3 mM [52].
Generally, the MM /PBSA method is most accurate for compounds with ICs values in
the micromolar and nanomolar ranges [127]. All the potential lead compounds, except
ZINC000085532375, had favorable binding free energy with the ADAR2 protein. Com-
pound ZINC000085532375 was observed to have a binding free energy of 228.669 k] /mol
(Table 3) and was thus eliminated. Both 8-azanebularine and ZINC000085532375 demon-
strated very high electrostatic energies of 227.826 and 289.884 k] /mol which influenced their
binding free energy values. Both ligands were also observed to be unstable in the RNA bind-
ing pocket during the MD simulations. Compound ZINC000014637370, on the other hand,
demonstrated the highest binding affinity to the ADAR?2 protein with a binding energy of
—174.911 kJ /mol, followed by ZINC000085593577, ZINC000042890265, ZINC000039183320,
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Contribution Energy (kJ/mol)

and ZINC000101100339 with binding free energies of —137.369, —117.236, —67.023, and
—64.913 kJ /mol, respectively (Table 3).

2.7.2. Analyzing Per-Residue Energy Contributions

Per-residue energy decompositions were performed on each complex after the
MM/PBSA computations to investigate the energy contributed by each amino acid
(Figures 6 and S4a-S4g) [123,125]. From the interaction maps, residues Thr375, Lys376,
Cys377, His394, Cys451, Arg455, Lys483, 1le484, Glu4d85, Gly487, GIn488, and Gly489
were observed to be involved in most of the ADAR2-ligand interactions (Table 1). While
molecular docking has demonstrated an ability to produce conformations resembling
experimentally determined protein-ligand complex structures [128,129], it is more ap-
propriate to analyze the protein-ligand interactions from MD simulations. Molecular
docking can provide a conformation/pose that serves as a favorable starting point for
conducting molecular dynamics simulation-based investigations [128]. Docking poses
need to be verified by MD simulations and the interactions can be better understood from
simulations than docking poses [130]. Moreover, the MM /PBSA method considers the
energetics of protein-ligand interactions, including the dynamic behavior of the system
during molecular dynamics simulations.
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Figure 6. Per-residue energy decomposition plots of the ADAR2-ligand complexes. ADAR2

complexed with ZINC000042890265, ZINC000039183320, ZINC000101100339, ZINC000014637370,

ZINC000085532375, ZINC000085593577, 8-azanebularine, and 8-azanebularine (re-run) are colored
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y-axis to help readability.

The per-residue energy decomposition analyses revealed a wide range of energy
contributions among the ADAR? residues, highlighting their varying roles in stabilizing
the ADAR2-ligand complexes. Notably, key residues Lys350, Cys377, Cys451, Arg455,
Serd86, GIn488, and Arg510 exhibited significant energy contributions, suggesting their
crucial involvement in ligand recognition and binding. Glu396, on the other hand, was
observed to contribute high energy which is unfavorable for ligand binding. Residues
Cys377, Cys451, Arg455, and GIn488 were predicted via both docking and MM /PBSA as
important for ligand binding in the RNA binding loop. These results further corroborate
the predictions obtained via molecular docking. Lys350 (Lys867 in ADAR1), which is
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conserved across ADAR proteins, is positioned to face the major groove of the RNA and
is in close proximity to the phosphate group adjacent to the flipped-out 8-azanebularine
moiety, although Lys350 is not involved in direct interactions with the RNA substrate in
the ADAR2-RNA structure [131]. Cys451 and Glu396 are involved in coordinating the
zinc ion and ensuring its presence in the catalytic site [16,51]. In the hADAR?2, Arg455
and Arg376 are reported to form symmetrical interactions with the phosphate groups
located upstream and downstream of the flipped base, helping to anchor the flipped base
in a proper orientation for catalytic activity [132]. Therefore, Arg455 mutation to alanine
disrupts the symmetrical interactions and reduces steric hindrance on one side, potentially
weakening substrate binding [132].

For the ADAR2-ZINC000042890265 complex, seven residues contributed energies above
+5 or below —5kJ/mol. Lys350 (—6.1117 4 0.6947 k] /mol), Lys376 (—11.2861 = 0.5054 k] /mol),
Cys451 (—6.6857 £ 0.1919 kJ/mol), Argd55 (—8.3875 % 0.6062 kJ/mol), and GIn488
(—7.4301 £ 0.4431 kJ/mol) contributed favorably to ZINC000042890265’s binding, while
Glu396 (10.1660 + 0.7664 kJ/mol) and Glu4d85 (11.4984 + 0.5526 kJ/mol) contributed
positive energy values above the +5 k] /mol threshold (Figure S4a). Other residues worth
mentioning include Arg349 (—4.340 + 0.1412 kJ/mol), Arg481 (—3.4924 + 0.1009 kJ/mol),
Serd86 (—3.1868 + 0.1074 kJ/mol), Gly487 (41502 + 02038 KkJ/mol), Arg510
(—3.3549 £ 0.1858 kJ /mol), Glu588 (4.2705 + 0.1095 k] /mol), Pro592 (—4.6041 £ 0.3091 k] /mol),
and Lys594 (—3.8252 + 0.7079 kJ /mol). For the ADAR2-ZINC000039183320 complex, only
Phe457 contributed energy above the threshold with a value of —8.1866 & 0.6182 k] /mol
(Figure S4b). For ADAR2-ZINC000101100339, Cys377 (—5.7736 + 0.2787 k] /mol) and
Arg510 (—6.4314 + 0.1461 kJ/mol) contributed significantly to ZINC000101100339 binding
in the RNA binding loop (Figure S4c).  For the ADAR2-ZINC000014637370
complex, Cys377 (—5.4945 + 0.2346 kJ/mol), Arg455 (—8.5618 + 0.3376 kJ/mol),
Serd86 (—6.6641 + 0.1840 kJ/mol), GIn488 (—13.2511 £ 0.4194 kJ/mol), and Gly489
(—=5.1627 £ 0.2240 kJ/mol) contributed favorable energies, while Glu396
(6.0735 % 0.7359 k] /mol) was unfavorable for ligand binding (Figure S4g). For ADAR2-
ZINC000085593577, Lys350 (—5.6598 £ 0.2957 k] /mol), Cys451 (—5.2814 + 0.1461 k] /mol),
Arg455 (—7.2607 £ 0.3821 kJ/mol), and Leu511 (—5.8458 £ 0.2051 kJ/mol) contributed
favorably, while Glu396 (9.5031 £ 1.2550 kJ/mol) contributed unfavorable energy to
ZINC000085593577 binding (Figure S4d).

For ADAR2-ZINC000085532375 (Figure S4e) and ADAR2-8-azanebularine (Figure S4f)
complexes, several residues contributed significant energies due to the dynamic nature of
the ligand binding process. During the course of the 100 ns MD simulation, 8-azanebularine
and ZINC000085532375 exhibited mobility and explored different binding cavities of
ADAR?2. This movement led to interactions with multiple residues at different stages of
the simulation, resulting in varying energy contributions. For the ADAR2-8-azanebularine
complex, a total of 38 residues contributed favorable energies while 52 residues con-
tributed energies above +5 kJ /mol. For the ADAR2-ZINC000085532375 complex, a total of
39 ADAR?2 residues contributed energies below —5 kJ/mol, while 52 residues contributed
above +5 kJ /mol. The instability of 8-azanebularine in the RNA binding site and binding
site hopping could be responsible for its weak ICs( value previously reported [52].

2.8. Re-Docking of Top Compounds against the 5-HT )¢ Receptor

Since the aberrant ADAR? editing of the 5-HT,c receptor causes major depressive
disorder (MDD), suicidal behavior, anxiety disorders, and schizophrenia, this study sought
to screen the top compounds against the 5-HT,cR to determine their potential binding
affinities. All the compounds were observed to firmly dock in the ritanserin binding
site. Ritanserin had a binding energy of —12.7 kcal/mol, the same as previously re-
ported [50]. The least binding energy was observed for ZINC000095913861 (—12.9 kcal/mol)
(Table 4), the same compound with the least binding energy to ADAR2 (—12.0 kcal /mol)
(Table 1). ZINC000014637370, which demonstrated the strongest binding to ADAR2
(—174.911 kJ/mol) from the MM/PBSA calculations, was observed to have a binding
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energy of —10.9 kcal/mol. ZINC000085593577, which had a binding free energy of
—137.369 k] /mol with ADAR?2, had a binding energy of —11.4 kcal/mol with 5-HTpcR.
Experimental testing is required to determine the potential polypharmacologic activities
against ADAR2 and 5HT,cR.

Table 4. Binding energies of top compounds and ritanserin after docking against 5-HTpcR. The
interacting residues, as well as the hydrogen bond lengths, are also provided.

Compound

Binding Energy

Interacting Residues

Hydrogen Bonds (A) Hydrophobic Bonds

Ritanserin

Ser110, Tyr118, Val135, Ser138, Thr139, Ile142,
—-12.7 Asp134 (2.82) and Tyr358 (2.93) Val208, Ser219, Ala222, Phe223, Trp324,
Phe327, Phe328, Asn351, and Val354

ZINC000095913861

Tyr118, Asp134, Ser138, Val208, Leu209,
—-12.9 - Val215, Ser219, Ala222, Phe223, Phe327,
Phe328, Asn331, Asn351, Val354, and Tyr358

ZINC000101100339

Asp134, Ser138, Leu209, Phe214, Val215,
—-12.5 - Gly218, Ser219, Ala222, Phe223, Trp324,
Phe327, Phe328, and Val354

ZINCO000085996580

Ser110 (2.82), Leu209 (2.81), Ile114, Tyr118, lle131, Asp134, Val135,
—-12.1 Ala222 (2.85), Asn331 (3.00), and Thr139, lle142, Val208, Phe223, Trp324,
Asn351 (2.78) Phe327, Phe328, Leu350, and Val354,

ZINC000085593577

Ser110, Tyr118, Trp130, Val135, Ser138,
Leu209, Phe214, Val215, Ser219, Trp324,
Phe327, Phe328, Val354, and Tyr358

Asp134 (3.00, 3.06, and 3.07) and

—14 Asn331 (3.21)

ZINC000085532375

Asp134, Vall35, Ser138, Val208, Leu209,
-11.2 Asn331 (3.06) Val215, Gly218, Ser219, Ala222, Phe223,
Phe327, Phe328, Leu350, Asn351, and Val354

ZINC000014637370

Asp134, Vall35, Val208, Leu209, Val215,
-10.9 - Trp324, Phe327, Phe328, Asn331, Leu350,
Asn351, and Val354

ZINC000039183320

Asp134, Vall35, Ser138, Val208, Val215,

Thr139 (2.83), Leu209 (2.92), and Phe327, Phe328, Glu347, Leu350, Asn351,

-10.3
Asn331 (3.30) and Val354

ZINC000070454467

Asp134, Vall35, Val208, Trp324, Phe327,
—84 Leu209 (3.01) Phe328, Asn331, Leu350, and Val354

ZINC000042890265

Trp130, Asp134, Vall35, Ser138, Leu209,
—-7.8 Val215 (2.75) and Ser219 (2.52) Phe214, Phe223, Trp324, Phe327, Phe328,
Asn331, Leu350, and Val354

2.9. Provenance of Potential Lead Compounds

Various databases, including ZINC15 [133], PubChem [134,135], ChEMBL [136-138],
and LOTUS [139], as well as existing literature, were searched to identify the sources of
the five potential lead compounds. The existing literature was also investigated for the
pharmacological activities of the plant sources. Structures of the shortlisted compounds
and known inhibitors used in this study are provided (Figure 7).
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8-Azanebularine

Ritanserin ZINC000042890265 ZINC000039183320

Figure 7. Two-dimensional structures of the known inhibitors used in this study and the
shortlisted compounds.

ZINC000042890265 (disulfuretin), an aurone derivative, can be found in Cotinus coggy-
gria (known as “smoke tree”) [140,141]. Disulfuretin demonstrated strong antioxidative
activity in a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay with an ICs of 9.7 ng/mL [140].
The ethyl acetate (EtOAc) and ethyl alcohol (EtOH) extracts of C. coggygria have also being
reported to possess strong antioxidative properties [140,141]. Furthermore, C. coggygria
extracts have demonstrated cytotoxic activities against glioblastoma cells, Hep-G2, MCF-7,
A549, and HCT116 with ICs( values of 45.68 + 2.26, 65.47 + 2.48, 48.23 + 2.30, 32.40 £ 2.02,
and 33.13 £ 2.03 ug/mL, respectively [141]. This makes ZINC000042890265 an interesting
candidate to test for its potential anti-cancer activity against brain cancer, hepatocellular
carcinoma, breast cancer, human non-small cell lung cancer, and human colorectal carci-
noma. The anti-inflammatory, anti-microbial, hepatoprotective, and antidiabetic activity of
C. coggygria have been highlighted in the literature [142-144]. ZINC000039183320 (neoca-
lyxin A), a diarylheptanoid derivative, is also found in the seeds of Alpinia blepharocalyx and
A. roxburghii [145-147]. EtOH extracts of the seeds of A. blepharocalyx possess antiprolifera-
tive activity against both human HT-1080 fibrosarcoma and murine colon 26-L5 carcinoma
cells, with neocalyxin A showing EDs( values 10.7 and >100 pM against the two cell lines,
respectively [145]. However, neocalyxin A demonstrated 43% inhibition of the murine
colon 26-L5 carcinoma cells at 50 pg/mL [145].

Compound ZINC000101100339 (gingdainone) can be found in Isatis tinctoria, also
known as banlangen (BLG) [148]. BLG is used in traditional Chinese medicine to prevent
and treat respiratory virus infections such as influenza [149,150]. Extracts of I. tinctoria
have shown strong anti-inflammatory activity [151,152]. Also, the hydroalcoholic leaf
extract of . tinctoria was shown to possess anti-depressive properties and can reduce stress-
induced behavioral disorders in mice [153], making gingdainone an interesting candidate
to test for its neuroprotective properties. No source information was found for com-
pounds ZINC000014637370 (PubChem CID: 163005156) and ZINC000085593577 (PubChem
CID: 162813068).
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3. Materials and Methods
3.1. Protein and Ligands Preparation

The hADAR?2 structure (PDB ID: 5ed2) was obtained from the Research Collaboratory
for Structural Bioinformatics (RCSB) Protein Data Bank [154,155]. This structure consists of
a mutant E488Q of the hADAR?2 deaminase domain complexed with inositol hexakisphos-
phate (IHP) and a double-stranded ribonucleic acid (dsRNA) [35]. To prepare the structure
for molecular docking, the dsRNA, IHP ligand, and zinc atoms bound to the hADAR2
protein were removed using PyMOL (version 2.3.0). The resulting structure was processed
using the Protein Preparation Wizard in Maestro (Schrodinger, LLC, New York, NY, USA)
and optimized using the OPLS4 force field to address any steric hindrance and optimize
protein energies [156]. For the screening of potential ligands, a total of 35,161 natural
products from the Traditional Chinese Medicine (TCM) database were obtained from
TCM@Taiwan, which is the largest non-commercial TCM database and a catalog of the
ZINC15 database [133,157]. The compounds were pre-filtered based on molecular weight
using OSIRIS DataWarrior 5.5.0 [55], similar to previous studies [130,158]. Compounds
with molecular weights below 150 g/mol or above 600 g/mol were excluded, resulting in a
final set of 25,196 compounds within the specified range. 8-azanebularine was extracted
from PubChem with CID 10106291 and was used as a standard or control in the study.

3.2. Molecular Docking Studies

AutoDock Vina embedded in PyRx version 0.9.2 was used for the molecular dock-
ing process. The TCM compounds and the known inhibitor were virtually screened
against the ADAR2 protein targeting the RNA binding site using grid box dimensions of
27.319 x 30.006 x 33.189 A% and the protein centered at x = 18.670 A, y = 38.261 A, and
z="77.541 A. Prior to molecular docking, ligand structures in structure-data file (sdf) format
were subjected to energy minimization using the UFF force field and 25,189 compounds
were successfully converted to AutoDock’s Protein Data Bank, Partial Charge, and Atom
Type (PDBQT) format. An exhaustiveness of 8 was set for the molecular docking process.
After docking, the pose with the lowest binding energy (highest binding affinity) was
selected for each compound since AutoDock Vina generates up to nine conformations for
each ligand. The docking results were analyzed and ligands with binding energies below
—9.5 kcal/mol were selected for further analysis.

3.3. ADMET Profiling

The ADMET profiles of top compounds with favorable binding energies were pre-
dicted using SwissADME [159]. The SMILES format of each compound was used as inputs
for SwissADME. Lipinski and Veber’s rules were used as filters to shortlist compounds
with relatively safe ADME profiles. While Lipinski’s rule allows up to one violation of the
four criteria, Veber’s rule requires that compounds with good oral bioavailability should
not violate any of the two criteria. For a compound to pass Veber’s rule, it should not
have more than ten rotatable bonds and its topological polar surface area (TPSA) should
not exceed 140 A2 [160]. Lipinski’s rule of five expects safe drugs to have not more than
5 hydrogen bond donors; less than 10 hydrogen bond acceptors; molecular mass should not
exceed 500 Da; and an octanol-water partition coefficient (logP) not more than 5 [161,162].
OSIRIS DataWarrior 5.5.0 was also employed to predict toxicity risks of the shortlisted
compounds [55]. DataWarrior was used to evaluate the mutagenic, tumorigenic, repro-
ductive effect, and irritant risks of compounds. After uploading the sdf format of the
top compounds into DataWarrior, the “Chemistry” tab, “From Chemical Structure”, and
then “Calculate Properties” were selected. Under the “LE, Tox, Shape” tab, “Mutagenic”,
“Tumorigenic”, “Reproductive Effects”, and “Irritant” were selected in order to predict the
toxicity risks.
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3.4. Visualizing ADAR2-Ligand Interactions

The ADAR2-ligand interaction profiles involving the top compounds were deter-
mined using LigPlot+, a widely used tool for visualizing and analyzing protein-ligand
interactions [163]. Each ADAR2-ligand complex was uploaded, and under the “LIGPLOT”
tab the ligand was selected prior to clicking the “Run” button. LigPlot+ generates 2D
schematic diagrams that depict the specific hydrogen bonds and hydrophobic interactions
between the protein and ligand. The LigPlot+ analysis provides valuable insights into
the binding mode and binding interactions between the protein and ligand, aiding in the
interpretation of their functional significance.

3.5. Biological Activity Prediction of Shortlisted Compounds

The prediction of activity spectra of substances (PASS) was used to predict the likely
pharmacological activity of shortlisted compounds (available at http:/ /www.way2drug.
com/passonline/predict.php, accessed on 23 May 2023) [47,48,60]. PASS utilizes structural
information and statistical analysis to estimate the biological activity profiles of substances.
By analyzing the chemical structure and physicochemical properties of the compounds,
PASS generates predictions regarding their potential activities across a wide range of
pharmacological targets and therapeutic areas. These predictions provide valuable insights
into the possible biological activities of the compounds, enabling the identification and
prioritization of promising candidates for further experimental validation. The SMILES
format of the compounds was used as inputs for the activity prediction. The “Pa > Pi”
filter was selected to only display results that had a probability of activity greater than the
probability of inactivity.

3.6. Molecular Dynamics Simulations Study

GROningen MAchine for Chemical Simulations (GROMACS) version 5.1.5 was em-
ployed for molecular dynamics (MD) simulations of the unbound ADAR?2 protein and
selected ADAR2-ligand complexes [164,165]. The ligand topologies of the compounds were
generated using LigParGen [166] for the OPLS force field. To solvate each ADAR2-ligand
complex, a cubic box was employed, and the “TIP4P” water model and the OPLS/AA force
field were utilized [167,168]. In order to neutralize the system charges, sodium or chlorine
ions were added to the solvated complexes. The systems underwent initial equilibration
in the constant number, constant-volume, and constant-temperature (NVT) ensemble, as
well as in the isothermal-isobaric or constant number, constant-pressure, and constant-
temperature (NPT) ensemble before the 100 ns MD simulation. After the MD simulations,
the root mean square deviation (RMSD), radius of gyration (Rg), and root mean square
fluctuation (RMSF) of each system were analyzed. Additionally, the hydrogen bond count
was monitored throughout the simulation for each system. Snapshots of each complex
were generated at 25 ns intervals (time step = 0, 25, 50, 75, and 100 ns).

3.7. Molecular Mechanics Poisson-Boltzmann Surface Area Calculation

After MD simulations, the resulting complexes were subjected to MM /PBSA calcula-
tions to determine the energy terms (vdW, electrostatic, polar solvation, SASA, and binding
free energies) using the g_mmpbsa tool [122]. The MM/PBSA calculations were performed
using the complete 100 ns simulation trajectories which have time steps of 1 ns. Also, the
energy contribution of each ADAR?2 residue was calculated for each of the ADAR2-ligand
complexes. The decomposition of the free energy at the per-residue level helps to identify
key residues, contributing significantly to the overall binding affinity.

3.8. Re-Docking Hit Compounds against the 5-HTcR

The top compounds were virtually against the 5-HT,cR structure (PDB ID: 6BQH) [169]
using AutoDock Vina embedded in PyRx. Ritanserin, which was bound to the 6BQH struc-
ture [169], was extracted and used as the control. Amino acid residues, which are in contact
with ritanserin after visualizing the 5-HT,cR-ritanserin interaction map (Trp130, Asp134,
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Val135, Ser138, Thr139, Ile142, Phe320, Trp324, Phe327, Phe328, Leu350, Asn351, Val354,
and Tyr358), were selected via PyRx, and the docking grid box was set to cover these
residues. The grid box had dimensions of 23.8457393391 x 21.0061927432 x 22.651986164
A3, and the protein was centered at x = 37.2017597536 A, y = 29.7121195973 A, and
z=53.165999618 A.

4. Conclusions

Although aberrant ADAR2 editing is implicated in several disorders, including neuro-
logical disorders, cancers, viral infections, alcoholism, metabolic disorders, and inflamma-
tory disorders, very few attempts have been made to identify small molecule inhibitors
targeting the ADAR?2. This study employed molecular docking and dynamics simulations
to shortlist compounds from a total of 35,161 traditional Chinese medicine by targeting
the RNA binding loop of the ADAR2 protein. Shortlisted compounds were further sub-
jected to MD simulations and MM/PBSA calculations, and they demonstrated higher
binding affinity to ADAR?2 than the control, 8-azanebularine. By decomposing the over-
all binding free energy into individual residue contributions, residues Lys350, Cys377,
Glu396, Cys451, Arg455, Ser486, GIn488, and Arg510 were identified as key residues
that play critical roles in stabilizing the protein-ligand complexes. The observed interac-
tions and energy contributions provide valuable insights into the molecular mechanisms
governing ligand recognition and binding. The findings reported herein will pave the
way for further investigations and rational design of novel ligands targeting the RNA
binding loop of the hADAR?2 protein. A total of five potential ADAR?2 inhibitors compris-
ing ZINC000042890265, ZINC000039183320, ZINC000101100339, ZINC000014637370, and
ZINC000085593577 were identified in this study. Safety and toxicity predictions also sug-
gested that the compounds possess insignificant toxicities. Re-docking the top compounds
against the serotonin 2C receptor also showed that they possess remarkably strong binding
affinity to 5-HTcR in the same binding site as ritanserin, a known 5-HT,¢R inhibitor. This
additional finding indicates that the potential versatility of the identified potential com-
pounds as multi-target agents, capable of treating diseases associated with aberrant RNA
editing as well as serotonin receptor-related disorders. The significance of this study lies in
the identification of novel compounds from traditional Chinese medicine library, offering
new possibilities for treating a wide range of disorders, including neurological disorders,
cancers, viral infections, alcoholism, metabolic disorders, and inflammatory disorders, all
of which are linked to aberrant RNA editing. The insights gained from this research will
pave the way for further experimental validations and investigations in vitro and in vivo to
confirm the efficacy and safety of the potential ADAR2 inhibitors. The findings represent a
significant step forward in the field of drug discovery targeting ADAR2, and the potential
therapeutic benefits of these compounds warrant further exploration.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms241612612/s1.

Author Contributions: W.A.M.IIT and E.B. conceptualized the project. E.B. and W.A.M.III predomi-
nantly undertook all the computational analysis with inputs from C.A., M.V,,SK., AS,,POS., S.P,
K.B.,MS,SKK, A A, WAM.II and E.B. co-wrote the first draft. The final manuscript was written
through contributions of all authors. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/ijms241612612/s1
https://www.mdpi.com/article/10.3390/ijms241612612/s1

Int. . Mol. Sci. 2023, 24, 12612 25 of 31

References

1.  Bass, B.L.; Nishikura, K.; Keller, W.; Seeburg, PH.; Emeson, R.B.; O’Connell, M.A.; Samuel, C.E.; Herbert, A. A standardized
nomenclature for adenosine deaminases that act on RNA. RNA 1997, 3, 947-949. [PubMed]

2. Polson, A.G,; Crain, PF,; Pomerantz, S.C.; McCloskey, ].A.; Bass, B.L. The mechanism of adenosine to inosine conversion by the
double-stranded RNA unwinding/modifying activity: A high-performance liquid chromatography-mass spectrometry analysis.
Biochemistry 1991, 30, 11507-11514. [CrossRef] [PubMed]

3. Cho, D.-5.C.; Yang, W.; Lee, ].T.; Shiekhattar, R.; Murray, ].M.; Nishikura, K. Requirement of Dimerization for RNA Editing
Activity of Adenosine Deaminases Acting on RNA. J. Biol. Chem. 2003, 278, 17093-17102. [CrossRef]

4. Higuchi, M.; Maas, S.; Single, EN.; Hartner, ].; Rozov, A.; Burnashev, N.; Feldmeyer, D.; Sprengel, R.; Seeburg, P.H. Point mutation
in an AMPA receptor gene rescues lethality in mice deficient in the RNA-editing enzyme ADAR2. Nature 2000, 406, 78-81.
[CrossRef] [PubMed]

5. Hideyama, T.; Yamashita, T.; Aizawa, H.; Tsuji, S.; Kakita, A.; Takahashi, H.; Kwak, S. Profound downregulation of the RNA
editing enzyme ADAR?2 in ALS spinal motor neurons. Neurobiol. Dis. 2012, 45, 1121-1128. [CrossRef] [PubMed]

6. Bazak, L.; Haviv, A,; Barak, M.; Jacob-Hirsch, J.; Deng, P.; Zhang, R.; Isaacs, FJ.; Rechavi, G.; Li, ].B.; Eisenberg, E.; et al. A-to-I
RNA editing occurs at over a hundred million genomic sites, located in a majority of human genes. Genome Res. 2014, 24, 365-376.
[CrossRef]

7. Athanasiadis, A.; Rich, A.; Maas, S. Widespread A-to-I RNA editing of Alu-containing mRNAs in the human transcriptome. PLoS
Biol. 2004. [CrossRef]

8.  Piontkivska, H.; Wales-McGrath, B.; Miyamoto, M.; Wayne, M.L. ADAR Editing in Viruses: An Evolutionary Force to Reckon
with. Genome Biol. Evol. 2021, 13. [CrossRef]

9.  Slotkin, W.; Nishikura, K. Adenosine-to-inosine RNA editing and human disease. Genome Med. 2013, 5, 105. [CrossRef]

10. Rice, G.I; Kasher, P.R; Forte, G.M.A.; Mannion, N.M.; Greenwood, S.M.; Szynkiewicz, M.; Dickerson, J.E.; Bhaskar, S.S.; Zampini,
M.; Briggs, T.A.; et al. Mutations in ADARI cause Aicardi-Goutieres syndrome associated with a type I interferon signature. Nat.
Genet. 2012, 44, 1243-1248. [CrossRef]

11. Piekutowska-Abramczuk, D.; Mierzewska, H.; Bekiesiriska-Figatowska, M.; Ciara, E.; Trubicka, J.; Pronicki, M.; Rokicki, D.;
Rydzanicz, M.; Ploski, R.; Pronicka, E. Bilateral striatal necrosis caused by ADAR mutations in two siblings with dystonia and
freckles-like skin changes that should be differentiated from Leigh syndrome. Folia Neuropathol. 2016, 4, 405-409. [CrossRef]
[PubMed]

12.  Gatsiou, A.; Tual-Chalot, S.; Napoli, M.; Ortega-Gomez, A.; Regen, T.; Badolia, R.; Cesarini, V.; Garcia-Gonzalez, C.; Chevre, R.;
Ciliberti, G.; et al. The RNA editor ADAR2 promotes immune cell trafficking by enhancing endothelial responses to interleukin-6
during sterile inflammation. Immunity 2023, 56, 979-997.e11. [CrossRef] [PubMed]

13.  Zhang, Y.; Qian, H.; Xu, J.; Gao, W. ADAR, the carcinogenesis mechanisms of ADAR and related clinical applications. Ann. Transl.
Med. 2019, 7, 686. [CrossRef]

14. Yang, Y.; Okada, S.; Sakurai, M. Adenosine-to-inosine RNA editing in neurological development and disease. RNA Biol. 2021, 18,
999-1013. [CrossRef] [PubMed]

15.  Nishikura, K. Functions and Regulation of RNA Editing by ADAR Deaminases. Annu. Rev. Biochem. 2010, 79, 321-349. [CrossRef]

16. Nishikura, K. A-to-I editing of coding and non-coding RNAs by ADARs. Nat. Rev. Mol. Cell Biol. 2016, 17, 83-96. [CrossRef]

17.  Liu, H,; Ma, C.-P; Chen, Y.-T.; Schuyler, S.C.; Chang, K.-P,; Tan, B.C.-M. Functional Impact of RNA editing and ADARs on
regulation of gene expression: Perspectives from deep sequencing studies. Cell Biosci. 2014, 4, 44. [CrossRef]

18.  Deng, P.; Khan, A.; Jacobson, D.; Sambrani, N.; McGurk, L.; Li, X.; Jayasree, A.; Hejatko, J.; Shohat-Ophir, G.; O’Connell, M.A ; et al.
Adar RNA editing-dependent and -independent effects are required for brain and innate immune functions in Drosophila. Nat.
Commun. 2020, 11, 1580. [CrossRef]

19. Qi, L; Song, Y.; Chan, TH.M,; Yang, H.; Lin, C.H.; Tay, D.].T.; Hong, H.Q.; Tang, S.J.; Tan, K.T.; Huang, X.X,; et al. An RNA
editing/dsRNA binding-independent gene regulatory mechanism of ADARs and its clinical implication in cancer. Nucleic Acids
Res. 2017. [CrossRef]

20. Kawabhara, Y.; Grimberg, A.; Teegarden, S.; Mombereau, C.; Liu, S.; Bale, T.L.; Blendy, J.A.; Nishikura, K. Dysregulated Editing of
Serotonin 2C Receptor mRNAs Results in Energy Dissipation and Loss of Fat Mass. J. Neurosci. 2008, 28, 12834-12844. [CrossRef]

21. Mombereau, C.; Kawahara, Y.; Gundersen, B.B.; Nishikura, K.; Blendy, J.A. Functional relevance of serotonin 2C receptor mRNA
editing in antidepressant- and anxiety-like behaviors. Neuropharmacology 2010, 59, 468-473. [CrossRef] [PubMed]

22. Eran, A;Li, J.B.; Vatalaro, K.; McCarthy, J.; Rahimov, F.; Collins, C.; Markianos, K.; Margulies, D.M.; Brown, E.N.; Calvo, S.E.; et al.
Comparative RNA editing in autistic and neurotypical cerebella. Mol. Psychiatry 2013, 18, 1041-1048. [CrossRef] [PubMed]

23. Breen, M.S.; Dobbyn, A ; Li, Q.; Roussos, P.; Hoffman, G.E.; Stahl, E.; Chess, A.; Sklar, P; Li, ].B.; Devlin, B.; et al. Global landscape
and genetic regulation of RNA editing in cortical samples from individuals with schizophrenia. Nat. Neurosci. 2019, 22, 1402-1412.
[CrossRef] [PubMed]

24. Barbon, A.; Magri, C. RNA Editing and Modifications in Mood Disorders. Genes 2020, 11, 872. [CrossRef]

25. Tomaselli, S.; Galeano, F.; Alon, S.; Raho, S.; Galardi, S.; Polito, V.A.; Presutti, C.; Vincenti, S.; Eisenberg, E.; Locatelli, F; et al.

Modulation of microRNA editing, expression and processing by ADAR2 deaminase in glioblastoma. Genome Biol. 2015, 16, 5.
[CrossRef]


https://www.ncbi.nlm.nih.gov/pubmed/9292492
https://doi.org/10.1021/bi00113a004
https://www.ncbi.nlm.nih.gov/pubmed/1747369
https://doi.org/10.1074/jbc.M213127200
https://doi.org/10.1038/35017558
https://www.ncbi.nlm.nih.gov/pubmed/10894545
https://doi.org/10.1016/j.nbd.2011.12.033
https://www.ncbi.nlm.nih.gov/pubmed/22226999
https://doi.org/10.1101/gr.164749.113
https://doi.org/10.1371/journal.pbio.0020391
https://doi.org/10.1093/gbe/evab240
https://doi.org/10.1186/gm508
https://doi.org/10.1038/ng.2414
https://doi.org/10.5114/fn.2016.64819
https://www.ncbi.nlm.nih.gov/pubmed/28139822
https://doi.org/10.1016/j.immuni.2023.03.021
https://www.ncbi.nlm.nih.gov/pubmed/37100060
https://doi.org/10.21037/atm.2019.11.06
https://doi.org/10.1080/15476286.2020.1867797
https://www.ncbi.nlm.nih.gov/pubmed/33393416
https://doi.org/10.1146/annurev-biochem-060208-105251
https://doi.org/10.1038/nrm.2015.4
https://doi.org/10.1186/2045-3701-4-44
https://doi.org/10.1038/s41467-020-15435-1
https://doi.org/10.1093/nar/gkx667
https://doi.org/10.1523/JNEUROSCI.3896-08.2008
https://doi.org/10.1016/j.neuropharm.2010.06.009
https://www.ncbi.nlm.nih.gov/pubmed/20624407
https://doi.org/10.1038/mp.2012.118
https://www.ncbi.nlm.nih.gov/pubmed/22869036
https://doi.org/10.1038/s41593-019-0463-7
https://www.ncbi.nlm.nih.gov/pubmed/31455887
https://doi.org/10.3390/genes11080872
https://doi.org/10.1186/s13059-014-0575-z

Int. . Mol. Sci. 2023, 24, 12612 26 of 31

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Alon, S.; Mor, E.; Vigneault, F.; Church, G.M.; Locatelli, F; Galeano, EF; Gallo, A.; Shomron, N.; Eisenberg, E. Systematic
identification of edited microRNAs in the human brain. Genome Res. 2012, 22, 1533-1540. [CrossRef]

Liu, W.-H.; Chen, C.-H,; Yeh, K.-H.; Li, C.-L.; Wy, Y.-].; Chen, D.-S,; Chen, P-J.; Yeh, S.-H. ADAR2-Mediated Editing of miR-214
and miR-122 Precursor and Antisense RNA Transcripts in Liver Cancers. PLoS ONE 2013, 8, e81922. [CrossRef]

Chan, TH.M,; Lin, CH.; Qi, L.; Fei, J.; Li, Y,; Yong, K.J.; Liu, M.; Song, Y.; Chow, RK.K.; Ng, VH.E,; et al. A disrupted RNA
editing balance mediated by ADARs (Adenosine DeAminases that act on RNA) in human hepatocellular carcinoma. Gut 2014, 63,
832-843. [CrossRef]

Samuel, C.E. Adenosine deaminases acting on RNA (ADARs) are both antiviral and proviral. Virology 2011, 411, 180-193.
[CrossRef]

Yanai, M.; Kojima, S.; Sakai, M.; Komorizono, R.; Tomonaga, K.; Makino, A. ADAR?2 Is Involved in Self and Nonself Recognition
of Borna Disease Virus Genomic RNA in the Nucleus. J. Virol. 2020, 94. [CrossRef]

Goodman, R.A.; Macbeth, M.R,; Beal, P.A. ADAR Proteins: Structure and Catalytic Mechanism. In Current Topics in Microbiology
and Immunology; Springer: Berlin/Heidelberg, Germany, 2011; pp. 1-33. ISBN 9783642228001.

Lehmann, K.A.; Bass, B.L. The importance of internal loops within RNA substrates of ADARI1. . Mol. Biol. 1999, 291, 1-13.
[CrossRef] [PubMed]

Polson, A.G.; Bass, B.L. Preferential selection of adenosines for modification by double-stranded RNA adenosine deaminase.
EMBO J. 1994, 13, 5701-5711. [CrossRef] [PubMed]

Eggington, ].M.; Greene, T.; Bass, B.L. Predicting sites of ADAR editing in double-stranded RNA. Nat. Commun. 2011, 2, 319.
[CrossRef] [PubMed]

Matthews, M.M.; Thomas, ].M.; Zheng, Y.; Tran, K.; Phelps, K.J.; Scott, A.L; Havel, ].; Fisher, A.J.; Beal, P.A. Structures of human
ADAR?2 bound to dsRNA reveal base-flipping mechanism and basis for site selectivity. Nat. Struct. Mol. Biol. 2016, 23, 426-433.
[CrossRef] [PubMed]

Stefl, R.; Oberstrass, F.C.; Hood, J.L.; Jourdan, M.; Zimmermann, M.; Skrisovska, L.; Maris, C.; Peng, L.; Hofr, C,;
Emeson, R.B; etal. The Solution Structure of the ADAR2 dsRBM-RNA Complex Reveals a Sequence-Specific Readout
of the Minor Groove. Cell 2010, 143, 225-237. [CrossRef]

Tian, B.; Bevilacqua, P.C.; Diegelman-Parente, A.; Mathews, M.B. The double-stranded-RNA-binding motif: Interference and
much more. Nat. Rev. Mol. Cell Biol. 2004, 5, 1013-1023. [CrossRef]

Wong, S.K.; Sato, S.; Lazinski, D.W. Substrate recognition by ADAR1 and ADAR2. RNA 2001, 7, S135583820101007X. [CrossRef]
Wang, Y.; Beal, P.A. Probing RNA recognition by human ADAR?2 using a high-throughput mutagenesis method. Nucleic Acids Res.
2016, 44, 9872-9880. [CrossRef]

Tanaka, M.; Watanabe, Y. RNA Editing of Serotonin 2C Receptor and Alcohol Intake. Front. Neurosci. 2020, 13. [CrossRef]
Zaidan, H.; Ramaswami, G.; Golumbic, Y.N.; Sher, N.; Malik, A.; Barak, M.; Galiani, D.; Dekel, N.; Li, ].B.; Gaisler-Salomon, 1.
A-to-I RNA editing in the rat brain is age-dependent, region-specific and sensitive to environmental stress across generations.
BMC Genomics 2018, 19, 28. [CrossRef]

Bhansali, P; Dunning, J.; Singer, S.E.; David, L.; Schmauss, C. Early life stress alters adult serotonin 2C receptor pre-mRNA
editing and expression of the « subunit of the heterotrimeric G-protein Gq. J. Neurosci. 2007. [CrossRef]

Bombail, V.; Qing, W.; Chapman, K.E.; Holmes, M.C. Prevention of 5-hydroxytryptamine 2C receptor RNA editing and alternate
splicing in C57BL/6 mice activates the hypothalamic-pituitary-adrenal axis and alters mood. Eur. |. Neurosci. 2014, 40, 3663-3673.
[CrossRef] [PubMed]

Sodhi, M.S.; Burnet, PW.J.; Makoff, A].; Kerwin, R.W.; Harrison, PJ. RNA editing of the 5-HT2C receptor is reduced in
schizophrenia. Mol. Psychiatry 2001, 6, 373-379. [CrossRef] [PubMed]

Di Narzo, A.F; Kozlenkov, A.; Roussos, P.; Hao, K.; Hurd, Y.; Lewis, D.A; Sibille, E.; Siever, L.J.; Koonin, E.; Dracheva, S. A
unique gene expression signature associated with serotonin 2C receptor RNA editing in the prefrontal cortex and altered in
suicide. Hum. Mol. Genet. 2014, 23, 4801-4813. [CrossRef] [PubMed]

Weissmann, D.; van der Laan, S.; Underwood, M.D.; Salvetat, N.; Cavarec, L.; Vincent, L.; Molina, F.; Mann, ].J.; Arango, V.; Pujol,
J.E. Region-specific alterations of A-to-I RNA editing of serotonin 2c receptor in the cortex of suicides with major depression.
Transl. Psychiatry 2016, 6, e878. [CrossRef]

Parasuraman, S. Prediction of activity spectra for substances. |. Pharmacol. Pharmacother. 2011, 2, 52-53. [CrossRef]

Lagunin, A.; Stepanchikova, A.; Filimonov, D.; Poroikov, V. PASS: Prediction of activity spectra for biologically active substances.
Bioinformatics 2000, 16, 747-748. [CrossRef]

Poroikov, V.V,; Filimonov, D.A.; Ihlenfeldt, W.-D.; Gloriozova, T.A.; Lagunin, A.A.; Borodina, Y.V.; Stepanchikova, A.V.; Nicklaus,
M.C. PASS Biological Activity Spectrum Predictions in the Enhanced Open NCI Database Browser. J. Chem. Inf. Comput. Sci. 2003,
43, 228-236. [CrossRef]

Broni, E.; Striegel, A.; Ashley, C.; Sakyi, P.O.; Peracha, S.; Velazquez, M.; Bebla, K.; Sodhi, M.; Kwofie, S.K.; Ademokunwa, A.; et al.
Molecular Docking and Dynamics Simulation Studies Predict Potential Anti-ADAR?2 Inhibitors: Implications for the Treatment of
Cancer, Neurological, Immunological and Infectious Diseases. Int. . Mol. Sci. 2023, 24, 6795. [CrossRef]

Macbeth, M.R.; Schubert, H.L.; VanDemark, A.P; Lingam, A.T.; Hill, C.P;; Bass, B.L. Inositol Hexakisphosphate Is Bound in the
ADAR? Core and Required for RNA Editing. Science 2005, 309, 1534-1539. [CrossRef]


https://doi.org/10.1101/gr.131573.111
https://doi.org/10.1371/journal.pone.0081922
https://doi.org/10.1136/gutjnl-2012-304037
https://doi.org/10.1016/j.virol.2010.12.004
https://doi.org/10.1128/JVI.01513-19
https://doi.org/10.1006/jmbi.1999.2914
https://www.ncbi.nlm.nih.gov/pubmed/10438602
https://doi.org/10.1002/j.1460-2075.1994.tb06908.x
https://www.ncbi.nlm.nih.gov/pubmed/7527340
https://doi.org/10.1038/ncomms1324
https://www.ncbi.nlm.nih.gov/pubmed/21587236
https://doi.org/10.1038/nsmb.3203
https://www.ncbi.nlm.nih.gov/pubmed/27065196
https://doi.org/10.1016/j.cell.2010.09.026
https://doi.org/10.1038/nrm1528
https://doi.org/10.1017/S135583820101007X
https://doi.org/10.1093/nar/gkw799
https://doi.org/10.3389/fnins.2019.01390
https://doi.org/10.1186/s12864-017-4409-8
https://doi.org/10.1523/JNEUROSCI.4632-06.2007
https://doi.org/10.1111/ejn.12727
https://www.ncbi.nlm.nih.gov/pubmed/25257581
https://doi.org/10.1038/sj.mp.4000920
https://www.ncbi.nlm.nih.gov/pubmed/11443520
https://doi.org/10.1093/hmg/ddu195
https://www.ncbi.nlm.nih.gov/pubmed/24781207
https://doi.org/10.1038/tp.2016.121
https://doi.org/10.4103/0976-500X.77119
https://doi.org/10.1093/bioinformatics/16.8.747
https://doi.org/10.1021/ci020048r
https://doi.org/10.3390/ijms24076795
https://doi.org/10.1126/science.1113150

Int. . Mol. Sci. 2023, 24, 12612 27 of 31

52.
53.
54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Véliz, E.A.; Easterwood, L.M.; Beal, P.A. Substrate Analogues for an RNA-Editing Adenosine Deaminase: Mechanistic
Investigation and Inhibitor Design. J. Am. Chem. Soc. 2003, 125, 10867-10876. [CrossRef]

Poli, G.; Tuccinardi, T. Consensus Docking in Drug Discovery. Curr. Bioact. Compd. 2020, 16, 182-190. [CrossRef]

Fan, J.; Fu, A; Zhang, L. Progress in molecular docking. Quant. Biol. 2019, 7, 83-89. [CrossRef]

Sander, T.; Freyss, ].; Von Korff, M.; Rufener, C. DataWarrior: An open-source program for chemistry aware data visualization
and analysis. J. Chem. Inf. Model. 2015, 55, 460-473. [CrossRef]

Han, J.; An, O.; Hong, H.Q.; Chan, TH.M.; Song, Y.; Shen, H.; Tang, S.J.; Lin, ].S.; Ng, V.H.E; Tay, D.].T; et al. Suppression of
adenosine-to-inosine (A-to-I) RNA editome by death associated protein 3 (DAP3) promotes cancer progression. Sci. Adv. 2020.
[CrossRef] [PubMed]

Valles, I.; Pajares, M.].; Segura, V.; Guruceaga, E.; Gomez-Roman, J.; Blanco, D.; Tamura, A.; Montuenga, L.M.; Pio, R. Identification
of Novel Deregulated RNA Metabolism-Related Genes in Non-Small Cell Lung Cancer. PLoS ONE 2012, 7, €42086. [CrossRef]
Chen, Y.-B.; Liao, X.-Y.; Zhang, J.-B.; Wang, F.; Qin, H.-D.; Zhang, L.; Shugart, Y.Y,; Zeng, Y.-X,; Jia, W.-H. ADAR2 functions as a
tumor suppressor via editing IGFBP7 in esophageal squamous cell carcinoma. Int. J. Oncol. 2017, 50, 622-630. [CrossRef]
Sakata, K.-I.; Maeda, K; Sakurai, N.; Liang, S.; Nakazawa, S.; Yanagihara, K.; Kubo, T.; Yoshiyama, H.; Kitagawa, Y.
Hamada, J.-I.; et al. ADAR2 Regulates Malignant Behaviour of Mesothelioma Cells Independent of RNA-editing Activity. Anti-
cancer Res. 2020, 40, 1307-1314. [CrossRef] [PubMed]

Filimonov, D.A.; Lagunin, A.A.; Gloriozova, T.A.; Rudik, A.V,; Druzhilovskii, D.S.; Pogodin, P.V.; Poroikov, V.V. Prediction of
the Biological Activity Spectra of Organic Compounds Using the Pass Online Web Resource. Chem. Heterocycl. Compd. 2014, 50,
444-457. [CrossRef]

Fava, M.; Rosenbaum, J.F.; Hoog, S.L.; Tepner, R.G.; Kopp, ].B.; Nilsson, M.E. Fluoxetine versus sertraline and paroxetine in major
depression: Tolerability and efficacy in anxious depression. J. Affect. Disord. 2000. [CrossRef]

Cipriani, A.; La Ferla, T.; Furukawa, T.A,; Signoretti, A.; Nakagawa, A.; Churchill, R.; McGuire, H.; Barbui, C. Sertraline versus
other antidepressive agents for depression. Cochrane Database Syst. Rev. 2010. [CrossRef] [PubMed]

Bergeron, R.; Ravindran, A.V.; Chaput, Y.; Goldner, E.; Swinson, R.; van Ameringen, M.A.; Austin, C.; Hadrava, V. Sertraline
and Fluoxetine Treatment of Obsessive-Compulsive Disorder: Results of a Double-Blind, 6-Month Treatment Study. J. Clin.
Psychopharmacol. 2002, 22, 148-154. [CrossRef] [PubMed]

Goérska, N.; Stupski, J.; Cubata, W.J.; Wiglusz, M.S.; Gatuszko-Wegielnik, M. Antidepressants in epilepsy. Neurol. Neurochir. Pol.
2018, 52, 657-661. [CrossRef]

Abboud, R.; Noronha, C.; Diwadkar, V.A. Motor system dysfunction in the schizophrenia diathesis: Neural systems to neuro-
transmitters. Eur. Psychiatry 2017, 44, 125-133. [CrossRef] [PubMed]

Walther, S.; Strik, W. Motor Symptoms and Schizophrenia. Neuropsychobiology 2012, 66, 77-92. [CrossRef]

Lefebvre, S.; Pavlidou, A.; Walther, S. What is the potential of neurostimulation in the treatment of motor symptoms in
schizophrenia? Expert Rev. Neurother. 2020, 20, 697-706. [CrossRef]

Varlet, M.; Marin, L.; Raffard, S.; Schmidt, R.C.; Capdevielle, D.; Boulenger, J.P.; Del-Monte, ].; Bardy, B.G. Impairments of social
motor coordination in schizophrenia. PLoS ONE 2012, 7, €29772. [CrossRef]

Posar, A.; Visconti, P. Early Motor Signs in Autism Spectrum Disorder. Children 2022, 9, 294. [CrossRef]

Mohd Nordin, A.; Ismail, ].; Kamal Nor, N. Motor Development in Children with Autism Spectrum Disorder. Front. Pediatr. 2021,
9, 598276. [CrossRef]

Behm, M.; Wahlstedt, H.; Widmark, A.; Eriksson, M.; Ohman, M. Accumulation of nuclear ADAR2 regulates A-to-I RNA editing
during neuronal development. J. Cell Sci. 2017, 130, 745-753. [CrossRef]

Marcucci, R.; Brindle, J.; Paro, S.; Casadio, A.; Hempel, S.; Morrice, N.; Bisso, A.; Keegan, L.P; Del Sal, G.; O’Connell, M.A. Pin1
and WWP2 regulate GluR2 Q/R site RNA editing by ADAR2 with opposing effects. EMBO J. 2011, 30, 4211-4222. [CrossRef]
Chen, Y,; Wu, Y,; Yang, H.; Li, X;; Jie, M.; Hu, C.; Wu, Y,; Yang, S.; Yang, Y. Prolyl isomerase Pinl: A promoter of cancer and a
target for therapy. Cell Death Dis. 2018, 9, 883. [CrossRef] [PubMed]

Zhang, Y.; Yang, X.; Cui, Y.; Zhang, X. Suppression of RNA editing by miR-17 inhibits the stemness of melanoma stem cells. Mol.
Ther. Nucleic Acids 2022, 27, 439-455. [CrossRef] [PubMed]

Honda, T.; Tomonaga, K. Nucleocytoplasmic Shuttling of Viral Proteins in Borna Disease Virus Infection. Viruses 2013, 5,
1978-1990. [CrossRef] [PubMed]

Cubitt, B.; de la Torre, ].C. Borna disease virus (BDV), a nonsegmented RNA virus, replicates in the nuclei of infected cells where
infectious BDV ribonucleoproteins are present. J. Virol. 1994, 68, 1371-1381. [CrossRef]

Wang, Q.; Li, X,; Qi, R,; Billiar, T. RNA Editing, ADAR1, and the Innate Immune Response. Genes 2017, 8, 41. [CrossRef]

de la Torre, J.C. Bornavirus and the Brain. |. Infect. Dis. 2002, 186, S241-5247. [CrossRef]

WENSMAN, ]J.J.; BERG, M.; BERG, A.-L. Experiences of Borna Disease Virus infection in Sweden. APMIS 2008, 116, 46—49.
[CrossRef]

Yang, L.; Zhou, G,; Liu, J.; Song, J.; Zhang, Z.; Huang, Q.; Wei, F. Tanshinone I and Tanshinone IIA /B attenuate LPS-induced
mastitis via regulating the NF-«B. Biomed. Pharmacother. 2021. [CrossRef]

Wang, X_; Fan, J.; Ding, X.; Sun, Y.; Cui, Z.; Liu, W. Tanshinone i inhibits il-13-induced apoptosis, inflammation and extracellular
matrix degradation in chondrocytes CHON-001 cells and attenuates murine osteoarthritis. Drug Des. Devel. Ther. 2019. [CrossRef]


https://doi.org/10.1021/ja029742d
https://doi.org/10.2174/1573407214666181023114820
https://doi.org/10.1007/s40484-019-0172-y
https://doi.org/10.1021/ci500588j
https://doi.org/10.1126/sciadv.aba5136
https://www.ncbi.nlm.nih.gov/pubmed/32596459
https://doi.org/10.1371/journal.pone.0042086
https://doi.org/10.3892/ijo.2016.3823
https://doi.org/10.21873/anticanres.14072
https://www.ncbi.nlm.nih.gov/pubmed/32132027
https://doi.org/10.1007/s10593-014-1496-1
https://doi.org/10.1016/S0165-0327(99)00131-7
https://doi.org/10.1002/14651858.CD006117.pub4
https://www.ncbi.nlm.nih.gov/pubmed/20393946
https://doi.org/10.1097/00004714-200204000-00007
https://www.ncbi.nlm.nih.gov/pubmed/11910259
https://doi.org/10.1016/j.pjnns.2018.07.005
https://doi.org/10.1016/j.eurpsy.2017.04.004
https://www.ncbi.nlm.nih.gov/pubmed/28641214
https://doi.org/10.1159/000339456
https://doi.org/10.1080/14737175.2020.1775586
https://doi.org/10.1371/journal.pone.0029772
https://doi.org/10.3390/children9020294
https://doi.org/10.3389/fped.2021.598276
https://doi.org/10.1242/jcs.200055
https://doi.org/10.1038/emboj.2011.303
https://doi.org/10.1038/s41419-018-0844-y
https://www.ncbi.nlm.nih.gov/pubmed/30158600
https://doi.org/10.1016/j.omtn.2021.12.021
https://www.ncbi.nlm.nih.gov/pubmed/35036056
https://doi.org/10.3390/v5081978
https://www.ncbi.nlm.nih.gov/pubmed/23965528
https://doi.org/10.1128/jvi.68.3.1371-1381.1994
https://doi.org/10.3390/genes8010041
https://doi.org/10.1086/344936
https://doi.org/10.1111/j.1600-0463.2008.000m6.x
https://doi.org/10.1016/j.biopha.2021.111353
https://doi.org/10.2147/DDDT.S216596

Int. . Mol. Sci. 2023, 24, 12612 28 of 31

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Wang, S.; Jing, H.; Yang, H.; Liu, Z.; Guo, H.; Chai, L.; Hu, L. Tanshinone i selectively suppresses pro-inflammatory genes
expression in activated microglia and prevents nigrostriatal dopaminergic neurodegeneration in a mouse model of Parkinson’s
disease. J. Ethnopharmacol. 2015, 164, 247-255. [CrossRef]

Nizamutdinova Tanshinone I effectively induces apoptosis in estrogen receptor-positive (MCF-7) and estrogen receptor-negative
(MDA-MB-231) breast cancer cells. Int. J. Oncol. 2008, 33, 485—491. [CrossRef]

Zheng, L.; Zhang, Y.; Liu, G.; Cheng, S.; Zhang, G.; An, C.; Sun, S.; Wang, J.; Pang, B.; Li, S. Tanshinone i regulates autophagic
signaling via the activation of AMP-activated protein kinase in cancer cells. Anticancer. Drugs 2020, 31, 601-608. [CrossRef]

Lu, M.; Wang, C.; Wang, J. Tanshinone I induces human colorectal cancer cell apoptosis: The potential roles of Aurora A-p53 and
survivin-mediated signaling pathways. Int. J. Oncol. 2016, 49, 603-610. [CrossRef] [PubMed]

Cheng Su Growth inhibition and apoptosis induction by tanshinone I in human colon cancer Colo 205 cells. Int. . Mol. Med. 2008,
22,613-618. [CrossRef]

Jing, X.; Xu, Y.; Cheng, W.; Guo, S.; Zou, Y.; He, L. Tanshinone I induces apoptosis and pro-survival autophagy in gastric cancers.
Cancer Chemother. Pharmacol. 2016, 77, 1171-1181. [CrossRef]

Cui, S.; Chen, T.; Wang, M,; Chen, Y.; Zheng, Q.; Feng, X.; Li, S.; Wang, J. Tanshinone I inhibits metastasis of cervical cancer cells
by inducing BNIP3/NIX-mediated mitophagy and reprogramming mitochondrial metabolism. Phytomedicine 2022, 98, 153958.
[CrossRef]

Zhou, |.; Jiang, Y.; Chen, H.; Wu, Y.-C.; Zhang, L. Tanshinone I attenuates the malignant biological properties of ovarian cancer by
inducing apoptosis and autophagy via the inactivation of PI3K/AKT/mTOR pathway. Cell Prolif. 2020, 53, €12739. [CrossRef]
[PubMed]

Jian, S.; Chen, L.; Minxue, L.; Hongmin, C.; Ronghua, T.; Xiaoxuan, F.; Binbin, Z.; Shiwen, G. Tanshinone I induces apoptosis and
protective autophagy in human glioblastoma cells via a reactive oxygen species-dependent pathway. Int. J. Mol. Med. 2020, 45,
983-992. [CrossRef]

Dai, C.; Liu, Y.; Dong, Z. Tanshinone I alleviates motor and cognitive impairments via suppressing oxidative stress in the neonatal
rats after hypoxic-ischemic brain damage. Mol. Brain 2017, 10, 52. [CrossRef]

Kim, D.H,; Jeon, S.J.; Jung, ] W.; Lee, S.; Yoon, B.H.; Shin, B.Y.; Son, K.H.; Cheong, ] H.; Kim, Y.S.; Kang, S.S.; et al. Tanshinone
congeners improve memory impairments induced by scopolamine on passive avoidance tasks in mice. Eur. J. Pharmacol. 2007.
[CrossRef] [PubMed]

Kim, D.H,; Kim, S.; Jeon, S.J.; Son, K.H.; Lee, S.; Yoon, B.H.; Cheong, ].H.; Ko, K.H.; Ryu, ] H. Tanshinone I enhances learning and
memory, and ameliorates memory impairment in mice via the extracellular signal-regulated kinase signalling pathway. Br. J.
Pharmacol. 2009, 158, 1131-1142. [CrossRef] [PubMed]

Patlolla, ] M.R.; Rao, C.V. Anti-inflammatory and Anti-cancer Properties of 3-Escin, a Triterpene Saponin. Curr. Pharmacol. Rep.
2015, 1, 170-178. [CrossRef]

Kenny, H.A.; Hart, P.C.; Kordylewicz, K.; Lal, M.; Shen, M.; Kara, B.; Chen, Y.-].; Grassl, N.; Alharbi, Y.; Pattnaik, B.R.; et al. The
Natural Product 3-Escin Targets Cancer and Stromal Cells of the Tumor Microenvironment to Inhibit Ovarian Cancer Metastasis.
Cancers 2021, 13, 3931. [CrossRef] [PubMed]

Mojzisova, G.; Kello, M.; Pilatovd, M.; Tomeckova, V.; Vaskova, J.; Vasko, L.; Bernatova, S.; Mirossay, L.; MojZis, ]. Antiproliferative
effect of B-escin—An in vitro study. Acta Biochim. Pol. 2016, 63. [CrossRef] [PubMed]

Zhang, L.; Fu, F; Zhang, X.; Zhu, M.; Wang, T.; Fan, H. Escin attenuates cognitive deficits and hippocampal injury after transient
global cerebral ischemia in mice via regulating certain inflammatory genes. Neurochem. Int. 2010, 57, 119-127. [CrossRef]
[PubMed]

Selvakumar, G.P; Janakiraman, U.; Essa, M.M.; Justin Thenmozhi, A.; Manivasagam, T. Escin attenuates behavioral impairments,
oxidative stress and inflammation in a chronic MPTP/probenecid mouse model of Parkinson’s disease. Brain Res. 2014, 1585,
23-36. [CrossRef]

Barter, ].W.; Li, S.; Lu, D.; Bartholomew, R.A.; Rossi, M.A.; Shoemaker, C.T.; Salas-Meza, D.; Gaidis, E.; Yin, H.H. Beyond reward
prediction errors: The role of dopamine in movement kinematics. Front. Integr. Neurosci. 2015, 9, 39. [CrossRef]

Faynveitz, A.; Lavian, H.; Jacob, A.; Korngreen, A. Proliferation of Inhibitory Input to the Substantia Nigra in Experimental
Parkinsonism. Front. Cell. Neurosci. 2019, 13, 417. [CrossRef]

Ayano, G. Dopamine: Receptors, Functions, Synthesis, Pathways, Locations and Mental Disorders: Review of Literatures. . Ment.
Disord. Treat. 2016, 2, 2. [CrossRef]

Yoshida, Y.; Fujigaki, H.; Kato, K.; Yamazaki, K.; Fujigaki, S.; Kunisawa, K.; Yamamoto, Y.; Mouri, A.; Oda, A.; Nabeshima, T.; et al.
Selective and competitive inhibition of kynurenine aminotransferase 2 by glycyrrhizic acid and its analogues. Sci. Rep. 2019,
9,10243. [CrossRef]

Li, G.; Nakagome, I.; Hirono, S.; Itoh, T.; Fujiwara, R. Inhibition of adenosine deaminase (ADA)-mediated metabolism of
cordycepin by natural substances. Pharmacol. Res. Perspect. 2015, 3, €00121. [CrossRef] [PubMed]

Lee, M.-].; Lee, ].-C.; Hsieh, J.-H.; Lin, M.-Y,; Shih, I.-A.; You, H.-L.; Wang, K. Cordycepin inhibits the proliferation of malignant
peripheral nerve sheath tumor cells through the p53/Sp1/tubulin pathway. Am. J. Cancer Res. 2021, 11, 1247-1266. [PubMed]
Rawat, R.S.; Kumar, S. Understanding the mode of inhibition and molecular interaction of taxifolin with human adenosine
deaminase. J. Biomol. Struct. Dyn. 2023, 41, 377-385. [CrossRef] [PubMed]


https://doi.org/10.1016/j.jep.2015.01.042
https://doi.org/10.3892/ijo_00000031
https://doi.org/10.1097/CAD.0000000000000908
https://doi.org/10.3892/ijo.2016.3565
https://www.ncbi.nlm.nih.gov/pubmed/27279458
https://doi.org/10.3892/ijmm_00000063
https://doi.org/10.1007/s00280-016-3034-6
https://doi.org/10.1016/j.phymed.2022.153958
https://doi.org/10.1111/cpr.12739
https://www.ncbi.nlm.nih.gov/pubmed/31820522
https://doi.org/10.3892/ijmm.2020.4499
https://doi.org/10.1186/s13041-017-0332-9
https://doi.org/10.1016/j.ejphar.2007.07.042
https://www.ncbi.nlm.nih.gov/pubmed/17714702
https://doi.org/10.1111/j.1476-5381.2009.00378.x
https://www.ncbi.nlm.nih.gov/pubmed/19775283
https://doi.org/10.1007/s40495-015-0019-9
https://doi.org/10.3390/cancers13163931
https://www.ncbi.nlm.nih.gov/pubmed/34439084
https://doi.org/10.18388/abp.2015_1013
https://www.ncbi.nlm.nih.gov/pubmed/26824290
https://doi.org/10.1016/j.neuint.2010.05.001
https://www.ncbi.nlm.nih.gov/pubmed/20466027
https://doi.org/10.1016/j.brainres.2014.03.010
https://doi.org/10.3389/fnint.2015.00039
https://doi.org/10.3389/fncel.2019.00417
https://doi.org/10.4172/2471-271X.1000120
https://doi.org/10.1038/s41598-019-46666-y
https://doi.org/10.1002/prp2.121
https://www.ncbi.nlm.nih.gov/pubmed/26038697
https://www.ncbi.nlm.nih.gov/pubmed/33948356
https://doi.org/10.1080/07391102.2021.2006087
https://www.ncbi.nlm.nih.gov/pubmed/34851227

Int. . Mol. Sci. 2023, 24, 12612 29 of 31

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Ishola, 1.O.; Ben-Azu, B.; Adebayo, O.A.; Ajayi, A.M.; Omorodion, L.L.; Edje, K.E.; Adeyemi, O.O. Prevention and reversal of
ketamine-induced experimental psychosis in mice by the neuroactive flavonoid, hesperidin: The role of oxidative and cholinergic
mechanisms. Brain Res. Bull. 2021, 177, 239-251. [CrossRef]

Thayumanavan, G.; Jeyabalan, S.; Fuloria, S.; Sekar, M.; Ravi, M.; Selvaraj, L K.; Bala, L.; Chidambaram, K.; Gan, S.H;
Rani, N.N.LM,; et al. Silibinin and Naringenin against Bisphenol A-Induced Neurotoxicity in Zebrafish Model—Potential
Flavonoid Molecules for New Drug Design, Development, and Therapy for Neurological Disorders. Molecules 2022, 27, 2572.
[CrossRef]

Carry, E.; Kshatriya, D.; Silva, J.; Davies, D.L.; Yuan, B.; Wu, Q.; Patel, H.; Park, E.R.; Gilleran, J.; Hao, L.; et al. Identification of
Dihydromyricetin and Metabolites in Serum and Brain Associated with Acute Anti-Ethanol Intoxicating Effects in Mice. Int. ].
Mol. Sci. 2021, 22, 7460. [CrossRef]

Al Omran, A.J.; Shao, A.S.; Watanabe, S.; Zhang, Z.; Zhang, J.; Xue, C.; Watanabe, J.; Davies, D.L.; Shao, X.M.; Liang, J.
Social isolation induces neuroinflammation and microglia overactivation, while dihydromyricetin prevents and improves them.
J. Neuroinflamm. 2022, 19, 2. [CrossRef]

Durrant, ].D.; McCammon, J.A. Molecular dynamics simulations and drug discovery. BMC Biol. 2011, 9, 71. [CrossRef]

De Vivo, M.; Masetti, M.; Bottegoni, G.; Cavalli, A. Role of Molecular Dynamics and Related Methods in Drug Discovery. ]. Med.
Chem. 2016, 59, 4035-4061. [CrossRef]

Cheng, X.; Ivanov, I. Molecular Dynamics. In Methods in Molecular Biology (Clifton, N.J.); Humana Press: Totowa, NJ, USA, 2012;
Volume 929, pp. 243-285, ISBN 9781627030496.

Childers, M.C.; Daggett, V. Validating Molecular Dynamics Simulations against Experimental Observables in Light of Underlying
Conformational Ensembles. J. Phys. Chem. B 2018, 122, 6673-6689. [CrossRef]

Wadhwa, R.; Yadav, N.S.; Katiyar, S.P,; Yaguchi, T.; Lee, C.; Ahn, H.; Yun, C.-O.; Kaul, S.C.; Sundar, D. Molecular dynamics
simulations and experimental studies reveal differential permeability of withaferin-A and withanone across the model cell
membrane. Sci. Rep. 2021, 11, 2352. [CrossRef]

Adelusi, T.I; Oyedele, A.-Q.K; Boyenle, 1.D.; Ogunlana, A.T.; Adeyemi, R.O.; Ukachi, C.D.; Idris, M.O.; Olaoba, O.T.; Adedotun,
1.O.; Kolawole, O.E.; et al. Molecular modeling in drug discovery. Inform. Med. Unlocked 2022, 29, 100880. [CrossRef]

Singh, W.; Karabencheva-Christova, T.G.; Black, G.W.; Ainsley, J.; Dover, L.; Christov, C.Z. Conformational Dynamics, Ligand
Binding and Effects of Mutations in NirE an S-Adenosyl-L-Methionine Dependent Methyltransferase. Sci. Rep. 2016, 6, 20107.
[CrossRef] [PubMed]

Patel, S.; Mackerell, A.D.; Brooks, C.L. CHARMM fluctuating charge force field for proteins: II Protein/solvent properties from
molecular dynamics simulations using a nonadditive electrostatic model. |. Comput. Chem. 2004, 25, 1504-1514. [CrossRef]
[PubMed]

Lobanov, M.Y.; Bogatyreva, N.S.; Galzitskaya, O.V. Radius of gyration as an indicator of protein structure compactness. Mol. Biol.
2008, 42, 623-628. [CrossRef]

De Vita, S.; Chini, M.G; Bifulco, G.; Lauro, G. Insights into the Ligand Binding to Bromodomain-Containing Protein 9 (BRD9):
A Guide to the Selection of Potential Binders by Computational Methods. Molecules 2021, 26, 7192. [CrossRef]

Wen, C.C.; Kuo, YH; Jan, ].T; Liang, PH.; Wang, S.Y,; Liu, H.G.; Lee, CK,; Chang, S.T.; Kuo, C.J.; Lee, S.S.; et al. Specific plant
terpenoids and lignoids possess potent antiviral activities against severe acute respiratory syndrome coronavirus. J. Med. Chem.
2007, 50, 4087-4095. [CrossRef]

Chen, D.; Oezguen, N.; Urvil, P,; Ferguson, C.; Dann, S.M.; Savidge, T.C. Regulation of protein-ligand binding affinity by
hydrogen bond pairing. Sci. Adv. 2016, 2, e1501240. [CrossRef]

Kumari, R.; Kumar, R,; Lynn, A. g mmpbsa—A GROMACS Tool for High-Throughput MM-PBSA Calculations. J. Chem. Inf.
Model. 2014, 54, 1951-1962. [CrossRef]

Wang, C.; Nguyen, PH.; Pham, K.; Huynh, D.; Le, T.B.N.; Wang, H.; Ren, P; Luo, R. Calculating protein-ligand binding affinities
with MMPBSA: Method and error analysis. |. Comput. Chem. 2016, 37, 2436-2446. [CrossRef] [PubMed]

Wang, C.; Greene, D.; Xiao, L.; Qi, R.; Luo, R. Recent Developments and Applications of the MMPBSA Method. Front. Mol. Biosci.
2018, 4, 87. [CrossRef] [PubMed]

José dos Santos Nascimento, I.; Mendonga de Aquino, T.; da Silva Junior, E.F,; Olimpio de Moura, R. Insights on Microsomal
Prostaglandin E2 synthase 1 (mPGES-1) Inhibitors Using Molecular Dynamics and MM/PBSA calculations. Lett. Drug Des.
Discov. 2023, 22, 2435-2462. [CrossRef]

Silva, L.R.; Guimaraes, A.S.; do Nascimento, J.; do Santos Nascimento, 1.].; da Silva, E.B.; McKerrow, J.H.; Cardoso, S.H.; da
Silva-Junior, E.F. Computer-aided design of 1,4-naphthoquinone-based inhibitors targeting cruzain and rhodesain cysteine
proteases. Bioorganic Med. Chem. 2021, 41, 116213. [CrossRef] [PubMed]

Obiol-Pardo, C.; Rubio-Martinez, J. Comparative Evaluation of MMPBSA and XSCORE to Compute Binding Free Energy in
XIAP—Peptide Complexes. . Chem. Inf. Model. 2007, 47, 134-142. [CrossRef] [PubMed]

Breznik, M.; Ge, Y.; Bluck, J.P.; Briem, H.; Hahn, D.F; Christ, C.D.; Mortier, J.; Mobley, D.L.; Meier, K. Prioritizing Small
Sets of Molecules for Synthesis through in-silico Tools: A Comparison of Common Ranking Methods. ChemMedChem 2023,
18, €202200425. [CrossRef]


https://doi.org/10.1016/j.brainresbull.2021.10.007
https://doi.org/10.3390/molecules27082572
https://doi.org/10.3390/ijms22147460
https://doi.org/10.1186/s12974-021-02368-9
https://doi.org/10.1186/1741-7007-9-71
https://doi.org/10.1021/acs.jmedchem.5b01684
https://doi.org/10.1021/acs.jpcb.8b02144
https://doi.org/10.1038/s41598-021-81729-z
https://doi.org/10.1016/j.imu.2022.100880
https://doi.org/10.1038/srep20107
https://www.ncbi.nlm.nih.gov/pubmed/26822701
https://doi.org/10.1002/jcc.20077
https://www.ncbi.nlm.nih.gov/pubmed/15224394
https://doi.org/10.1134/S0026893308040195
https://doi.org/10.3390/molecules26237192
https://doi.org/10.1021/jm070295s
https://doi.org/10.1126/sciadv.1501240
https://doi.org/10.1021/ci500020m
https://doi.org/10.1002/jcc.24467
https://www.ncbi.nlm.nih.gov/pubmed/27510546
https://doi.org/10.3389/fmolb.2017.00087
https://www.ncbi.nlm.nih.gov/pubmed/29367919
https://doi.org/10.2174/1570180820666230228105833
https://doi.org/10.1016/j.bmc.2021.116213
https://www.ncbi.nlm.nih.gov/pubmed/33992862
https://doi.org/10.1021/ci600412z
https://www.ncbi.nlm.nih.gov/pubmed/17238258
https://doi.org/10.1002/cmdc.202200425

Int. . Mol. Sci. 2023, 24, 12612 30 of 31

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.
149.

150.

151.

152.

153.

Warren, G.L.; Andrews, C.W.,; Capelli, A.-M.; Clarke, B.; LaLonde, J.; Lambert, M.H.; Lindvall, M.; Nevins, N.; Semus, S.E;
Senger, S.; et al. A Critical Assessment of Docking Programs and Scoring Functions. J. Med. Chem. 2006, 49, 5912-5931. [CrossRef]
[PubMed]

Broni, E.; Ashley, C.; Adams, J.; Manu, H.; Aikins, E.; Okom, M.; Miller, W.A.; Wilson, M.D.; Kwofie, S.K. Cheminformatics-Based
Study Identifies Potential Ebola VP40 Inhibitors. Int. J. Mol. Sci. 2023, 24, 6298. [CrossRef] [PubMed]

Fisher, A ].; Beal, P.A. Effects of Aicardi-Goutieres syndrome mutations predicted from ADAR-RNA structures. RNA Biol. 2017,
14, 164-170. [CrossRef]

Rosani, U.; Bai, C.-M.; Maso, L.; Shapiro, M.; Abbadi, M.; Domeneghetti, S.; Wang, C.-M.; Cendron, L.; MacCarthy, T.; Venier, P.
A-to-I editing of Malacoherpesviridae RNAs supports the antiviral role of ADAR1 in mollusks. BMC Evol. Biol. 2019, 19, 149.
[CrossRef]

Sterling, T.; Irwin, J.J. ZINC 15-Ligand Discovery for Everyone. . Chem. Inf. Model. 2015, 55, 2324-2337. [CrossRef] [PubMed]
Kim, S.; Thiessen, P.A.; Bolton, E.E.; Chen, J.; Fu, G.; Gindulyte, A.; Han, L.; He, J.; He, S.; Shoemaker, B.A.; et al. PubChem
Substance and Compound databases. Nucleic Acids Res. 2016, 44, D1202-D1213. [CrossRef] [PubMed]

Kim, S.; Chen, J.; Cheng, T.; Gindulyte, A.; He, J.; He, S.; Li, Q.; Shoemaker, B.A.; Thiessen, P.A.; Yu, B.; et al. PubChem in 2021:
New data content and improved web interfaces. Nucleic Acids Res. 2021, 49, D1388-D1395. [CrossRef] [PubMed]

Mendez, D.; Gaulton, A.; Bento, A.P.; Chambers, J.; De Veij, M.; Félix, E.; Magarifios, M.P.; Mosquera, J.E; Mutowo, P;
Nowotka, M.; et al. ChEMBL: Towards direct deposition of bioassay data. Nucleic Acids Res. 2019, 47, D930-D940. [CrossRef]
[PubMed]

Gaulton, A.; Bellis, L.J.; Bento, A.P.; Chambers, J.; Davies, M.; Hersey, A.; Light, Y.; McGlinchey, S.; Michalovich, D.;
Al-Lazikani, B.; et al. ChEMBL: A large-scale bioactivity database for drug discovery. Nucleic Acids Res. 2012, 40, D1100-D1107.
[CrossRef]

Bento, A.P; Gaulton, A.; Hersey, A.; Bellis, L.J.; Chambers, J.; Davies, M.; Kriiger, FA.; Light, Y.; Mak, L.; McGlinchey, S.; et al. The
ChEMBL bioactivity database: An update. Nucleic Acids Res. 2014, 42, D1083-D1090. [CrossRef]

Rutz, A.; Sorokina, M.; Galgonek, J.; Mietchen, D.; Willighagen, E.; Gaudry, A.; Graham, J.G.; Stephan, R.; Page, R,;
Vondrasek, J.; et al. The LOTUS initiative for knowledge sharing in Natural Products research. Planta Med. 2021, 87, 1248-1249.
Westenburg, H.E.; Lee, K.-].; Lee, S.K.; Fong, H.H.S.; van Breemen, R.B.; Pezzuto, ].M.; Kinghorn, A.D. Activity-Guided Isolation
of Antioxidative Constituents of Cotinus coggygria. J. Nat. Prod. 2000, 63, 1696-1698. [CrossRef]

Sukhikh, S.; Noskova, S.; Pungin, A.; Ivanova, S.; Skrypnik, L.; Chupakhin, E.; Babich, O. Study of the Biologically Active
Properties of Medicinal Plant Cotinus coggygria. Plants 2021, 10, 1224. [CrossRef]

Antal, D.S.; Ardelean, F; Jijie, R.; Pinzaru, I; Soica, C.; Dehelean, C. Integrating Ethnobotany, Phytochemistry, and Pharmacology
of Cotinus coggygria and Toxicodendron vernicifluum: What Predictions can be Made for the European Smoketree? Front. Pharmacol.
2021, 12, 662852. [CrossRef]

Thapa, P; Prakash, O.; Rawat, A.; Kumar, R.; Srivastava, R.M.; Rawat, D.S.; Pant, A K. Essential Oil Composition, Antioxidant,
Anti-inflammatory, Insect Antifeedant and Sprout Suppressant Activity in Essential Oil from Aerial Parts of Cotinus coggygria
Scop. |. Essent. Oil Bear. Plants 2020, 23, 65-76. [CrossRef]

Marceti¢, M.; Bozi¢, D.; Milenkovi¢, M.; Malesevi¢, N.; Radulovié, S.; Kovacevi¢, N. Antimicrobial, antioxidant and anti-
inflammatory activity of young shoots of the smoke tree, Cotinus coggygria Scop. Phyther. Res. 2013, 27, 1658-1663. [CrossRef]
[PubMed]

Ali, M.S,; Banskota, A.H.; Tezuka, Y.; Saiki, I.; Kadota, S. Antiproliferative Activity of Diarylheptanoids from the Seeds of Alpinia
blepharocalyx. Biol. Pharm. Bull. 2001, 24, 525-528. [CrossRef] [PubMed]

Tezuka, Y.; Gewali, M.B.; Ali, M.S.; Banskota, A.H.; Kadota, S. Eleven Novel Diarylheptanoids and Two Unusual Diarylheptanoid
Derivatives from the Seeds of Alpinia blepharocalyx. J. Nat. Prod. 2001, 64, 208-213. [CrossRef]

Kadota, S.; Tezuka, Y.; Prasain, J.; Shawkat Ali, M.; Banskota, A. Novel Diarylheptanoids of Alpinia blepharocalyx. Curr. Top. Med.
Chem. 2003, 3, 203-225. [CrossRef]

Bergman, J. The identity of candidine and gingdainone. Phytochemistry 1989, 28, 3547. [CrossRef]

Li, Z,; Li, L,; Chen, T,; Li, C.; Wang, D.; Yang, Z.; Zhong, N. Efficacy and safety of Ban-Lan-Gen granules in the treatment of
seasonal influenza: Study protocol for a randomized controlled trial. Trials 2015, 16, 126. [CrossRef]

He, L.; Fan, F; Hou, X.; Wu, H.; Wang, J.; Xu, H.; Sun, Y. 4(3H)-Quinazolone regulates innate immune signaling upon respiratory
syncytial virus infection by moderately inhibiting the RIG-1 pathway in RAW264.7 cell. Int. Immunopharmacol. 2017, 52, 245-252.
[CrossRef]

Zhang, D.; Shi, Y,; Li, J.; Ruan, D.; Jia, Q.; Zhu, W.; Chen, K,; Li, Y.; Wang, R. Alkaloids with Nitric Oxide Inhibitory Activities
from the Roots of Isatis tinctoria. Molecules 2019, 24, 4033. [CrossRef]

Lotts, T.; Kabrodt, K.; Hummel, J.; Binder, D.; Schellenberg, I.; Stander, S.; Agelopoulos, K. Isatis tinctoria L.-derived Petroleum
Ether Extract Mediates Anti-inflammatory Effects via Inhibition of Interleukin-6, Interleukin-33 and Mast Cell Degranulation.
Acta Derm. Venereol. 2020, 100, adv00131-9. [CrossRef]

Nicosia, N.; Kwiecieni, I.; Mazurek, J.; Mika, K.; Bednarski, M.; Miceli, N.; Ragusa, S.; Ekiert, H.; Maes, M.; Kotariska, M.
Hydroalcoholic Leaf Extract of Isatis tinctoria L. via Antioxidative and Anti-Inflammatory Effects Reduces Stress-Induced
Behavioral and Cellular Disorders in Mice. Oxid. Med. Cell. Longev. 2022, 2022, 3567879. [CrossRef]


https://doi.org/10.1021/jm050362n
https://www.ncbi.nlm.nih.gov/pubmed/17004707
https://doi.org/10.3390/ijms24076298
https://www.ncbi.nlm.nih.gov/pubmed/37047270
https://doi.org/10.1080/15476286.2016.1267097
https://doi.org/10.1186/s12862-019-1472-6
https://doi.org/10.1021/acs.jcim.5b00559
https://www.ncbi.nlm.nih.gov/pubmed/26479676
https://doi.org/10.1093/nar/gkv951
https://www.ncbi.nlm.nih.gov/pubmed/26400175
https://doi.org/10.1093/nar/gkaa971
https://www.ncbi.nlm.nih.gov/pubmed/33151290
https://doi.org/10.1093/nar/gky1075
https://www.ncbi.nlm.nih.gov/pubmed/30398643
https://doi.org/10.1093/nar/gkr777
https://doi.org/10.1093/nar/gkt1031
https://doi.org/10.1021/np000292h
https://doi.org/10.3390/plants10061224
https://doi.org/10.3389/fphar.2021.662852
https://doi.org/10.1080/0972060X.2020.1729246
https://doi.org/10.1002/ptr.4919
https://www.ncbi.nlm.nih.gov/pubmed/23280933
https://doi.org/10.1248/bpb.24.525
https://www.ncbi.nlm.nih.gov/pubmed/11379774
https://doi.org/10.1021/np000492t
https://doi.org/10.2174/1568026033392552
https://doi.org/10.1016/0031-9422(89)80390-5
https://doi.org/10.1186/s13063-015-0645-x
https://doi.org/10.1016/j.intimp.2017.09.010
https://doi.org/10.3390/molecules24224033
https://doi.org/10.2340/00015555-3476
https://doi.org/10.1155/2022/3567879

Int. . Mol. Sci. 2023, 24, 12612 31 0f 31

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

Rose, PW.; Prli¢, A.; Altunkaya, A.; Bi, C.; Bradley, A.R.; Christie, C.H.; Di Costanzo, L.; Duarte, ].M.; Dutta, S.; Feng, Z.; et al. The
RCSB protein data bank: Integrative view of protein, gene and 3D structural information. Nucleic Acids Res. 2017, 45, D271-D281.
[CrossRef]

Burley, SK.; Bhikadiya, C.; Bi, C.; Bittrich, S.; Chen, L.; Crichlow, G.V.; Christie, C.H.; Dalenberg, K.; Di Costanzo, L.;
Duarte, ].M.; et al. RCSB Protein Data Bank: Powerful new tools for exploring 3D structures of biological macromolecules
for basic and applied research and education in fundamental biology, biomedicine, biotechnology, bioengineering and energy
sciences. Nucleic Acids Res. 2021, 49, D437-D451. [CrossRef]

Lu, C.; Wu, C.; Ghoreishi, D.; Chen, W.; Wang, L.; Damm, W.; Ross, G.A.; Dahlgren, M.K,; Russell, E.; Von Bargen, C.D.; et al.
OPLS4: Improving Force Field Accuracy on Challenging Regimes of Chemical Space. |. Chem. Theory Comput. 2021, 17, 4291-4300.
[CrossRef]

Chen, C.Y.-C. TCM Database@Taiwan: The world’s largest traditional Chinese medicine database for drug screening in silico.
PLoS ONE 2011, 6, €15939. [CrossRef]

Kwofie, S.; Broni, E.; Yunus, E; Nsoh, J.; Adoboe, D.; Miller, W.; Wilson, M. Molecular Docking Simulation Studies Identifies
Potential Natural Product Derived-Antiwolbachial Compounds as Filaricides against Onchocerciasis. Biomedicines 2021, 9, 1682.
[CrossRef] [PubMed]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A free web tool to evaluate pharmacokinetics, drug-likeness and medicinal
chemistry friendliness of small molecules. Sci. Rep. 2017, 7, 42717. [CrossRef] [PubMed]

Veber, D.F; Johnson, S.R.; Cheng, H.; Smith, B.R.; Ward, K.W.; Kopple, K.D. Molecular Properties That Influence the Oral
Bioavailability of Drug Candidates. J. Med. Chem. 2002, 45, 2615-2623. [CrossRef] [PubMed]

Lipinski, C.A.; Lombardo, E; Dominy, B.W.; Feeney, P.J. Experimental and computational approaches to estimate solubility and
permeability in drug discovery and development settings1PII of original article: S0169-409X(96)00423-1. The article was originally
published in Advanced Drug Delivery Reviews 23 (1997) 3. Adv. Drug Deliv. Rev. 2001, 46, 3-26. [CrossRef]

Barret, R. Lipinski’s Rule of Five. In Therapeutical Chemistry; Elsevier: Amsterdam, The Netherlands, 2018; Volume 1, pp. 7-100.
Laskowski, R.A.; Swindells, M.B. LigPlot+: Multiple Ligand-Protein Interaction Diagrams for Drug Discovery. J. Chem. Inf. Model.
2011, 51, 2778-2786. [CrossRef]

Van Der Spoel, D.; Lindahl, E.; Hess, B.; Groenhof, G.; Mark, A.E.; Berendsen, H.J.C. GROMACS: Fast, flexible, and free. . Comput.
Chem. 2005, 26, 1701-1718. [CrossRef] [PubMed]

Abraham, M.].; Murtola, T.; Schulz, R.; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High performance molecular
simulations through multi-level parallelism from laptops to supercomputers. SoftwareX 2015, 1-2, 19-25. [CrossRef]

Dodda, L.S.; Cabeza de Vaca, I; Tirado-Rives, ].; Jorgensen, W.L. LigParGen web server: An automatic OPLS-AA parameter
generator for organic ligands. Nucleic Acids Res. 2017, 45, W331-W336. [CrossRef]

Nguyen, T.T.; Viet, M.H.; Li, M.S. Effects of water models on binding affinity: Evidence from all-atom simulation of binding of
tamiflu to A/H5NT1 neuraminidase. Sci. World J. 2014. [CrossRef] [PubMed]

Cao, Z.; Liu, L.; Zhao, L.; Wang, J. Effects of different force fields and temperatures on the structural character of abeta (12-28)
peptide in aqueous solution. Int. J. Mol. Sci. 2011, 12, 8259. [CrossRef]

Peng, Y.; McCorvy, ].D.; Harpsee, K,; Lansu, K.; Yuan, S.; Popov, P.; Qu, L.; Pu, M.; Che, T,; Nikolajsen, L.E,; et al. 5-HT2C Receptor
Structures Reveal the Structural Basis of GPCR Polypharmacology. Cell 2018, 172, 719-730.e14. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1093/nar/gkw1000
https://doi.org/10.1093/nar/gkaa1038
https://doi.org/10.1021/acs.jctc.1c00302
https://doi.org/10.1371/journal.pone.0015939
https://doi.org/10.3390/biomedicines9111682
https://www.ncbi.nlm.nih.gov/pubmed/34829911
https://doi.org/10.1038/srep42717
https://www.ncbi.nlm.nih.gov/pubmed/28256516
https://doi.org/10.1021/jm020017n
https://www.ncbi.nlm.nih.gov/pubmed/12036371
https://doi.org/10.1016/S0169-409X(00)00129-0
https://doi.org/10.1021/ci200227u
https://doi.org/10.1002/jcc.20291
https://www.ncbi.nlm.nih.gov/pubmed/16211538
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1093/nar/gkx312
https://doi.org/10.1155/2014/536084
https://www.ncbi.nlm.nih.gov/pubmed/24672329
https://doi.org/10.3390/ijms12118259
https://doi.org/10.1016/j.cell.2018.01.001
https://www.ncbi.nlm.nih.gov/pubmed/29398112

	Introduction 
	Results and Discussion 
	Selecting Binding Site 
	Molecular Docking of ADAR2 
	ADMET Prediction 
	ADAR2–Ligand Interaction Profiling 
	Prediction of Biological Activity of the Selected Hit Compounds 
	Molecular Dynamics Simulations 
	Analyzing RMSD, RMSF, and Rg 
	Analyzing Snapshots and Hydrogen Bonds 

	MM/PBSA Calculations for the ADAR2–Ligand Complexes 
	Analyzing Binding Free Energy 
	Analyzing Per-Residue Energy Contributions 

	Re-Docking of Top Compounds against the 5-HT2C Receptor 
	Provenance of Potential Lead Compounds 

	Materials and Methods 
	Protein and Ligands Preparation 
	Molecular Docking Studies 
	ADMET Profiling 
	Visualizing ADAR2–Ligand Interactions 
	Biological Activity Prediction of Shortlisted Compounds 
	Molecular Dynamics Simulations Study 
	Molecular Mechanics Poisson-Boltzmann Surface Area Calculation 
	Re-Docking Hit Compounds against the 5-HT2CR 

	Conclusions 
	References

