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A B S T R A C T   

Coronaviruses are known to infect respiratory tract and intestine. These viruses possess highly conserved viral 
macro domain A1pp having adenosine diphosphate (ADP)-ribose binding and phosphatase activity sites. A1pp 
inhibits adenosine diphosphate (ADP)-ribosylation in the host and promotes viral infection and pathogenesis. We 
performed in silico screening of FDA approved drugs and nucleoside analogue library against the recently re
ported crystal structure of SARS-CoV-2 A1pp domain. Docking scores and interaction profile analyses exhibited 
strong binding affinity of eleven FDA approved drugs and five nucleoside analogues NA1 (− 13.84), nadide 
(− 13.65), citicholine (− 13.54), NA2 (− 12.42), and NA3 (− 12.27). The lead compound NA1 exhibited significant 
hydrogen bonding and hydrophobic interaction at the natural substrate binding site. The root mean square 
deviation (RMSD), root mean square fluctuation (RMSF), radius of gyration (Rg), solvent accessible surface 
(SASA), hydrogen bond formation, principle component analysis, and free energy landscape calculations for NA1 
bound protein displayed stable complex formation in 100 ns molecular dynamics simulation, compared to un
bound macro domain and natural substrate adenosine-5-diphosphoribose bound macro domain that served as a 
positive control. The molecular mechanics Poisson–Boltzmann surface area analysis of NA1 demonstrated 
binding free energy of − 175.978 ± 0.401 kJ/mol in comparison to natural substrate which had binding free 
energy of − 133.403 ± 14.103 kJ/mol. In silico analysis by modelling tool ADMET and prediction of biological 
activity of these compounds further validated them as putative therapeutic molecules against SARS-CoV-2. Taken 
together, this study offers NA1 as a lead SARS-CoV-2 A1pp domain inhibitor for future testing and development 
as therapeutics against human coronavirus.   

1. Introduction 

In December 2019, SARS-CoV-2, a novel coronavirus emerged in 
China, thereafter infecting more than seventy million individuals 
worldwide. Discovery of novel targeted drug(s) is needed and has taken 
the center stage in combating coronavirus disease-19 (COVID-19) 
pandemic. The nonstructural protein 3 (Nsp3) is the largest protein 
encoded by coronavirus (CoV) genome following proteolytic cleavage of 
polyprotein 1a (pp1a), which plays a central role in viral genome tran
scription and its subsequent replication. Characteristic macro domain of 
Nsp3 binds to ADP-ribose-1′-phosphate and has ADP-ribose-1′-phos
phatase (ADRP) activity [1]. This catalytically active domain is present 

in several positive sense SSRNA viruses including all CoVs that infect 
humans. Crystal structure functional analysis of three viral ADRP do
mains (HCoV-229E, SARS-CoV and IBV) demonstrates the presence of a 
highly conserved sequence and structural superposition with variations 
in substrate binding site. Reports suggest the role of viral ADRP domains 
in hydrolyzing ADP-ribose-1′-monophosphate to ADP-ribose with high 
specificity [2,3]. Genetically engineered mutants of SARS-CoV express
ing ADRP-deficient macro domains display enhanced sensitivity to the 
antiviral effect of α-interferon compared with their wild-type counter
parts [4,5]. Macro domain-associated ADRP activities may have signif
icant role in viral escape from the innate immune responses of the host, 
contributing resistance to antiviral cytokines [6]. During viral infection, 
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interferon (IFN) induces human poly ADP ribose polymerase (PARPs) 
which covalently attach ADP ribose (mono or poly) on cellular protein 
amino acids (known as ADP ribosylation) that serves as a recruitment 
platform. Thus, IFN-induced ADP-ribosylation of human proteins 
specify their role in antiviral defense system. ADP-ribosylation is a 
reversible process and viral macro domains are known to possess 
de-mono-ADP-ribosylation (de-MARylation) or ADP ribose hydrolase 
activity [7]. It has been reported that de-MARylation is an important 
function executed by coronavirus macro domains during infection [8]. 
Alhammad and Fehr (2020) suggested that viral macro domain plays 
imperative dominant role in virulence and pathogenesis of coronavirus 
by countering host innate immune response [9]. PARPs are known to 
induce pro-inflammatory cytokine production that results in maintain
ing the innate immunity. Studies have shown that viral macro domain 
inhibits IFN production during infection and impedes PARP-mediated 
antiviral host defense system [8]. Overall, it is evident that targeting 
macro domain of coronavirus is an important strategy for SARS-CoV-2 
drug discovery. 

Various synthetic, non-synthetic and natural compounds are well 
recognized for possessing anti-microbial activity [10]. Nucleoside ana
logues (NA) are one of the important class of small molecule based 
antiviral drugs that play important role as therapeutics against chronic 
viral infections. It has been reported that NAs show potent antiviral 
activity and favorable pharmacokinetics. Various NAs exhibited strong 
efficacy against several viruses including Coronaviridae family [11–13]. 
The present study was aimed to screen nucleoside analogue and FDA 
approved drug libraries to identify SARS-CoV-2 A1pp domain potential 
inhibitors applying molecular docking approach. In addition, the lead 
compound was subjected to molecular dynamics simulation to study the 
protein-ligand complex stability and favorable conformational changes. 

2. Materials and methods 

2.1. Compounds database 

The structures of FDA approved drugs and nucleoside analogues 
were downloaded from selleckchem (https://www.selleckchem.com/) 
in. sdf format and converted to different formats using Open Babel 
software. 

2.2. Molecular docking 

For molecular docking studies, the receptor (PDB ID: 6W02) and the 
ligands were loaded onto Auto Dock Tools 1.5.6 (ADT) [14,15]. Ges
tgeiger partial charges were assigned after merging non-polar hydrogen 
bonds and torsions to the ligands. Molecular docking calculations were 
performed on the protein model. The Kollman charges, polar hydrogen 
atoms, and the solvation parameters were evaluated by the module of 
Auto Dock tools. The Lamarckian Genetic Algorithm (LGA) option pro
vided in the Auto Dock 4.2 was used to explore the binding site on the 
protein. The grid box comprises the whole binding site of the target 
proteins and offers enough space for the ligand movement. A maximum 
number of 27,000 GA operations created on a solitary population of 150 
individuals for each of the 30 independent runs. Operator weights for 
the rate of crossover (0.80), rate of gene mutation (0.02), and elitism (1) 
was defaulting parameters. UCSF Chimera and LigPlot+ were used for 
visualization of protein-ligand complex [16–18]. 

2.3. MM/GBSA energy calculation 

The molecular mechanics with generalized born and surface area 
solvation (MM/GBSA) approaches were utilized to calculate the free 
energy. The free energy calculations for docking were performed using 
the Glide module of Maestro. The grid was prepared using default pa
rameters from the receptor grid generation wizard. The MM/GBSA free 
energy was calculated subsequently after molecular docking [19]. 

2.4. Molecular dynamics simulation 

Compound with ADRP inhibition activity was identified from mo
lecular docking studies. Molecular dynamics simulation was performed 
using GROningen MAchine for Chemical Simulations (GROMACS) 
version 5.1.1 [20]. Protein parameters were generated using gro
mos43a1 force field. Ligand parameters for same force field were 
generated using PRODRG server [21]. Gmxeditconf tool was used to 
generate dodecahedron simulation box. Solvation was performed with 
SPC water model using gmx solvate tool. Gmxgenion tool was utilized to 
electro-neutralize the system. Following neutralization, energy mini
mization was performed to remove steric clashes to optimize the struc
ture. After energy minimization, system was equilibrated in two steps. In 
first step of 100 ps of NVT equilibration, system was heated up to 300 K 
to stabilize the temperature of the system. In the second step of 100 ps of 
NPT ensemble, pressure and density of system was stabilized. Pressure 
was maintained using Parrinello-Rahman barostat [22]. Bonds length 
were kept conserved using linear constraint solver (LINCS) algorithm 
[23]. Long range interactions were handled using particle mesh ewald 
(PME) summation method [24]. This well equilibrated system with 
desired temperature and pressure was used to compute trajectory of 100 
ns on a Linux machine with Intel Core i-7 processor (32 GB RAM). 

2.5. Trajectory analysis 

Trajectory analysis was performed using various GROMACS analysis 
tools. The root mean square deviation (RMSD) and root mean square 
fluctuations (RMSF) of proteins were calculated using gmx rms, and 
gmxrmsf tools, respectively. Solvent accessible surface area (SASA) and 
radius of gyration (Rg) were computed by gmxsasa and gmx gyrate tools. 
Various energy related parameters were estimated using gmx energy 
tool whereas secondary structure estimation was performed by 
gmxdodssp tool. Hydrogen bonds were analyzed using gmxhbond tool. 
VMD [25] and PyMol [26] were used for the visualization. The plots 
were prepared by using Grace Software. 

2.6. Principal component analysis and free energy landscape 

Principal component analysis (PCA) is a widely used analytical 
technique to illustrate the slow and functional motions for bio-molecules 
[27]. The principal components of the proteins were obtained by diag
onalizing and solving the eigenvalue and eigenvectors for the covariance 
matrix. The eigenvectors are a representation of the direction of motion 
whereas eigenvalues represent the magnitude of motion along with the 
direction. The covariance matrix for illustration of PCA was calculated 
using GROMACS analysis tool gmx cover. gmx cover builds and also 
diagonalizes the covariance matrix. Another GROMACS analysis tool 
gmxanaeig was utilized to calculate the overlap between principal 
components and coordinates of the trajectory. 

Free energy landscape (FEL) is a representation of possible confor
mation taken by a protein in molecular dynamics simulation along with 
the Gibbs free energy. FEL represents two variables that reflect specific 
properties of the system and measure conformational variability [19]. 
FEL was calculated using probability distribution from the essential 
plane composed of first two eigenvectors. gmx sham tool was used for 
construction of FEL. 

2.7. g_mmpbsa analysis 

The g_mmpbsa is an additional GROMACS utility applied to compute 
the binding free energy of protein-ligand complexes. g_mmpbsa uses 
Molecular Mechanic/Poisson-Boltzmann Surface Area (MM-PBSA) 
method to compute the binding free energy of protein-ligand complexes 
[28]. The binding free energy was computed for reference and lead 
compound in complex with target protein. Molecular dynamics simu
lation trajectories for the last 20 ns (80–100 ns) were used for the 
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calculation. The binding free energy (ΔGbinding) of the protein-ligand 
complex in aqueous environment can represented as following,  

ΔGbinding = Gcomplex - (Gprotein + Gligand)                                                  

Where, Gcomplex denotes energy of the protein-ligand complex, Gprotein 
and Gligand denote the energy of protein and ligand in aqueous envi
ronment, respectively. Estimation of binding free energy of protein- 
ligand complex provides an insight of the bio-molecular interaction. 

2.8. ADMET parameter and bioactivity prediction 

The free web tool SwissADME (http://www.swissadme.ch/) was 
used to evaluate the physicochemical properties and pharmacokinetics 
of the identified compounds [29]. Different bioactivity (G-pro
tein-coupled receptors ligand; Ion channel modulator; Kinase inhibitor; 
Nuclear receptor ligand; Protease inhibitor; Enzyme inhibitor) score of 
lead FDA approved drug and lead nucleoside analogue were predicted 
using molinspiration cheminformatics online server (https://www. 
molinspiration.com/). 

3. Results 

3.1. Molecular docking 

Screening of FDA approved drugs (n = 2682) and nucleotide ana
logues (n = 135) against SARS-CoV-2 Macro (ADP-ribose-1′′-phospha
tase) domain active site revealed compounds that exhibited significant 
binding potential in comparison to natural substrate. Eleven FDA 
approved drugs showed tight binding with the active site and binding 
energy was in the range of − 12.01 to − 14.09 kcal/mol (Fig. 1 A). Lead 
nucleoside analogue [5-(6-amino-9H-purin-9-yl)-3,4-dihydroxyfuran-2- 
yl](sodiylium)methyl [({[5-(3-carbamoyl-1,4-dihydropyridin-1-yl)-3,4- 
dihydroxyfuran-2-yl]methoxy}(sodiooxo)phosphoryl)oxy]phosphonate 
(NA1); nadide; 1-[5-({[({[5-(6-amino-9H-purin-9-yl)-4-(hydrogen 
phosphonatooxy)-3-hydroxyfuran-2-yl](sodiylium)methyl phospho
nato}oxy) (sodiooxo)phosphoryl]oxy}methyl)-3,4-dihydroxyfuran-2- 
yl]-3-carbamoyl-1λ⁵-pyridin-1-ylium (NA2); citicholine; and sodium 4- 
amino-1-[3,4-dihydroxy-5-({[hydroxy ({[hydroxy (sodiooxo)phos
phoryl phosphonato]oxy})phosphoryl]oxy}methyl)furan-2-yl]-1,2- 
dihydropyrimidin-2-one (NA3), interacted with the protein active site 
with binding energy − 13.84, − 13.65, − 13.54, − 12.42, and − 12.27 
kcal/mol, respectively. Natural substrate of the macro domain showed 
− 14.09 kcal/mol binding energy. MM-GBSA analysis showed that lead 
nucleotide analogue (NA1) ([5-(6-amino-9H-purin-9-yl)-3,4-dihydrox
yfuran-2-yl](sodiylium)methyl [({[5-(3-carbamoyl-1,4-dihydropyridin- 
1-yl)-3,4-dihydroxyfuran-2-yl]methoxy} (sodiooxo) phosphoryl) oxy] 

phosphonate) and FDA approved lactobionic acid make stable protein- 
ligand complex (Fig. 1 B). The position of lead FDA approved drugs 
bound to target protein are shown in supplementary figure 1. 

The names of amino acid residue involved in the protein-ligand 
complex formation and type of interaction such as hydrogen bonding 
and hydrophobic interaction is summarized in Table 1 and supplemen
tary table 1. Structure of lead FDA approved drugs (FAD) and nucleoside 
analogues (NA) are shown in supplementary figure 2. Surface structure 
of lead FDA/NA and natural substrate complexed with SARS-CoV-2 
macro (ADP-ribose-1′′-phosphatase) domain active site is visualized in 
Fig. 2 A, B and C and supplementary figure 3. Further, docking pose of 
natural substrate and lead nucleoside inhibitor (NA1) molecule at the 
macro domain active site is depicted in supplementary figure 4. Lead 
nucleoside analogue NA1 formed 10 hydrogen bond and interacted with 
11 hydrophobic amino acid residues of the macro domain (Fig. 3A and 
Table 1). FDA approved lead compound lactobionic acid, neohesperidin, 
salvianolic acid, ribostamycin sulfate, nadide, lactitol, folic acid, mali
biose, naringin, maltose, and rutin formed 7, 7, 7, 9, 9, 7, 9, 6, 6, 5 and 6 
hydrogen bonds with active site of the protein respectively. The lead 
FAD compounds showed hydrophobic interaction with plenty of amino 
acids (Table 1). 

4. Molecular dynamics simulation 

We utilized X-ray crystal structure of SARS-CoV-2 NSP3 ADP ribose 
phosphatase (PDB ID: 6W02) to dock the FDA approved drugs and 
nucleotide analogue compounds and the natural substrate. Among the 
screened compounds (FDA approved drugs and nucleotide analogues) 
lead nucleotide inhibitor NA1 showed more number of hydrogen bonds 

Fig. 1. Binding energy, and energy calculation of the lead FDA approved drugs at SARS-CoV-2 macro (ADP-ribose-1′′-phosphatase) domain active site. (A) Binding 
energy of FDA approved lead drugs at ADP-ribose-1′′-phosphatase active site. (B) MM-GBSA analysis of receptor (SARS-CoV-2 Macro (ADP-ribose-1′′-phosphatase) 
domain), receptor-lactobionic acid complex, recptor-NA1 complex and receptor-adenosine-5-diphosphoribose complex a = adenosine-5-diphosphoribose; b =
Lactobionic acid; c = Neohesperidin; d = Salvianolic acid B; e = Ribostamycin Sulfate; f = NADIDE; g = Lactitol; h = Folic acid; i = Melibiose; j = Naringin; k =
Maltose; l = Rutin DAB10; a* = A1pp receptor; b* = A1pp-lactobionic acid complex; c* = A1pp-NA1 complex; d* = A1pp-adenosine-5-diphosphoribose complex. 

Table 1 
List of amino acid residue and type of interaction involved in SARS-CoV-2 Macro 
(ADP-ribose-1′′-phosphatase) domain active site and lead compound and natural 
substrate.  

Sr. 
no. 

Compound 
name 

Hydrogen bond forming 
residues 

Hydrophobic interaction 
residues 

1. Lactobionic 
acid 

Phe156, Ala154, Ile23, 
Asp22, Asp 157, Gly130, 
Leu126 

Val49, Val155, Pro125, Ala 29 

2 NA1 Phe156, Val49, Asp22, 
Phe132, Gly46, Lys44, 
Asn99, Ser128, Ile131, 
Ala38 

Leu160, Ala154, Ile23, 
Pro125, Ala52, Gly48, Ala50, 
Asn40, Leu127, Leu126, 
Val155 

3 ADP Gly46, Gly48, Val49, 
Asp22, Ile23, Phe156, 
Ile131, Ser128, Gly130, 
Phe132 

Ala 39, Asn40, His 45, Ala50, 
Ala38, Ala154, Ala52, 
Leu126, Pro125, Val155, 
Leu160  
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(10) and hydrophobic interaction (11) than the natural substrate. 
Therefore, we selected NA1 for molecular dynamic simulation. Natural 
substrate adenosine-5-diphosphoribose was also subjected to perform 
molecular dynamic simulation as a positive control. NA1, adenosine-5- 
diphosphoribose and unbound macro domain were subjected to 100ns 
MD simulations for comparative conformation dynamics. Density, 
temperature, and pressure of the unbound protein and in complex with 
adenosine-5-diphosphoribose and NA1 were stable for 100 ns simulation 
(Supplementary Fig. 5 A, B, and C). The average backbone RMSD for 
unbound protein and NA1 bound protein remained stable at ≈0.13 nm 
throughout the simulation period (Fig. 4 A). However, the natural 
substrate adenosine-5-diphosphoribose bound protein backbone showed 
flexible stability at ≈0.17–0.25 nm RMSD. Similarly, the average sol
vated macro domain whole protein RMSD for unbound protein and NA1 

bound protein was found to stable at 0.22 nm and remained stable 
during the 100ns MD simulation period. The natural substrate 
adenosine-5-diphosphoribose bound solvated macro domain whole 
protein showed flexible stability at ≈0.25–0.35 nm RMSD. Next, we 
studied the effect of adenosine-5-diphosphoribose and NA1 binding on 
internal dynamics and compared with the unbound protein by calcu
lating the root mean square fluctuation (RMSF) (Fig. 4 B). Average RMSF 
value for the free protein, adenosine-5-diphosphoribose and NA1 bound 
protein was mostly in the range of 0.1–0.3 nm. Moreover, the result 
showed that NA1 binding to macro domain active site comparatively 
reduced the fluctuations at 45–65 amino acid residues in comparison to 
unbound and natural substrate adenosine-5-diphosphoribose bound 
protein. The effect of adenosine-5-diphosphoribose and NA1 binding on 
the macro domain protein radius of gyration (Rg) was studied and 

Fig. 2. Surface structure of lead FDA approved drug, nucleoside inhibitor and natural substrate at SARS-CoV-2 A1pp domain active site. (A) Surface structure of 
lactobionic acid at ADP-ribose-1′′-phosphatase active site. (B) Surface structure of NA1 at ADP-ribose-1′′-phosphatase active site. (C) Surface structure of adenosine- 
5-diphosphoribose at ADP-ribose-1′′-phosphatase active site. (D) 2D structure of lactobionic acid. (E) 2D structure of NA1. (F) 2D structure of adenosine-5- 
diphosphoribose. 

Fig. 3. Ligplot showing name of amino acid residue 
and type of interaction involved in the binding with 
SARS-CoV-2 Macro (ADP-ribose-1′′-phosphatase) 
domain active site. (A) Type of interaction and target 
protein amino acid residues involved in interaction 
with NA1. (B) Type of interaction and target protein 
amino acid residues involved in interaction with 
substrate molecule (adenosine-5-diphosphoribose). 
Amino acid residue involved in hydrogen bond is 
shown in green color while red color depicts residues 
involve in hydrophobic interaction. Green dotted line 
shows hydrogen bond between amino acid residue 
and substrate/lead molecule atom. Numerical values 
given in-between the dotted lines show length of 
hydrogen bond in Å.   
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compared with unbound protein (Fig. 4 C). Binding of NA1 continuously 
decreased the Rg value however, after 20ns of simulation period sig
nificant low gyration value was obtained in comparison to unbound and 
natural substrate bound protein. Rg value for unbound protein, 
adenosine-5-diphosphoribose and NA1 bound protein were in the range 
of 1.44–1.48, 1.45 to 1.55 and 1.44 to 1.47 respectively during 100 ns 
simulation. 

Next, changes in solvent accessibility surface area (SASA) for 
adenosine-5-diphosphoribose, and NA1 bound and free protein was 
analyzed and results are depicted in Fig. 5 A. Binding of NA1 

significantly decreased the SASA value throughout the 100 ns simulation 
period in comparison to natural substrate adenosine-5-diphosphoribose. 
Average SASA value of both the NA1bound and free conformation of the 
protein during the 100 ns simulation was in the range of ≈82–92 nm2. 
However, the SASA value for natural substrate adenosine-5- 
diphosphoribose bound protein was 85–95 nm2. Pattern of hydrogen 
bond formation with surrounding water and unbound protein and NA1/ 
natural substrate bound protein were studied (Fig. 5 B). About 300 
intermolecular hydrogen bonds were formed between NA1 bound pro
tein and water (Fig. 5 B). However, natural substrate adenosine-5- 

Fig. 4. Plot of molecular dynamic simula
tion trajectories of SARS-CoV-2 macro (ADP- 
ribose-1′′-phosphatase) domain and in un
bound and ligand/natural substrate bound 
complex during 100 ns simulation. (A) The 
root mean square deviation (RMSD) of sol
vated macro domain backbone in unbound 
and complexed with lead nucleotide 
analogue/natural substrate during 100 ns 
molecular dynamics simulation. (B) The root 
mean square fluctuation (RMSF) values of 
solvated macro domain backbone in un
bound and complexed with lead nucleotide 
analogue/natural substrate plotted against 
residue numbers. (C) Plot of radius of gyra
tion (Rg) during 100 ns molecular dynamics 
simulation of macro domain backbone in 
unbound and complexed with lead nucleo
tide analogue/natural substrate during 
simulation period. Unbound protein param
eters are depicted in black color while nat
ural substrate and lead inhibitor bound 
protein complex parameters are shown in 
red and green color respectively.   

Fig. 5. Plot of solvent accessible surface 
(SASA) region and hydrogen bond formation 
during 100 ns MD simulation. (A) Plot of 
solvent accessible surface area (SASA) dur
ing 100 ns molecular dynamics simulation of 
Macro Domain in unbound and complexed 
and with natural substrate or lead nucleotide 
analogue. (B) Plot of number of hydrogen 
bond formation between water and macro 
domain in unbound and complexed with 
natural substrate or lead nucleotide 
analogue. (C) Plot of number of hydrogen 
bond formation between macro domain 
complexed with natural substrate. (D) Plot 
of number of hydrogen bond formation be
tween macro domain complexed with lead 
nucleotide analogue. Unbound protein pa
rameters are depicted in black color; Natural 
substrate and lead inhibitor bound protein 
complex parameters are shown in red and 
green color respectively.   
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diphosphoribose bound protein formed about 320 intermolecular 
hydrogen bonds with water throughout the 100ns simulation period. 
Hydrogen bonds between macro domain and natural substrate 
adenosine-5-diphosphoribose and NA1 were about 8 and 8 at 100ns 
simulation time (Fig. 5 C and D). 

Principal component analysis (PCA) of molecular dynamics trajec
tories was conducted to study the collective motion of the macro domain 
bound adenosine-5-diphosphoribose/NA1 and free macro domain pro
tein and results are shown in Fig. 6 A-D. PCA analysis showed that NA1 
binding to macro domain protein decreased the collective motion of the 
protein in comparison to unbound protein structure and adenosine-5- 
diphosphoribose bound macro domain (Fig. 6 A, B, C and D). To visu
alize the energy minima landscape of, adenosine-5-diphosphoribose 
bound, NA1 bound and free target protein, the free energy landscape 

(FEL) against first two principal components PC1 (Rg) and PC2 (RMSD) 
were studied. The analysis revealed ΔG value in the range of 0–10 kJ/ 
mol. Concise minimal energy area (blue color) was found for NA1 bound 
protein in comparison to natural substrate adenosine-5-diphosphoribose 
bound and unbound protein (Fig. 6 E, F and G). 

The propensity of secondary structural content remains an important 
component to study the structural behavior of the macro domain pro
tein. We investigated changes in the secondary structure in unbound 
macro domain, adenosine-5-diphosphoribose bound macro domain and 
NA1 bound macro domain as shown in Fig. 6 H-J. The NA1 ligand does 
not induce any significant change in the secondary structure content 
(Fig. 6 J), while a little fluctuations were recorded in natural substrate 
adenosine-5-diphosphoribose bound macro domain (Fig. 6 I). 

To acquire further insights of the binding strength of NA1-macro 

Fig. 6. Projection of SARS-CoV-2 macro 
(ADP-ribose-1′′-phosphatase) domain atoms 
in phase space along the first two principal 
eigenvectors, free energy landscape and 
protein-ligand interaction energy. (A–C) 
Projection of the motion of the macro 
domain in phase space along the first two 
principal eigenvectors for unbound macro 
domain, adenosine-5-diphosphoribose 
bound macro domain, and NA1 bound 
macro domain. (D) Merged projection of the 
motion of the macro domain in phase space 
along the first two principal eigenvectors for 
unbound macro domain, adenosine-5- 
diphosphoribose bound macro domain, and 
NA1 bound macro domain. Unbound macro 
domain is shown in black, adenosine-5- 
diphosphoribose bound macro domain in 
red, and NA1 bound macro domain in green. 
(E–G) Free energy landscape of the SARS- 
CoV-2 macro domain unbound, complexed 
with adenosine-5-diphosphoribose and NA1 
respectively. (H–J) Secondary structure 
changes during the course of 100ns MD 
simulation in unbound macro domain, 
adenosine-5-diphosphoribose bound macro 
domain, and NA1 bound macro domain 
respectively. Short range interaction 
analysis.   
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domain complex and adenosine-5-diphosphoribose macro domain 
complex, we evaluated the non-bonded interaction energy between 
protein and ligands. Short range non-bonded interaction energy is 
composed of two quantities, Coulombic short range interaction energy 
(CsrIE) and Lennard Jones short range interaction energy (LJsrIE) [19]. 
NA1-macro domain complex had lower values for both CsrIE (− 62.8912 
kJ/mol) and LJsrIE (− 207.9721 kJ/mol) in comparison to the 
adenosine-5-diphosphoribose macro domain complex which had higher 
values for both CsrIE (− 50.7681 kJ/mol) and LJsrIE (− 168.2841 
kJ/mol) (Fig. 7A–B). From above results it evident that NA1-macro 
domain complex possesses strong non-bonded interaction between 
protein and ligand in comparison to the adenosine-5-diphosphoribose 
macro domain complex. 

4.1. g_mmpbsa analysis 

The last 20 ns (80–100 ns) of trajectory obtained during MD simu
lations were used to compute the binding free energy of the protein- 
ligand complexes by applying the g_mmpbsa tool of GROMACS. For 
each complex, binding free energy (ΔEbinding), van der Waals energy 
(Evdw), electrostatic energy (Eelec), polar solvation energy (ΔEpolar), and 
SASA were calculated (Table 2, supplementary Fig. 6 A, B, C and D, and 
supplementary table 2). It is evident from Table 2 that NA1 has signif
icantly lower value (− 175.978 kJ/mol) of binding free energy in com
parison to natural substrate adenosine-5-diphosphoribose (− 133.403 
Kj/mol) which suggest strong binding of NA1 in comparison to 
adenosine-5-diphosphoribose. Further contribution of each residue was 
evaluated by decomposing the total binding free energy into per residue 
contribution energy (Fig. 7C–D). In binding of NA1 to target protein 
amino acid residues Leu123, Leu127, Ala129, Gly130, Ala154, and 

Lys158 contributed significantly in binding. Next in binding of 
adenosine-5-diphosphoribose to the target protein amino acid residues 
Leu123, Ala 124, Pro125, Leu 153, Ala154, and Lys158 contributed 
significantly in binding (Supplementary table 1). In NA1-macro domain 
complex, Ala129 showed highest contribution (− 13.9812 kJ/mol) to the 
binding free energy whereas in adenosine-5-diphosphoribose macro 
domain complex Leu123 showed highest contribution (− 12.0236 kj/ 
mol). 

4.2. ADMET analysis 

The oral absorption of our suggested bioactive molecule is repre
sented in the bioavailability radar plots (Fig. 8 A and B). The plot shows 
a graphical representation of the drug-likeness parameters of the lead 
molecules. Bioavailability radar showed that FDA approved drug 

Fig. 7. Interaction energies pattern for natural substrate adenosine-5-diphosphoribose and NA1 with macro domain and residue mediated binding energy calcu
lations (A–B) Interaction energies pattern for natural substrate adenosine-5-diphosphoribose bound macro domain and NA1 bound macro domain respectively. 
Orange color representing the coulombic interaction energy while blue color representing the Lennard Jones interaction energy. Binding energy calculations for (C) 
Adenosine-5-diphosphoribose macro domain complex and (D) NA1 bound macro domain complex. 

Table 2 
MM-PBSA calculations of binding free energy for lead molecule and natural 
substrate bound protein complex.  

Type of Binding 
energy 

Binding energy values 
(Protein Lead Compound 
complex) 

Binding energy values (Protein 
Natural Substrate complex) 

ΔEbinding (kj/ 
mol) 

− 175.978±0.401 − 133.403±14.103 

SASA (kj/mol) − 21.726±0.033 − 18.994±1.252 
ΔEpolar solvation 

(kj/mol) 
133.686±0.458 134.794±15.382 

ΔEElectrostatic 

(kj/mol) 
− 36.203±0.264 − 34.575±15.045 

ΔEVan der Waal 

(kj/mol) 
− 251.714±0.344 − 214.628±13.536  
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lactobionic acid has suitable flexibility and acceptable size for a drug 
(Fig. 8 A). Lead nucleotide analogue, NA1 has acceptable unsaturation 
physicochemical properties for their oral bioavailability (Fig. 8 B). 
Bioactivity score was checked for different target like GPCR, ion chan
nel, kinase, nuclear receptor, protease and enzymes. Result indicate lead 
nucleotide analogue NA1 is superior ligand for enzyme inhibition as per 
in silico data prediction (Enzyme inhibition > GPCR ligand > Protease 
inhibitor > Kinase inhibitor > Ion channel modulation > Nuclear re
ceptor) (Fig. 8C). FDA approved drug lactobionic acid also acts as ligand 
for enzyme inhibition (Enzyme inhibition > Protease inhibitor > GPCR 
ligand > Ion channel modulation > Nuclear receptor > Kinase inhibitor) 
(Fig. 8 C). 

Different physicochemical properties and pharmacokinetics of lac
tobionic acid and lead nucleotide analogue NA1 ([5-(6-amino-9 H- 
purin-9-yl)-3, 4-dihydroxyfuran-2-yl] (sodiylium) methyl [({[5-(3-car
bamoyl-1,4-dihydropyridin-1-yl)-3,4-dihydroxyfuran-2-yl]methoxy} 
(sodiooxo) phosphoryl) oxy] phosphonate) are provided in Table 3. 

5. Discussion 

It has been reported that the SARS-CoV-2 ADP-ribose phosphatase 
enzyme activity plays an important role in viral pathogenesis [9,30]. In 
the present study, we identified a lead nucleoside inhibitor having po
tential to bind the substrate binding site of the SARS-CoV-2 ADRP 
enzyme. It has been reported that amino acid residue involved in active 
site formation of SARS-CoV ADP ribose phosphatase are critical for 
catalytic process and substrate binding [2]. Michalska et al. (2020) 
demonstrated that the crystal structure of SARS-CoV-2 ADRP enzyme 
possesses adenine, distal/proximal ribose and di-phosphate binding sites 
at the substrate binding pocket [31]. In our study we found that the 
natural substrate (ADP) binds to the similar amino acids corresponding 
to adenine, distal/proximal ribose and di-phosphate binding sites 
(Table 1, Fig. 2C). In another study Debanth et al. (2020) reported some 
inhibitors against SARS-CoV-2 ADRP using molecular docking approach 

[32]. In our study the lead inhibitor formed additional binding to Gly46, 
Lys44, Asn99, Leu160, Pro125, Ala52, Gly48, Leu127, Val155 amino 
acids (Table 1 and Fig. 2A). We found that nucleotide analogue (NA1) 
form hydrogen bond with the same seven amino acid residues (Asp22, 
Val49, Gly46, Ser128, Ile131, Phe132, Phe156) involved in binding with 
the natural substrate (Fig. 3 A and B). This data indicate that NA1 
competes for the active site binding with the natural substrate. It has 
been reported that aspartate and asparagine residue are involved in 
catalysis and substrate binding at the active site of coronaviruses and 

Fig. 8. Bioavailability radar and bioactivity profile of 
FDA approved lactobionic acid and lead nucleotide 
analogue NA1 (A) and (B) represents the bioavail
ability radar status of FDA approved lactobionic acid 
and lead nucleotide analogue NA1. (C) Predicted 
bioactivity score of FDA approved lactobionic acid 
and lead nucleotide analogue NA1. a = G-protein- 
coupled receptors ligand; b = Ion channel modulator; 
c = Kinase inhibitor; d = Nuclear receptor ligand; e =
Protease inhibitor; f = Enzyme inhibitor; LNA = Lead 
nucleotide analogue.   

Table 3 
Physicochemical Properties and pharmacokinetics of lactobionic acid and lead 
nucleotide analogue NA1.  

Properties Parameter Lead nucleotide 
analogue (NA1) 

Lactobionic 
acid 

Physicochemical 
Properties 

Formula C21H27N7O14P2 C12H22O12 

Molecular 
weight (g/mol) 

663.43 358.3 

Num. heavy 
atoms 

44 24 

Num. arom. 
heavy atoms 

9 0 

Fraction Csp3 0.52 0.92 
Num. rotatable 
bonds 

11 8 

Num. H-bond 
acceptors 

17 12 

Num. H-bond 
donors 

6 9 

Molar 
Refractivity 

142.18 70.92 

TPSA (Å2) 342.90 217.6 
Pharmacokinetics GI absorption Low Low 

BBB permeant No No 
P-gp substrate Yes Yes 

Fraction Csp3 = Fraction of sp3 carbon; TPSA = The Polar Surface Area; GI =
Gastrointestinal tract; BBB= Blood brain barrier; P-gp = P-glycoprotein. 
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other viral macro domain [2]. In the present study, we found that lead 
nucleotide analogue and natural substrate showed hydrogen bond with 
Asp22 (Fig. 3 A and B). Moreover, NA1 showed hydrogen binding with 
asparagine at the active site. Overall, the binding of similar and critical 
amino acids at the macro domain active site indicate the ADRP inhibi
tory potential of the identified NA1 compound. In the present study 
three nucleoside lead inhibitors (NA1, nadide, citicholine) showed ≈
-14.00 kJ/mol docking score. There is no report on the biological ac
tivity of NA1. Although the identified lead nucleoside inhibitors (except 
NA1) are experimental drugs till date, but the clinical trials have been 
reported on nadide, and citicholine. It should be noted that recently a 
clinical trial has been designed to study the effect of low dose of nadide 
(also known as nicotinamide adenine dinucleotide) in patients with 
post-COVID-19 syndrome [33]. In the present study five FDA approved 
lead inhibitors (Lactobionic acid, Neohesperidin, Salvionic acid B, 
Ribostamycin Sulfate and nadide) showed ≈ -14.00 kJ/mol docking 
score. Lactobionic acid is used in the intravenous delivery of erythro
mycin and act as an excipient for formulations in pharmaceutical in
dustry [34, 35]. Neosperidin possess antidiabetic potential and used to 
improve and promote skin microcirculation [36]. Salvionic acid has 
been patented as antithrombotic agent and possesses other therapeutic 
value [37,38]. Ribostamycin sulfate is known to inhibit the protein 
synthesis in bacteria [39]. Overall the published reports provide infor
mation about the therapeutic potential of the identified lead 
compounds. 

The average distance between the protein atoms was computed in 
terms of root-mean-square deviation (RMSD) value. The analysis pro
vides insights into protein conformation, stability and equilibrium of the 
system during simulation [40]. In the present study, binding of NA1 to 
the active of target protein did not increase the RMSD of whole protein 
and its backbone atoms during simulation. The result indicates that 
protein-ligand complex was stable during 100 ns period (Fig. 4 A). 
Binding of ligands to the active site of protein stabilize the overall 
structure and decreases the fluctuation of amino acid residues. The study 
showed that NA1 formed 5 hydrogen bonds in the region of 45–65 
residues (Figs. 3 A and 4 B). The decrease fluctuation in this region may 
be due to the hydrogen bond formation between the ligand and macro 
domain amino acids. Further, binding of NA1 to target protein did not 
increase the residue fluctuation during the simulation period which in
dicates the overall stable binding interaction among NA1 and macro 
domain active site. Radius of gyration (Rg) is used to assess the folding of 
regular 2D structures into 3D protein structure. It shows change in 
structure compactness and its overall dimension. Significant decrease in 
Rg value (Fig. 4 C) during the simulation suggested tight packing of the 
protein after ligand binding, thus, making a stable complex. Solvent 
accessibility surface area (SASA) is an important parameter of biomol
ecule which indicates its surface area able to make contact with sur
rounding solvent molecules. Thus, increase in SASA indicates the 
unfolding and native protein structure disruption. The present study 
indicates that binding of NAI binding to active site of the protein sta
bilize its native structure by maintaining the SASA during the simulation 
period (Fig. 5 C). Formation of hydrogen bond between ligand and 
target protein minimize the energy of the protein-ligand complex. The 
study showed that binding of NAI binding to active site of the protein 
modestly decreased the number of hydrogen-bond interaction between 
protein and surrounding water molecule (Fig. 5 B and C). Moreover, the 
pattern of hydrogen bond formation was precisely stable during the 
simulation period (Fig. 5 D). Overall, intra-molecular, surrounding 
water-protein, and ligand-protein hydrogen bonding indicate the ener
getically favorable and stable NAI binding to the targeted active site. 
PCA analysis of unbound and ligand bound protein is strenuous motion 
of Cα atom of the protein through magnitude (eigenvalues) and direc
tion (eigenvectors) [41]. 

Examination of molecular dynamics trajectories of NAI bound and 
unbound protein indicated lesser comparative motion of the protein in 
ligand bound conformation (Fig. 6 A). Furthermore, lesser motion in 

ligand bound protein conformation indicates lesser flexibility, and 
increased stability of the complex. Compact and smaller energy area in 
free energy landscape analysis for ligand bound protein in comparison to 
unbound structure further indicates the stability of NA1-protein ligand 
complex formation (Fig. 6 B). g_mmpbsa analysis demonstrates the 
therapeutic potentials of NA1 against A1pp domain of COVID-19. Non- 
bonded interaction energy between unbound macro domain and NA1 
and adenosine-5-diphosphoribose showed that the NA1 have excellent 
potential to target the A1pp domain to overcome the effect of SARS-CoV- 
2. 

6. Conclusion 

ADP-ribosylation is an important process involved in cellular 
signaling, genome stability, cellular proliferation and apoptosis. Viral 
macro domains are known to inhibit and/or reverse ADP-ribosylation 
thereby affecting the normal consequence of ribosylation in the host. 
The present study identifies FDA approved drug (lactobionic acid) and 
nucleotide analogue (NA1) as novel SARS-CoV-2 A1pp domain inhibi
tor. Our study concludes that nucleoside analogue (NA1) possess SARS- 
Cov-2 A1pp inhibitory potential and future testing is needed for its 
development as a SARS-CoV-2 therapeutic. 
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