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A B S T R A C T   

The world is facing health and economic havoc due to the Corona Virus Disease-2019 (COVID-19) pandemic. 
Given the number of affected people and the mortality rate, the virus is undoubtedly a serious threat to hu-
manity. By analogy with earlier reports about Severe Acute Respiratory Syndrome (SARS-CoV) and Middle East 
Respiratory Syndrome (MERS-CoV) - viruses, the novel Coronavirus’ replication mechanism is likely well un-
derstood. The structure of an endoribonuclease (NSP15) of SARS-CoV-2 was reported recently. This enzyme is 
expected to play a crucial role in replication. In this work, attempts were made to identify inhibitors of this 
enzyme. To achieve the goal, high throughput in silico screening and molecular docking procedures were per-
formed. From an Enamine database of a billion compounds, 3978 compounds with potential antiviral activity 
were selected for screening and induced fit docking that funneled down to eight compounds with good docking 
score and docking energy. Detailed analysis of non-covalent interactions at the active site and the apparent 
match of the molecule with the shape of the binding pocket were assessed. All the compounds show significant 
interactions for tight binding. Since all the compounds are synthetic with favorable drug-like properties, these 
may be considered for immediate optimization and downstream applications.   

1. Introduction 

In recent times viral infections have become a deadly threat to 
human society globally, because of the major improvements in scale and 
speed of transportation. Novel viruses emerge and they are implicated 
for all severe acute respiratory syndromes. Among them, SARS-CoV and 
MERS-CoV have caused high fatality rates. At present, SARS-CoV-2 is 
causing a rapidly spreading pandemic. The mortality rate caused by 
COVID-19 is very high among the infected population. Besides, the 
pandemic demands a major mitigation effort and this and direct costs to 
health care systems have caused a recession. Animal to human trans-
missions were witnessed in the past, in the last few years, human to 
human transmissions are also reported [1,2] and form the basis for the 
current pandemic. 

Though vaccines are under development, only the supporting health 
care system can currently play a role in the treatment of infections. In 
considering ways to treat infection one has to understand in detail virus 
replication, potential reservoirs, mechanisms of transmission and ap-
proaches to treat general symptoms. The symptoms of COVID-19 

infection are often mild and very similar to that of influenza rather 
than the symptoms resulting from SARS and MERS viral infections [3]. 
These mild cases of the disease are thought to play a role in its spreading. 

To design drugs for COVID-19, several strategies can be employed as 
reported in recent times [4]. The first strategy is to design compounds 
based on the existing broad spectrum of anti-virals. This approach has 
the advantage of having compounds with established pharmaceutical 
properties that have a history of use in people and so can be readily used. 
However, this strategy is strictly limited to a finite library of compounds 
and the likelihood that a powerful therapy will result directly from a 
member of such a family is very uncertain. Inhibitors such as ribavirin 
and cyclophilin used to treat coronavirus pneumonia fall in this cate-
gory. The second is to use available databases that may have compounds 
with therapeutic effects against the corona virus for screening and the 
third strategy is based on the genomic information and pathological 
properties. Among these, the first one is a faster approach as we have a 
huge number of compounds in anti-viral databases for initial screening. 
Also, there are reports regarding small molecules against crucial protein 
targets that are essential for viral replication with proven potency. 
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Recently, there are several reports cited on designing drugs for 
SARS-CoV-2 employing in silico virtual screening methods [5–15]. 

In the case of SARS and MERS, other than papain-like proteases, Non- 
structural proteins (NSPs) have been studied and reported as effective 
targets for small molecule drugs [16]. Paralogs in coronaviruses having 
several conserved sequence motifs and have been convincingly pre-
sented as a drug target [2]. Now, several details are emerging about the 
SARS-CoV-2 entry into host cells and replication. Functions of different 

NSPs and open reading frames (ORFs) of the virus are elucidated such as 
DNA replication, epigenetic and gene expression regulation, vesicle 
trafficking, lipid modification, RNA processing and regulation, ubiquitin 
ligation, signaling, nuclear transport, construction of cytoskeleton, 
mitochondria, and extracellular matrix [17]. Recently, NSP15 of 
COVID-19, uridylate-specific endoribonuclease (NendoU) structure was 
reported and suggested as a drug target based on the high sequence 
similarity with NSP15 of SARS and MERS. NSP15 is reported to be 

Fig. 1. Multiple sequence alignment of NSP15. Blue stars represent catalytic residues. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the Web version of this article.) 
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involved in RNA replication and processing of subgenomic RNAs but the 
function is still not clearly understood. 

2. Materials and methods 

2.1. Sequence analysis 

Primary amino acid sequences corresponding to NSP15 of SARS- 
CoV-2, SARS and MERS were retrieved from sequence databases. Mul-
tiple sequence alignment was done using ClustalW and figures were 
prepared using ESPript 3.0 [18]. 

2.2. Protein preparation and grid generation 

The three-dimensional crystal structure of NSP15 was retrieved from 
the Protein Data Bank (PDB ID: 6VWW) [19]. To perform the docking 
studies, the protein structure was optimized using the protein prepara-
tion wizard available in the Schr€odinger software suite [20,21]. The 
protein model preparation involved two steps. In the first step, hydrogen 
atoms were added and side-chain atoms were neutralized. The second 
step is the refinement, in which the water molecules were removed and 
the model was minimized. Finally, energy minimization was carried out 
through the conjugate gradient method using the OPLS-2005 force field 
to have a unique low-energy minimum structure. A grid box was 
generated comprising important active site residues responsible for 
NSP15 endonuclease activity. Active site residues are His235, His250, 
Lys290, Ser294, Tyr343, and Thr341. Glide grid module embedded in 
Grid Generation panel of Schr€odinger software suite was employed. 

2.3. Anti-viral library preparation 

A set of 3978 molecules with anti-viral activity was prepared by 
retrieving from the Enamine database (https://enamine.net/). All these 
compounds were prepared using the Ligprep module of Schrodinger 
[22] for geometry optimization and energy minimization. 

2.4. Structure-based virtual screening (SBVS) 

Initially, a library of anti-viral compounds was docked into NSP15 of 
COVID-19; a new potential drug target using the HTVS algorithm (Glide, 
Schrodinger). The grid of about 20 � 20 � 20 Å3 was selected to cover 
the entire catalytic site. Molecular docking was carried out in two steps; 
standard precision (SP) and extra precision (XP) [23] (Schrodinger LLC, 
2014) to analyze interactions between the protein and ligands and 
thereby to rank them based on docking score and glide energy. Based on 
the docking score and glide energy, the top 20% of docked compounds 
were further re-docked using standard precision (SP) algorithm. Extra 
precision (XP) docking procedure was carried out with 20% of SP 
docking results. During docking, the active site residues were kept rigid 
(which include H235, H250, K290, S294, T341 and Y343) and ligands 
were allowed to be flexible. Since there were large numbers of molecules 
in the library, only one docked pose per ligand was considered in several 
stages of virtual screening. To analyze binding characteristics, 
induced-fit docking was performed for selected molecules. 

2.5. Induced fit docking studies of selected compounds against NSP15 
endoribonuclease (NSP15) 

To have dynamic binding characteristics of the proposed ligands 
(from earlier steps) with NSP15, flexible docking was carried out 
through induced fit docking (IFD) procedures. For each ligand, twenty 
binding poses were considered and the best pose was selected based on 
the interactions, docking score and glide energy. All molecular modeling 
studies were carried out using the OPLS-AA (Optimized Potential for 
Liquid Simulation - All-Atom) force field. All docked complexes were 
analyzed for ligand interactions using 2D maestro view and 

superposition analysis was carried out using chimera visualization 
software. 

3. Results and discussion 

3.1. Sequence alignment 

The sequence comparison of NSP15 (COVID-19) with SARS-CoV-2, 
MERS-CoV and H–CoV-229E (Human Corona Virus) reveals a high 
similarity (Fig. 1). The full-length sequence alignment shows NSP15 to 
have 87%, 52% and 44% identity with the above-mentioned viruses 
respectively. When only the catalytic domains (235–343 of NSP15 of 
COVID-19) are aligned, a high degree of conservation exists with 89%, 
61% and 50% of three virus proteins. The conserved regions are found to 

Fig. 2. Structure Based Virtual Screeing - Flow chart. Three dimensional 
structure of the target protein NSP15 was downloaded from wwPDB with 
ID: 6VWW. 
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be distributed throughout the length of the protein, in particular, the 
conservation is notably high among the catalytic domains (Fig. 1) which 
can be attributed to functional similarity. Such high sequence similarity 
among catalytic domain regions strongly supports functional inferences 
that can be drawn among all studies of this protein family. The catalytic 
triad residues, His235, His250 and Lys290 are conserved in all viruses 
belonging to the coronavirus family. These residues are implicated in the 
ribonuclease activity as well as functional hexamer formation [24,25] 
and of course, this area of the protein is a potential drug target for that 
reason. 

3.2. Screening anti-viral compounds against NSP15 using SBVS approach 

In total, 3978 compounds with anti-viral activity from the enamine 
database were downloaded for specific docking. Computer-aided 
screening protocol of the binding region of NSP-15 of SARS-CoV-2 was 
employed using a virtual screening workflow with the docking program 
Glide (Schrodinger suite). A flexible docking approach was run which 
automatically generates different conformers for each ligand molecule. 
A total of 3978 ligands were used for screening using multiple docking 
filters of HTVS. Based on the docking score, 526 compounds were 
shortlisted with values better than a docking score (DS) of � 5.00 and 

Fig. 3. Schematic representation of identified new lead molecules. Physico-chemical properties also provided.  
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� 40.00 kcal/mol of glide energy (GE), followed by SP docking resulted 
in 174 compounds (DS -5.5 and GE -40.5 kcal/mol). Finally, 174 com-
pounds were subjected to XP (extra precision) mode of screening that 
resulted in 19 compounds (DS -6.0, GE -46.0). The detailed workflow for 
SBVS is shown in Fig. 2. 

3.3. Interaction of ligands with NSP15 

Among nineteen compounds, from flexible docking through IFD, 

Table 1 
Docking Score and Glide energy (in kcal/mol) of identified lead compounds 
against NSP15 (PDBID: 6VWW).  

Compounds Docking score 
(kcal/mol) 

Glide energy 
(kcal/mol) 

Interactions (D-H … 
A) 

Z595015370 � 10.50 � 51.37 Ser294 (N–H⋯O) 
(N–H⋯O)Ser294 
Lys290 (N–H⋯O) 
His235(N–H⋯O) 
Tyr343 (O–H⋯O) 
Leu346(N–H⋯O) 

Z2228348553 � 9.87 � 50.03 (N–H⋯O)Tyr343 
Gly248 (N–H⋯O) 
Lys290(N–H⋯O) 
Lys290(N–H⋯N) 
Leu346 (N–H⋯O) 
(O–H⋯O)Ser294 
(O–H⋯O) Pro 344 

Z1302426228 � 9.68 � 44.33 His235 (N–H⋯O) 
Gly248 (N–H⋯O) 
(O–H⋯N)His250 
Lys290 (N–H⋯O) 
(N–H⋯O)Val 292 

Z1343129850 � 9.42 � 40.01 (O–H⋯O)Tyr343 
Leu346 (N–H⋯O) 
(N–H⋯O)Ser294 
Ser294 (N–H⋯O) 
(O–H⋯N)His250 
(O–H⋯O)Tyr343 
Lys290 (N–H⋯O) 

Z16215674 � 9.07 � 49.35 (N–H⋯O)Ser294 
Ser294(N–H⋯O) 
Lys290 (N–H⋯O) 
Tyr343 (O–H⋯N) 

Z2760938911 � 8.65 � 55.95 Ser294 (N–H⋯O) 
(O–H⋯O)Leu346 
Tyr343 (O–H⋯O) 
(N–H⋯N)Lys290 
His235 (N–H⋯O) 
Gly248 (N–H⋯O) 

Z2239044677 � 6.74 � 60.19 Trp 333 (N–H⋯N) 
(N–H⋯O)Thr341 
His235 (N–H⋯N) 
Lys290 (N–H⋯N) 
Lys290 (N–H⋯O) 
Leu346 (N–H⋯O) 

Z56786758 � 5.44 � 56.21 Lys290 (N–H⋯O) 
His235 (N–H⋯O)  

Table 2 
Catalytic site interactions of identified lead compounds.  

Compounds H235 H250 K290 S294 T341 Y343 

Z595015370 Y X Y Y X Y 
Z2228348553 X X Y Y X Y 
Z1302426228 Y X Y X X X 
Z1343129850 X Y Y Y X Y 
Z16215674 X X Y Y X Y 
Z2760938911 Y X Y Y X Y 
Z2239044677 Y X Y X Y X 
Z56786758 Y X Y X X X 

*Interactions rendered by the ligands with catalytic residues (Y indicates 
“yes”and X indicates “no”). 

Fig. 4. Docked complexes (2D maestro view): All the ligands are found to 
interact with active site with many variety of favourable interactions. 

D.A. Krishnan et al.                                                                                                                                                                                                                            



Informatics in Medicine Unlocked 20 (2020) 100392

6

Fig. 5. Superposition of all identified compounds at the active site of NSP15. All the compounds found to fit well with the catalytic site.  

Fig. 6. Per residual decomposed energy analysis of identified lead compounds. (A) van der Waals (B) Electrostatics.  
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eight compounds that exhibit significant binding at the active site of 
NSP15 were selected. The two-dimensional scheme and their physico-
chemical properties are shown in Fig. 3. Predicted binding interactions 
were also compared in terms of glide score and energy (Table 1 and 
Table 2). From these tables, it is interesting to note that all the com-
pounds do interact with the important catalytic residue Lys290 which is 
involved predominantly in the hydrolysis of a nucleoside as understood 
from SARS and MERS NSP15 [24,25]. The residue His235 which is 
essential for hydrolysis is found to have interaction with 5 out of 8 
compounds. Hydroxyl groups of Ser294 and Tyr343 residues which are 
close to the catalytic residues and may be responsible for the binding of 
the substrate also make hydrogen bonds with ligands in the models. It is 
also noted that, in the case of MERS (NSP15), the importance of the 
residue Tyr343 (Y343A) for ribonuclease activity has been established 
by mutational studies [26]. Compounds, Z595015370, Z1343129850 
and Z2760938911 exhibit four interactions at the active site for favor-
able binding. Compounds except Z56786758 are found to form many 
interactions with catalytic residues and their vicinity that show their 
potential binding characteristics. From figure (Fig. 4), it can be seen that 
the modeling has resulted in proposed binding situations which are 
qualitatively what would be expected for inhibitors of such an enzyme. 
Also, it is noted that all the compounds are located within the active site 
suggesting that the docking performed without unusual steric problems 
(Fig. 5). 

The compound Z595015370 which has a docking score of � 10.50 
kcal/mol and glide energy of � 51.37 kcal/mol establishes many distinct 
types of interactions with NSP15 and hence would be expected to exhibit 
tight binding. To understand the binding free energy of docked com-
plexes and contributions, per residual decomposition energy analysis 
was performed and it is found that many active site residues significantly 
contribute through van der Waals and electrostatic interactions in 
addition to hydrogen bonding interactions for favorable binding (Fig. 6). 

Endoribonuclease (NSP15) of SARS, is studied in detail and a triad of 
His-His-Lys (corresponding to His235, His250 and Lys290 of COVID-19) 
is implicated in catalytic activity and many residues near the active site 
environment are reported to perform the recycling of hexamers from 
monomers or trimers. Mutational analyses on these residues make 
NSP15 unable to associate to exhibit hydrolysis activity. Also, H235A, 
H250A and K290A mutants are reported to severely reduce the endor-
ibonuclease activity. In the case of MERS-CoV NSP15 also, Tyr339 
(Tyr343 in COVID-19) mutant (Y339A) are shown to have decreased the 
activity [24,25]. 

4. Conclusion 

In this work, with the urgency to address the recent global COVID-19 
pandemic (as WHO’s declaration) and the high demand for new drug 
candidates for treating the viral infection, an important endor-
ibonuclease which is reported very recently is considered for structure- 
based drug design efforts. To make screening effective and quick, 
compounds with putative antiviral activities were retrieved from the 
enamine database and hierarchical filtering was used to shortlist com-
pounds that show tight binding at the active site of NSP15. Identified 
compounds show favorable drug-like properties which include solubil-
ity. From docking procedures, the apparent interactions seem to 
compare well with expectations of good inhibitor active site in-
teractions. Hence, these compounds may be useful to inhibit NSP15 
endoribonuclease activity and in turn arrest virus replication. In addi-
tion, since these compounds are already synthesized, they can be 
considered readily for further studies. 
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