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ABSTRACT

Adenosine deaminases acting on RNA 1 (ADAR1) are enzymes involved in editing adenosine to inosine in
the dsRNAs of cells associated with cancer development. The p150 isoform of ADARI is the only isoform
containing the Zo. domain that binds to both Z-DNA and Z-RNA. The Zo: domain is suggested to modulate
the immune response and could be a suitable target for antiviral treatment and cancer immunotherapy.
In this study, we aimed to identify potential inhibitors for ADAR1 protein that bind the Zoe domain using
molecular docking and simulation tools. Virtual docking and molecular dynamics simulation approaches
were used to screen the potential activity of 2115 FDA-approved compounds on the Zo. domain of ADAR1
and filtered for to obtain the top-scoring hits. The top three compounds with the best XP Gscore—namely
alendronate (—7.045), etidronate (—6.923), and zoledronate (—6.77)—were subjected to 50 ns simulations
to characterize complex stability and identify the fundamental interactions that contribute to inhibition
of the ADAR1 Zoe domain. The three compounds were shown to interact with Lys169, Lys170, Asn173, and
Tyr177 of the Zoo domain-like helical backbone of Z-RNA. The study provides a comprehensive and novel
insights of repurposes drugs for the inhibition of ADAR1 function.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

RNA editing involving the conversion of adenosine to inosine
(A-to-I editing) is considered the most predominant epigenetic
modification in eukaryotes (Fritzell, et al. 2018; Peng, et al. 2018;
Waulff & Nishikura, 2010). To date, millions of editing sites have
been detected in humans using inosine chemical erasing sequenc-
ing (ICE-seq) (Suzuki, Ueda, Okada, & Sakurai, 2015). A-to-I editing
RNA modifications are frequently found in Alu double-stranded
RNAs (Alu dsRNAs) located in introns and untranslated regions
(UTRs) (Nishikura, 2010). A-to-I editing is catalyzed by adenosine
deaminase acting on RNA (ADAR) enzymes; these enzymes usually
catalyze dsRNAs of 20 bp in length (Ishizuka, et al. 2019). When
adenosine is converted to inosine in the mRNA’s coding region, this
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could change the amino acid sequence of the coded protein in what
is called a re-coding editing event. A-to-I editing could also either
create or eliminate splice sites on pre-mRNA transcripts, poten-
tially affecting mRNA posttranscriptional maturation and process-
ing (Fritzell, et al. 2018).

The three major ADARs studied in eukaryotes are ADARI,
ADAR2, and ADAR3; of these, ADARI1 is the most prevalent and is
ubiquitously expressed (Nishikura, 2016). The function of ADAR1
involves the editing of adenosine to inosine in the RNA of cells
associated with the immune response and nervous impulses.
ADAR1 is involved in the regulation of innate immune response
by editing specific sites for the easy interpretation and recognition
of host (or self) and non-self RNAs; i.e., ADAR1 is reported to inhi-
bit the replication of hepatitis C and human immunodeficiency
virus (HIV) by editing their RNA (Clerzius, et al. 2013; Doria,
et al. 2009; Hartwig, et al. 2006). In addition, ADAR1 controls the
function of neurotransmitters in the nervous system by editing
the coding sites of the receptor proteins that interact with neuro-
transmitters (Behm & Ohman, 2016).

The mutation or altered expression of ADART is associated with
human diseases such as infantile encephalopathy Aicardi-Gou
tieres syndrome (AGS) and cancer. Several studies have identified
the aberrant expression of ADAR1 in several cancers including
breast cancer, chronic myeloid leukemia (CML), lung cancer, liver
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cancer, and melanoma. The overexpression of ADAR1 in several
cancers is correlated with tumorigenesis and cancer progression
(Amin, et al. 2017; Chen, et al. 2013; Chen, et al. 2017; Kung,
et al. 2020; Zipeto, et al. 2016).

Recently, ADAR1 was reported to be overexpressed in breast
cancer. Breast cancer cell survival depends on the p150 isoform
of ADAR1. The knockdown of ADAR1 weakens cell proliferation
and tumorigenesis through activation of the interferon (IFN) sig-
naling pathway and apoptosis, as reported in triple-negative breast
cancer (TNBC) (Kung, et al. 2020). Similarly, ADAR1 expression in
breast cancer was shown to positively regulate dihydrofolate
reductase (DHFR) activity through editing of miR-125a-3p and
miR-25-3p binding sites that interact with the 3’ UTR of DHFR,
thereby enhancing cell proliferation and increasing methotrexate
resistance (Kung, et al. 2020; Nakano, et al. 2017). Consistent with
this study, CML, liver cancer, lung cancer, and bladder cancer were
shown to exhibit increased levels of ADAR1 (Nakano, et al. 2017).

In liver cancer, ADAR1 edits the mRNA transcripts of antizyme
inhibitor 1 (AZIN1), leading to changes in amino acid from serine
(Ser) to glycine (Gly) which, in turn, increases the binding ability
of AZIN1 to antizymes, thereby preventing the antizyme-
mediated degradation of cyclin D1 and ornithine decarboxylase.
Increased levels of cyclin D1 and ornithine decarboxylase promote
cell proliferation and tumor progression (Chen, et al. 2013).

There are two isoforms of ADAR1, called p150 and p110. Both
p150 and p110 have the deaminase (catalytic) domain, three-
dsRNA binding domain, and ZB domain. Only p150 has the Zo
domain (Athanasiadis, 2012; Placido, et al. 2007). The p150 isoform
is predominantly found in the cytoplasm and is induced by inter-
feron, whereas p110 is located in the nucleus and is constitutively
produced. In p150, the Zo. domain binds to both Z-RNA and Z-DNA,
confirming that both RNA and DNA are similarly suited as ligands
of Za. Evidence has pointed toward the regulatory role of the Zo
domain of ADAR1 in immune response through the double
stranded RNA sensing via MDA5/MAVS/IRF3/IFN axis (Herbert,
2019; Koeris, et al. 2005). This mechanism has recently been
exploited in targeting viral infection and for cancer immunother-
apy purposes. In this study, we aimed to identify potential inhibi-
tors for ADAR1 protein using molecular docking and simulation
tools.

2. Materials and methods
2.1. Preparation of molecules

A total of 2115 approved compounds were obtained from the
ZINC database, and the molecules were downloaded in mol2 for-
mat and then uploaded to Maestro software -Schrédinger Release
2020. The LigPrep -Released 2017 and EpiK interfaces of the Mae-
stro suite were used for molecule preparation; using the OPLS3e
force field (Roos, et al. 2019), 2627 conformations were generated.

2.2. Preparation of ADAR1 Zo. domain

The crystal structure of the Z-alpha (Zo) domain of the RNA-
editing enzyme ADAR1 bound by the left-handed RNA double helix
(PDB ID:2GXB) was obtained from RCBS Protein Data Bank (PDB),
and hydrogen atoms were added, zero bond orders to metal were
created and other hetero atoms were deleted. Ionization states
were generated at a pH of 7.0 + 2.0 using EpiK in Maestro (Roos,
et al. 2019). Eventually, water molecules were removed, and pro-
tein energy was minimized using the OPLS3e force field (Roos,
et al. 2019).
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2.3. Binding site prediction

The SiteMap interface of Maestro was used for binding site pre-
diction; the selection of the active site was based on the site’s
exhibited interaction with the RNA double helix, as shown in the
obtained crystal structure (PDB ID:2GXB)

2.4. Virtual screening and docking protocols

The high-throughput virtual screening (HTVS) docking of Mae-
stro was used to screen the FDA-approved compounds for possible
inhibitors of the Za domain of ADAR1. The top 200 hits were fur-
ther docked using standard precision (SP) and extra precision
(XP) docking protocols to determine the molecules’ final poses
with better docking energy and their types of interactions. The pro-
tein was set as rigid, and the ligand was flexible. The scaling factor
and partial charge cutoff of the van der Waals radii of ligand atoms
were specified to be 0.80 and 0.15, respectively. Final scoring of the
energy-minimized poses was carried out and displayed as a Glide
score and XP docking score. Finally, the 20 best docked poses with
extra precision docking and with the lowest Glide score values
were recorded. The docking complexes were viewed and analyzed
using the Protein-Ligand Interaction Profiler (PLIP) web server.

2.5. Molecular dynamics (MD) simulation for ADAR1

MD simulation was performed to determine the strength of pro-
tein-ligand interaction, as previously described (Rehman, et al.
2019). Three ligand-protein complexes with the lowest XP docking
energy and greatest number of bonds were selected for 50 ns MD
simulation using DESMOND (Desmond, Schrédinger, LLC, New
York, NY, USA). An orthorhombic simulation box with a boundary
of 10 A was used with the TIP3P water model; six Cl atoms were
added to neutralize the system. After minimization, the system
was submitted to a 50 ns MD simulation that used 300 K and a
101,325 bar NPT (normal pressure and temperature) ensemble
and 100 ps relaxation. The trajectories were recorded in 50 ps
intervals. After job completion, the root mean square deviation
(RMSD) and root mean square fluctuation (RMSF) were used to
examine complex stability.

3. Results
3.1. Analysis of Zo/Z-RNA complex

The retrieved 3D structure of the Zo. domain of the p150 isoform
was bound by the left-handed RNA double helix (Z-RNA). The com-
plex exhibited pi-pi stacking bonding with Tyr177 and three salt
bridges with Lys: two with Lys169 and one with Lys170 (Fig. 1).

3.2. Zo domain binding site prediction

The SiteMap interface predicted the active site of the Zot domain
in Maestro, which identified Thr157, Ala158, His159, Lys169,
Asn173, Pro192, Pro193, and Trp195 as residues representing the
active site; the same residues are associated with the interaction
of the RNA double helix (Fig. 1). The druggability (Dscore) of the
catalytic pocket of the protein was 0.38, and the site score was
0.6. Usually, sites with Dscore > 1.0 are classified as very drug-
gable, a Dscore of 0.8-1.0 classified as druggable, Dscore of 0.7-
0.8 indicating intermediate druggability, and Dscore < 0.7 indicat-
ing limited druggability (Ghattas, et al. 2016). Even though the Zo
domain is classified as having poor druggability, the subsequent
steps of docking and molecular dynamic simulation showed the
possibility of preventing Za/Z-RNA bonds. Molecular docking and
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Fig. 1. A and B show the 3D structures of the Zo. domain of the RNA-editing enzyme adenosine deaminases acting on RNA 1 (ADAR1) bound by the left-handed RNA double

helix in the center (PDB: 2GXB).

MD simulation are methods widely used for detecting protein inhi-
bitors (Rehman, et al. 2019).

3.3. Virtual screening and molecular docking of the top-three potential
ADAR1 inhibitors based on the Za/Z-RNA complex

Virtual screening was performed on 2627 compounds, and the
best 200 compounds binding to the Zoo domain with the highest
glide score were chosen for SP and XP docking. The top 50 com-
pounds with the highest XP Gscore due to the interaction of Za
are shown in Table 1, and the structure of these compounds is
illustrated in Fig. 2. The best three compounds with the highest
scores were further analyzed. Alendronate (ZINC000003801919),
a drug used to prevent bone loss, had the best XP Gscore
of — 7.045 and had the best stable interaction during docking

and simulation. The stability was maintained through four hydro-
gen bonds with residues Lys169, Asn173, Tyr177, and Gly190
(Table 2) (Figs. 3 and 4A) and one hydrophobic interaction with
Pro193 was also observed. The compound showed a strong H-
bond with a small distance (1.65 A). This interaction could inter-
fere with the formation of the pi-pi stacking bond which occurs
between Tyr177 and double-stranded RNA. Alendronate is used
to prevent and treat certain types of bone loss, and its anticancer
activity on various types of cancer has been reported in previous
studies (Ilyas, et al. 2019).

The docking study revealed potent activity of etidronate
(ZINC000003830813) on the Za domain of ADAR1, showing a low
XP Gscore (—6.9). Etidronate is a class of drugs used in the treat-
ment of osteoporosis (loachimescu and Licata, 2007). Four hydro-
gen bonds were formed due to the interaction of etidronate and

Table 1

Top 10 FDA approved compounds with docking energy and docking scores that target ADARI1.
ZINC ID Name XP GScore Docking Score Energy (kcal/mol)
ZINC000003801919 Alendronate —7.045 —6.846 15.277156
ZINC000003830813 Etidronate -6.923 -6.677 27.482013
ZINC000003803652 Zoledronate -6.77 —6.263 14.44624
ZINC000000001554 Acne -6.327 -6.327 19.397025
ZINC000085537017 Cangrelor —6.269 —6.255 45.568277
ZINC000003812862 Pamidronate —6.254 —6.144 12.508963
ZINC000003830813 Etidronate —6.381 -6.135 26.317013
ZINC000001531009 Risedronate -6.322 —6.134 35.741586
ZINC000000895081 Citrate -6.129 -6.129 28.385779
ZINC000000000922 Pas —6.063 —6.062 14.90494
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Fig. 2. Two-dimensional structures of the top 20 compounds showing an interaction with the Zo: domain.
Table 2
Hydrogen bond interactions of amino acid residues with different ligands.
Index Residue AA Distance H-A Donor Atom Acceptor Atom
Alendronate 1 169A Lys 1.82 501 [N3] 1017 [0,]
2 173A Asn 1.63 578 [Nam] 1018 [07]
3 177A Tyr 1.65 655 [05] 1013 [0,]
4 190A Gly 2.79 1006 [N3] 864 [0,]
Etidronate 1 169A Lys 1.79 501 [N3] 1010 [0,]
2 173A Asn 1.56 578 [Nam] 1011 [07]
3 177A Tyr 1.75 655 [0s] 1014 [0,]
Zoledronate 1 169A Lys 1.94 501 [N3] 1009 [0]
2 173A Asn 1.89 578 [Nam] 1021 [0s]
3 173A Asn 2.23 1021 [05] 577 [0,]
4 177A Tyr 1.77 655 [0s5] 1020 [07]

the Zo domain, with Lys169, Asn173 (two), and Tyr177 involved in
this interaction (Table 2) (Figs. 3 and 4B).

Zoledronate (ZINC000003803652) forms five stable hydrogen
bonds with Za. domain backbone residues Lys169 (two), Asn173
(two), and Tyr177. Zoledronate was able to block the essential resi-
dues (Lys169 and Tyr177) associated with RNA binding by stable
hydrogen bonds, and these bonds were stabilized by its small dis-
tances (1.94 and 1.77 A, respectively). The blocking of these two
essential residues might prevent the attachment of the Zoo domain
to Z-RNA (Table 2) (Figs. 3 and 4C). These interactions were in line
with the study of the Zo/Z-RNA complex, which showed that the
Lys169, Lys170, Asn173, and Tyr177 residues of the Za binding
pocket interact with the RNA helical backbone, suggesting that Z-
RNA could not bind to the Za binding pocket when occupied by
either of the top three screened compounds alendronate, etidro-
nate, or zoledronate.

3.4. Molecular dynamic simulation of Alendronate, etidronate and
zoledronate

MD simulation was used to analyze the conformational change
of each protein and a chosen hit. The Zo/alendronate complex was
subjected to molecular dynamics simulation for 50 ns, as shown in

6300

Fig. 4A1. The RMSD of C-alpha was used to measure the deviation
of the protein backbone during the simulation. The ligand aligned
with the protein backbone until 15 ns, but after this time, the
ligand separated from the protein and fluctuated in the range of
5-20 A; then, for a short period (35-45 ns) the ligand aligned
again, and in the later part of the simulation, a greater fluctuation
of 12 A was observed in the range of 6-18 ns (Fig. 4A). The large
fluctuation of the ligand was attributed to the presence of seven
rotatable bonds in the ligand (Fig. 5A), as the presence of a greater
number of rotatable bonds will generate a greater number of fluc-
tuations (Musyoka, et al. 2016). Several hydrogen bonds and their
occupancies during the molecular dynamic simulations were
determined, as shown in Fig. 4B. A similar trend of unstable inter-
action was observed in zoledronate, with the ligand divergent from
the protein backbone during most of the simulation time (Fig. 4C).
For etidronate compound, the RMSD of the protein backbone as
well as the ligand during the second half of the simulation showed
excellent stability; the ligand aligned with the protein, and ligand
fluctuation was lower compared to alendronate. This could be due
to the lower number of rotatable bonds in etidronate (Fig. 4A and
5B). Two hydrogen bonds formed between the essential residues
(Lys169 and Lys170) associated with double-stranded RNA interac-
tion, and they were stable for the whole of the simulation time. The
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Fig. 3. Three and two-dimensional structures of the interaction of ligands and ADAR1 Za domain. A. Interaction of the Zo/alendronate (ZINC000003801919) complex. B.
Interaction of the Zo/etidronate (ZINC0O00003830813) complex. C. Interaction of the Za/zoledronate (ZINCO00003803652) complex.

stable interaction of etidronate with the Zo. domain of ADAR1 indi-
cates its valuable use in blocking the active site of the protein.

4. Discussion

ADAR1 is an important A-to-I editing enzyme that has been
determined to play a vital role in the immune response, viral infec-
tion, and cancer. The p150 isoform of ADAR1 is associated with the
MDA5/MAVS/IRF3/IFN axis implicated in the immune response
(Herbert, 2019). Although numerous studies have identified
ADARI1 as a potential therapeutic target for viral and cancer treat-
ment (Amin, et al. 2017; Chen, et al. 2013; Chen et al. 2017; Kung,
et al. 2020; Zipeto, et al. 2016), there are currently no anti-ADAR1
drugs approved by the FDA. In the current study, we screened 2627
compounds for possible inhibitors of ADAR1 using the Zo/Z-RNA
complex.

The Zoe domain is a key to increase site-selectivity of the ADAR1
(p150) editing enzyme. Both Z-DNA and Z-RNA were reported to be
substrates of the conserved Zot domain (Athanasiadis, 2012). Stud-

6301

ies have shown that the catalytic activity of ADAR1 (p150) is
altered in the presence of Z-forming substrate; this also creates
changes in editing patterns, resulting in enhancement of the cat-
alytic activity of A-to-Z-conversion in dsRNA, while ADAR1
(p150) is bound to the substrate. Therefore, the A-to-Z conforma-
tional switch at the Zot domain is essential for stimulating adeno-
sine deaminase activity (Koeris, et al. 2005; Placido, et al. 2007).
Based on the function of Za as a modulator site of ADAR1 catalytic
activity, we screened FDA-approved drugs for possible repurposing
in inhibition of the Za domain. Three drugs—alendronate, etidro-
nate, and zoledronate—were selected based on their XP Gscore.
Molecular interactions shown that all three drugs interact with
Lys169, Lys170, Asn173, and Tyr177 of ADAR1-like Z-RNA and Z-
DNA, as illustrated using X-ray crystallography (Placido et al.,
2007). The molecular interactions of Zo/Z-RNA and Zo/Z-DNA
complexes are identical except at position 174, containing arginine
(Arg174), which is specifically found in the Zo/Z-RNA complex
(Placido, et al. 2007). Interestingly, zoledronate showed strong
hydrogen bonding and hydrophobic interactions at Argl74
(Fig. 4C), suggesting that it could be a potent inhibitor of Za and
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Fig. 4. Root mean square deviation (RMSD) and histogram (green color for hydrogen bonds, blue for water bridges) of the interaction of ligands and ADAR1 Zo domain during
a 50 ns simulation. A. Interaction of alendronate (ZINC000003801919) and Zo. B. Interaction of etidronate (ZINC000003830813) and the Zo domain. C. Interaction of

zoledronate (ZINC000003803652) and the Zo domain.
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Z-RNA binding and could prevent the catalytic activity of ADART1 in
the A-to-I editing of RNA transcripts. Overall, the results demon-
strate the significant stability of alendronate, etidronate, and zole-
dronate in the Zo domain binding pocket and their dynamic
stability during molecular dynamic simulation, suggesting that
they could be repurposed as inhibitors of ADAR1 in the treatment
of diseases associated with the overexpression of ADAR1 and A-to-I
RNA editing, such as viral infection and cancer. One of the lingering
problems in oncology is the ability of cancer cells to escape
immunosurveillance, enabling them to go undetected at the early
stage of infection (Huntington, et al. 2020). Severe cancer types
with poor prognosis and a high mortality rate—i.e., breast cancer,
lung cancer, CML, and liver cancer—exhibit highly overexpressed
ADAR1 (Amin, et al. 2017; Chen, et al. 2013; Sagredo, et al. 2018;
Yang, et al. 2017). The overall function of ADAR1 in these cancer
types is to promote cancer cell proliferation, progression, and
migration by evading the immune system (Ishizuka, et al. 2019).
Therefore, targeting ADART1 is important for cancer immunother-
apy (Bhate, et al. 2019).

In conclusion, alendronate, etidronate, and zoledronate could be
potential candidate drugs for use in a combination regimen with
other anticancer drugs toward the more effective treatment of dis-
eases characterized by overexpression or alteration of ADARIT.

5. Conclusion

This research provides novel insights into the inhibition of one
of the key RNA-editing enzymes, ADAR1, which has a significant
impact on the progression of many diseases including various can-
cers and immunological and viral disorders. This study performed
comprehensive high-throughput in silico screening to identify
potential inhibitors of ADAR1 and characterized their molecular
interactions. The findings of this study can promote epitranscrip-
tome drug discovery based on the molecular structure of RNA-
editing enzymes.
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