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Sayed Abdul Azeez1, Zahra Ghalib Alhashim1,2, Waad Mohammed Al Otaibi1, Hind Saleh Alsuwat1, 
Abdallah M. Ibrahim1,3, Noor B. Almandil4, J. Francis Borgio1,5

A b s t r a c t 

Introduction: The SARS-CoV-2 (previously 2019-nCoV) outbreak in Wuhan, 
China and other parts of the world affects people and spreads coronavirus 
disease 2019 (COVID-19) through human-to-human contact, with a mortal-
ity rate of > 2%. There are no approved drugs or vaccines yet available 
against SARS-CoV-2.
Material and methods: State-of-the-art tools based on in-silico methods are 
a cost-effective initial approach for identifying appropriate ligands against 
SARS-CoV-2. The present study developed the 3D structure of the envelope 
and nucleocapsid phosphoprotein of SARS-CoV-2, and molecular docking 
analysis was done against various ligands. 
Results: The highest log octanol/water partition coefficient, high number of 
hydrogen bond donors and acceptors, lowest non-bonded interaction energy 
between the receptor and the ligand, and high binding affinity were consid-
ered for the best ligand for the envelope (mycophenolic acid: log P = 3.00; 
ΔG = –10.2567 kcal/mol; pKi = 7.713 μM) and nucleocapsid phosphoprotein 
(1-[(2,4-dichlorophenyl)methyl]pyrazole-3,5-dicarboxylic acid: log P = 2.901; 
ΔG = –12.2112 kcal/mol; pKi = 7.885 μM) of SARS-CoV-2. 
Conclusions: The study identifies the most potent compounds against the 
SARS-CoV-2 envelope and nucleocapsid phosphoprotein through state-of-
the-art tools based on an in-silico approach. A  combination of these two 
ligands could be the best option to consider for further detailed studies to 
develop a drug for treating patients infected with SARS-CoV-2, COVID-19.

Key words: COVID-19, SARS-CoV-2, druggable protein, ligand, nucleocapsid 
phosphoprotein, molecular docking, envelope protein, phylogenetic tree.

Introduction

In December 2019, an unknown pneumonia spread amongst a group 
of people in Wuhan, China, now termed as coronavirus disease 2019 
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(COVID-19). COVID-19 patients were reported 
with a  cluster of acute respiratory illness and 
higher interleukin 2 (IL-2), IL-7, IL-10, granulocyte 
colony-stimulating factor (GCSF),  interferon gam-
ma-induced protein 10 (IP10), monocyte chemo-
attractant protein 1 (MCP1), macrophage inflam-
matory protein 1α (MIP1A), and tumor necrosis 
factor α (TNF-α) in plasma [1, 2]. It was caused by 
an unknown beta coronavirus, initially called as 
2019-nCoV; later the unknown beta coronavirus 
was named SARS-CoV-2 (severe acute respiratory 
syndrome coronavirus 2), which formed a  clade 
within the subgenus Sarbecovirus [2, 3]. Apart 
from the well-known MERS-CoV (Middle East res-
piratory syndrome coronavirus) and SARS-CoV 
(severe acute respiratory syndrome coronavirus), 
the SARS-CoV-2 is the seventh member of the 
coronavirus family that infects humans [4]. The 
genome of SARS-CoV-2 has 89% and 82% nu-
cleotide similarity with bat SARS-like-CoVZXC21 
and of human SARS-CoV, respectively. The phy-
logenetic trees of spike, membrane, envelope, 
orf1a/b, and nucleoprotein from SARS-CoV-2 are 
clustered closely with those of the bat, civet, 
and human SARS-CoV. The external subdomain 
of the spike’s receptor of SARS-CoV-2 has 40% 
amino acid similarity with other SARS-related 
CoV [5]. The entire orf3b of SARS-CoV-2 encodes 
a  novel short protein. Moreover, new orf8 of 
SARS-CoV-2 probably encodes a secreted protein 
with an α-helix, a β-sheet(s) having six strands 
[5]. The phylogenetic analysis of the complete 
viral genome (29,903 nucleotides) revealed that 
WH-Human-1 coronavirus (WHCV) or SARS-CoV-2 
was most closely related (89.1% nucleotide sim-
ilarity) to a  group of SARS-like coronaviruses 
(genus Betacoronavirus, subgenus Sarbecovirus) 
that were previously sampled from bats in China 
and that have a  history of genomic recombina-
tion [6]. A recent study confirmed that the SARS-
CoV-2 uses the ACE2 cell entry receptor, similar to  
SARS-CoV [7]. 

Considering the outbreak and the high need for 
treatment strategies, we have carried out an in-sil-
ico approach to identify the best ligand against 
the SARS-CoV-2 envelope and nucleocapsid phos-
phoprotein.   

Material and methods

Sequence retrieval and secondary structure 
prediction

The amino acid sequence of the Wuhan sea-
food market pneumonia virus envelope pro-
tein (Accession no QHD43418.1), nucleocapsid 
phosphoprotein (Accession no QHD43423.2), 
were retrieved from the NCBI database on 28th 
Jan 2020. Wuhan seafood, SARS (severe acute 

respiratory syndrome), MERS (Middle East respi-
ratory syndrome), and porcine reproductive and 
respiratory syndrome and other sequences were 
retrieved from NCBI, and sequence alignment was 
done by MAFFT software [8] for both envelop and 
nucleocapsid phosphoprotein, and phylogeny was 
constructed using MEGA7 [9–11].

Homology modelling

The sequences of envelope protein and nucle-
ocapsid phosphoprotein were searched against 
the protein database using BLAST-P [12]. The 
proteins having PDB Id: 1ssk.1.A for nucleocapsid 
phosphoprotein [13] and 5x29.1.A  for envelope 
protein [https://swissmodel.expasy.org/reposi-
tory/uniprot/A3EX99] were selected for use as 
a template for 3D modelling of the envelope pro-
tein and nucleocapsid phosphoproteins of SARS-
CoV-2. FASTA sequences were obtained for target 
and template selection. 

3D structure prediction and validation

Homology modelling structure prediction was 
carried out using the Automated SWISS MODEL 
server [14]. The modelled PDB file was visualised 
using PyMOL and validated using PROCHECK [15]. 
3D models were validated on the basis of Ram-
achandran plot [16] statistics using the RAMPAGE 
server as described earlier [17] and ERRAT2 [18]. 
From the generated models, the one with high-
est number of residues in the allowed region and 
minimum number of residues in the disallowed 
region were considered as a  suitable model for 
envelope protein and nucleocapsid phosphopro-
tein of SARS-CoV-2 and then used for further 
analysis. The active site was predicted using the 
MOE (Molecular Operating Environment) tool 
site finder [19]. The two predicted models of 3D 
atomic coordinates of the receptor were used for 
computations to verify potential sites for ligand 
binding and docking.

Preparation of ligand for docking analysis 

Chemical compounds were taken from the 
National Centre for Biotechnology Information 
(NCBI) Pub-Chem database. All the ligands in-
volved in our report were accumulated from the 
ones available in the literature [20–23], and oth-
ers are listed in Table I. The ligands for envelop 
protein (1I75, 2CBU, 2AAC, 1JR1) and nucleocapsid 
phosphoprotein (4UCE, 4UCC, 4UCD, 4UC8) were 
downloaded from a protein databank in Structure 
Data File (SDF) format and later converted to Pro-
tein Data Bank (PDB) coordinate files using Mar-
vin space software, and ligands were saved in .mol 
format with the aim of opening these files in MOE 
software. Energy minimisation was done using 
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MOE tools to first protonate the structure by us-
ing default parameters pH 7 and temp 300˚C. The 
selected ligand molecules were passed through 
a Lipinski filter.

Molecular docking

For molecular docking the two modelled 
structures of selected antiviral molecules with 
envelope protein and nucleocapsid phosphopro-
tein were 3D protonated, and then docking was 
performed; we selected ligand (β-D-fucose; my-
cophenolic acid; castanospermine; deoxynojiri-
mycin; 1-[(4-fluorophenyl)methyl]pyrazole-3,5- 
dicarboxylic acid; 1-[(2,4-dichlorophenyl)methyl]
pyrazole-3,5-dicarboxylic acid; 1-[(2 chlorophenyl)  
methyl]pyrazole-3,5-dicarboxylic acid, and the 
PHENYLALANINE atom. Settings were selected in 
MOE software as rescoring1 at London dG and 
rescoring2 at GBVI/WSA dG, and the ligand in-
teraction was performed with protein [24]. Four 
ligands were used for envelope protein, and an-
other four ligands were used for nucleocapsid 
phosphoprotein. Energy minimisation was done 
for both ligands and proteins. Envelope protein be-
fore energy minimisation E:  5471.98, RMS: 14.93, 
and after energy minimisation E: 2433.49, RMS: 
G = 0.0709512, E: 2489.62, RMS G = 0.0700238, 
E: 2477.92, RMS: G = 0.0713067, and E: 2562.35, 
RMS: G = 0.124056 with β-D-fucose, mycopheno-
lic acid, castanospermine, and deoxynojirimycinIs  
ligands, respectively. For nucleocapsid phosphopro-
tein before energy minimisation: E: 2673.4, RMS: 
G = 17.3825, and after energy minimisation 
E:475.537, RMS G = 0.0875944, E:428.511, RMS 
G = 0.0805305, E: 372.844, RMS G = 0.0508421, 
and E: 390.26, RMS G = 0.0939766 with M72, 
M76, M81, and P1 ligands, respectively. 

Results 

The amino acid sequences of envelope protein 
and nucleocapsid phosphoprotein were blasted 
against the PDB-BLAST database to identify an 
appropriate template for homology modelling. 
The protein having PDB Id: 1ssk.1.A  (seq. identi-
ty 92.37, seq. similarity 0.61) and 5x29.1.A  (seq. 
identity 91.38, seq. similarity 0.54) were selected 
as a  template for 3D modelling of the envelope 
protein and nucleocapsid phosphoprotein. The 
SWISS MODEL server was used to predict the 3D 
structure of the envelope protein and nucleocap-
sid phosphoprotein. Models were built based on 
target-template alignment using ProMod3 in the 
SWISS MODEL server. The best models of enve-
lope protein and nucleocapsid phosphoprotein 
were selected based on the best QMEAN score 
(0.01) and highest resolution 2.48Å, and were val-
idated using the RAMPAGE sever. 

The protein structure’s stereochemical stabil-
ity was calculated with the help of a  Ramach-
andran plot. The Ramachandran plot explained 
the 3D structure of the envelope protein and 
nucleocapsid phosphoprotein, showing 84% and 
90.4% amino acid residue of predicted structure 
are in the favoured region for the nucleocapsid 
phosphoprotein and envelope protein, respec-
tively. Also, amino acid residues in the allowed 
region were 6.1% (nucleocapsid phosphopro-
tein) and 13.3% (envelope protein), and the 
remaining number of residues in the outlier re-
gion was 3.6% (nucleocapsid phosphoprotein; 
Figure 1 B) and 2.2% (envelope protein; Fig- 
ure 1 B). The overall quality factors for nucleo-
capsid phosphoprotein and envelope protein of 
the predicted models at ERRAT2 were 94 and 87, 
respectively.

Table I. The properties of the ligands in the active site of envelope protein and nucleocapsid phosphoprotein  
of Wuhan coronavirus, 2019-nCoV

Protein Ligand Number 
of bonds

HbA Hbd Log P ΔG [kcal/mol] pKi [μM]

Envelope E1 5 5 4 –2.194 –7.1939 5.509

E2 5 5 2 3.00* –10.2567 7.713

E3 6 4 5 –3.899 –7.9052 8.105

E4 6 4 5 –3993 –6.7359 8.761

Nucleocapsid
phosphoprotein

N1 4 5 2 1.733 –10.3805 7.067

N2 2 5 2 2.901* –12.2112 7.885

N3 3 5 2 2.248 –9.3889 7.284

N4 1 2 1 –1.411 –8.6312 5.725

*Significant druggable protein ligand; HbA – hydrogen bond acceptors, HbD – hydrogen bond donors, log P – The log octanol/water partition 
coefficient, pKi – estimated binding affinity, E1 – β-D fucose, E2 – mycophenolic acid, E3 – castanospermine, E4 – deoxynojirimycinIs,  
N1 – M72: 1-[(4-fluorophenyl)methyl]pyrazole-3,5-dicarboxylic acid, N2 –  M76: 1-[(2,4-dichlorophenyl)methyl]pyrazole-3,5-dicarboxylic 
acid, N3 – M81: 1-[(2-chlorophenyl)methyl]pyrazole-3,5-dicarboxylic acid, N4 – P1: phenylalanine.
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Molecular docking

Envelope protein and nucleocapsid phosphopro-
tein of SARS-CoV-2 were prepared for molecular 
docking and were analysed by MOE software ini-
tially by 3D protonation, energy minimisation, and 
prediction of active site for the eight ligands by 
keeping the parameters at their defaults. Then the 
ligands (E1 to E4 and N1 to N4) were docked sepa-
rately with the envelope protein and nucleocapsid 
phosphoprotein of SARS-CoV-2 (Figures 2, 3) using 
MOE software. The results from molecular docking 
suggested that the E2: mycophenolic acid (log P = 
3.00; ΔG = –10.2567 kcal/mol; pKi = 7.713 μM) 
was the most potent druggable protein ligand of 
the SARS-CoV-2 envelope protein (Figures 2 A, B),  
while N2, 1-[(2,4-dichlorophenyl)methyl]pyrazole- 
3,5-dicarboxylic acid (Log P = 2.901; ΔG = –12.2112 

kcal/mol; pKi = 7.885 μM) was the most potent 
druggable protein ligand of SARS-CoV-2 nucleo-
capsid phosphoprotein protein (Table I, Figure 2).

discussion

Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) is a  global pandemic health 
threat. SARS-CoV-2 was identified as a new strain 
of the Beta-CoVs genera, and is a member of the 
zoonotic origin coronavirus group. It causes coro-
navirus disease-2019 (COVID-19), which is the 
greatest concern in all the countries involved in 
the outbreak for health and economy reasons. 
SARS-CoV-2 is distinct from the severe acute re-
spiratory syndrome virus [2, 3, 25–27]. However, 
the phylogenetic analysis of the envelope pro-
tein and nucleocapsid phosphoprotein revealed 

Figure 1. A, B – Ramachandran plot from RAMPAGE of Wuhan coronavirus, SARS-CoV-2 protein. A  – Envelope 
protein. B – Nucleocapsid phosphoprotein. The phi (φ) values of amino acid residues are on the x-axis. The psi (ψ) 
values are on the y-axis. C, d – 3D structure of envelope protein (C) and nucleocapsid phosphoprotein (d) after 
homology modelling

A

C

B

d
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that these proteins are close to the nucleocapsid 
phosphoprotein of bat coronavirus and severe 
acute respiratory syndrome-related coronavirus 
(Figures 4–6). Hence, the study was designed to 
predict potent ligands against druggable envelope 
and nucleocapsid phosphoprotein of SARS-CoV-2. 
The 3D models of the envelope protein and nu-
cleocapsid phosphoprotein of SARS-CoV-2 were 
predicted, validated, and used for docking studies. 
The docking studies help in the prediction of the 
preferred orientation of a ligand with the binding 
site on a protein and are used for conformation of 
various chemical compounds at the target site of 
the protein. The most potent identified compounds 
for envelope protein, mycophenolic acid and 
nucleocapsid phosphoprotein, 1-[(2,4-dichloro- 
phenyl)methyl]pyrazole-3,5-dicarboxylic acid) with  
highest log octanol/water partition coefficient 
(Log P), high number of hydrogen bond donors 
and acceptors, lowest non-bonded interaction 
energy (ΔG) between the receptor and the ligand, 
and high binding affinity (pKi), indicate that they 
are the most potent compounds against the SARS-
CoV-2 envelope and nucleocapsid phosphoprotein. 

The coronavirus nucleocapsid phosphoprotein 
is a multifunctional structural protein; during viri-
on assembly it interacts with the viral membrane 
and forms complexes with genomic RNA. The 
coronavirus nucleocapsid phosphoprotein plays 

an important role in coronavirus transcription 
and assembly as well as the coronavirus lifecycle 
[28–34]. The most potent identified compound, 
1-[(2,4-dichlorophenyl)methyl]pyrazole-3,5-dicar-
boxylic acid], may inhibit any of its multifarious 
activities and functions during virion assembly; 
however, detailed studies are needed on the in-
hibitory effect of these compounds on the interac-
tion of nucleocapsid phosphoprotein with the viral 
membrane, and formation of complexes with ge-
nomic RNA during SARS-CoV-2 transcription and 
virion assembly.

The coronavirus envelope protein plays a  cru-
cial role for the lifecycle of the virus. The small 
integral membrane protein, the coronavirus en-
velope protein, is important for the development 
of the disease in the host through viral assembly, 
to exit the host cell by viral budding, viral propa-
gation, envelope formation by taking portions of 
the host cell membranes, and the release of in-
fectious virus from the host cell [33–35]. Hence, 
the SARS-CoV-2 envelope protein was considered 
for the docking study to identify the most potent 
compound; the study revealed that mycopheno-
lic acid may an appropriate druggable protein li-
gand of SARS-CoV-2 to inhibit the development of 
a COVID-19 by blocking the viral assembly. Com-
plete wet lab analysis is needed to elucidate the 
impact of the mycophenolic acid on the virus’ exit 

Figure 2. Significant druggable protein ligand complex of envelope protein and nucleocapsid phosphoprotein of 
SARS-CoV-2. E2 ligand has five hydrogen bonds: one with Asn_64, two with lys_63, one with val_49, and one with 
ILE_46. N2 has two hydrogen bonds: one with Thr 49, and the other with Tyr112, in addition to one arene-arene 
interaction with Tyr 109

2D structure

2D structure

3D structure

3D structure

Envelope protein and E2 ligand interaction

Nucleocapsid phosphoprotein and N2 ligand interaction
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Figure 3. 2D and 3D protein-ligand interaction of envelope protein and nucleocapsid phosphoprotein of SARS-
CoV-2

E1, 2D structure E1, 3D structure

E3, 2D structure E3, 3D structure

E4, 2D structure E4, 3D structure

N1, 2D structure N1, 3D structure

N3, 2D structure N3, 3D structure

N4, 2D structure N4, 3D structure
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Figure 4. Phylogenetic analysis of the nucleocapsid phosphoprotein of SARS-CoV-2 by Maximum Likelihood meth-
od. “The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT matrix-based 
model [11]. The bootstrap consensus tree inferred from 500 replicates [10] is taken to represent the evolutionary 
history of the taxa analysed [10]. Branches corresponding to partitions reproduced in less than 50% bootstrap 
replicates are collapsed. Initial tree(s) for the heuristic search were obtained automatically by applying neigh-
bour-joining and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then select-
ing the topology with superior log likelihood value. The analysis involved 78 amino acid sequences. All positions 
containing gaps and missing data were eliminated. There were a total of 43 positions in the final dataset. Evolu-
tionary analyses were conducted in MEGA7 [9].” Nucleocapsid phosphoprotein sequence used for constructing 
the phylogenetic tree: MSDNGPQNQRNAPRITFGGPSDSTGSNQNGERSGARSKQRRPQGLPNNTASWFTALTQHGKEDLK-
FPRGQGVPINTNSSPDDQIGYYRRATRRIRGGDGKMKDLSPRWYFYYLGTGPEAGLPYGANKDGIIWVATEGALNTPKDHIG-
TRNPANNAAIVLQLPQGTTLPKGFYAEGSRGGSQASSRSSSRSRNSSRNSTPGSSRGTSPARMAGNGGDAALALLLLDRLNQLE-
SKMSGKGQQQQGQTVTKKSAAEASKKPRQKRTATKAYNVTQAFGRRGPEQTQGNFGDQELIRQGTDYKHWPQIAQFAPSAS-
AFFGMSRIGMEVTPSGTWLTYTGAIKLDDKDPNFKDQVILLNKHIDAYKTFPPTEPKKDKKKKADETQALPQRQKKQQTVTLL-
PAADLDDFSKQLQQSMSSADSTQA
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Figure 5. Representative of the multiple protein sequence alignment of envelope protein (A) and nucleocapsid 
phosphoprotein (B) of Wuhan novel coronavirus, SARS-CoV-2. Envelope protein and nucleocapsid phosphoprotein 
sequence used for the sequence alignment are available in Figures 4 and 6, respectively

A

B

from the host cell by viral budding, the effect on 
blocking the envelope formation by taking por-
tions of the host cell membranes, as well as its 
controlling power on release of infectious virus 
from the host cell. 

There is no defined curative treatment for 
COVID-19 or any approved vaccines against SARS-
CoV-2 infection. The WHO recommendation for 
the management of MERS-CoV is being in prac-
tice: initiation of oxygen therapy to keep the ox-
ygen saturation above 90%, with conservative 
fluid management in the absence of shock, and 

an empiric antimicrobial regimen that includes 
antibiotics and a  neuraminidase inhibitor for 
treatment of influenza. All of those supportive 
treatments are for the prevention of acute respi-
ratory distress syndrome and for the prevention 
septic shock [2, 3, 36]. Hence, drug development 
against SARS-CoV-2 is considered urgent in order 
to fight COVID-19. The present in-silico approach 
identifies one potent ligand against the envelope 
protein and one potent ligand against nucleocap-
sid phosphoprotein of SARS-CoV-2. A combination 
of these two ligands might be the best option to 
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Figure 6. Phylogenetic analysis of the envelope protein of Wuhan coronavirus, SARS-CoV-2 by Maximum Likeli-
hood method. “The evolutionary history was inferred by using the Maximum Likelihood method based on the JTT 
matrix-based model [11]. The bootstrap consensus tree inferred from 500 replicates [10] is taken to represent the 
evolutionary history of the taxa analysed [10]. Branches corresponding to partitions reproduced in less than 50% 
bootstrap replicates are collapsed. Initial tree(s) for the heuristic search were obtained automatically by applying 
neighbour-joining and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model, and then 
selecting the topology with superior log likelihood value. The analysis involved 78 amino acid sequences. All po-
sitions containing gaps and missing data were eliminated. There were a total of 43 positions in the final dataset. 
Evolutionary analyses were conducted in MEGA7 [9].” Envelope protein sequence used for constructing the phylo-
genetic tree: MYSFVSEETGTLIVNSVLLFLAFVVFLLVTLAILTALRLCAYCCNIVNVSLVKPSFYVYSRVKNLNSSRVPDLLV



S.A. Azeez, Z.G. Alhashim, W.M. Al Otaibi, H.S. Alsuwat, A.M. Ibrahim, N.B. Almandil, J.F. Borgio

506 Arch Med Sci 3, April / 2020

consider for further detailed studies in wet lab-
oratories to develop a drug for treating patients 
infected with SARS-CoV-2. 

Acknowledgments

The authors thank the Dean of the Institute 
for Research and Medical Consultations (IRMC), 
Imam Abdulrahman Bin Faisal University, Dam-
mam, Saudi Arabia for her continuous support 
and encouragement. The authors thank Dr. Balu 
Kamaraj for his valuable support, and Mr. Ranilo. 
M. Tumbaga, and Mr. Horace T. Pacifico for their 
support and assistance. 

Conflict of interest 

The authors declare no conflict of interest.

R e f e r e n c e s
1. Huang C, Wang Y, Li X, et al. Clinical features of patients 

infected with 2019 novel coronavirus in Wuhan, China. 
Lancet 2020; 395: 497-506.

2. WHO, 2020a. Naming the coronavirus disease (COVID-19) 
and the virus that causes it, Accessed 23 Mar 2020. 
https://www.who.int/emergencies/diseases/nov-
el-coronavirus-2019/technical-guidance/naming-the-
coronavirus-disease-(covid-2019)-and-the-virus-that-
causes-it

3. Cárdenas-Conejo Y, Liñan-Rico A, García-Rodríguez DA,  
Centeno-Leija S, Serrano-Posada H. An exclusive 42 
amino acid signature in pp1ab protein provides in-
sights into the evolutive history of the 2019 novel hu-
man-pathogenic coronavirus (SARS-CoV2). J Med Virol 
2020; doi: 10.1002/jmv.25758.

4. Zhu N, Zhang D, Wang W, et al. A novel coronavirus from 
patients with pneumonia in China, 2019. N Engl J Med 
2020; 382: 727-33.

5. Chan JF, Kok KH, Zhu Z, et al. Genomic characteriza-
tion of the 2019 novel human-pathogenic coronavirus 
isolated from a patient with atypical pneumonia after 
visiting Wuhan. Emerging Microbes Infections 2020; 9: 
221-36.

6. Wu F. Zhao S, Yu B, et al. Complete genome characteri-
sation of a novel coronavirus associated with severe hu-
man respiratory disease in Wuhan, China. bioRxiv 2020. 
doi: https://doi.org/10.1101/2020.01.24.919183.

7. Zhou P, Yang X L, Wang X G, et al. Discovery of a novel 
coronavirus associated with the recent pneumonia out-
break in humans and its potential bat origin. bioRxiv 
2020. doi: https://doi.org/10.1101/2020.01.22.914952.

8. Katoh K, Standley DM. MAFFT multiple sequence align-
ment software version 7: improvements in performance 
and usability. Mol Biol Evol 2013; 30: 772-80.

9. Kumar S, Stecher G, Tamura K, MEGA7: molecular evolu-
tionary genetics analysis version 7.0 for bigger datasets. 
Mol Biol Evol 2016; 33: 1870-4.

10. Felsenstein J. Confidence limits on phylogenies: an ap-
proach using the bootstrap. Evolution 1985; 39: 783-91.

11. Jones DT, Taylor WR, Thornton JM. The rapid generation 
of mutation data matrices from protein sequences. Bio-
informatics 1992; 8: 275-82.

12. Altschul SF, Madden TL, Schäffer AA. Gapped BLAST and 
PSI-BLAST: a new generation of protein database search 
programs. Nucleic Acids Res 1997; 25: 3389-402.

13. Huang Q, Yu L, Petros AM, et al. Structure of the N-termi-
nal RNA-binding domain of the SARS CoV nucleocapsid 
protein. Biochemistry 2004; 43: 6059-63.

14. Guex N, Peitsch MC. SWISS-MODEL and the Swiss-Pdb 
Viewer: an environment for comparative protein model-
ing. Electrophoresis 1997; 18: 2714-23.

15. Laskowski RA, MacArthur MW, Moss DS, et al. PROCHECK: 
a program to check the stereochemical quality of protein 
structures. J Appl Crystallogr 1993; 26: 283-91.

16. Ramachandran GN, Ramakrishnan C, Sasisekharan V. 
Stereochemistry of polypeptide chain configurations.  
J Mol Biol 1963; 7: 95-9.

17. Abdulazeez S, Sultana S, Almandi, NB, et al. The 
rs61742690 (S783N) single nucleotide polymorphism 
is a  suitable target for disrupting BCL11A-mediated 
foetal-to-adult globin switching. PLoS One 2019; 14: 
e0212492.

18. Colovos C, Yeates TO. Verification of protein structures: 
patterns of nonbonded atomic interactions. Protein Sci 
1993; 2: 1511-9.

19. Ouizougun-Oubari M, Pereira N, Tarus B, et al. A drug-
gable pocket at the nucleocapsid/phosphoprotein inter-
action site of human respiratory syncytial virus. J Virol 
2015; 89: 11129-43. 

20. Galloux M, Tarus B, Blazevic I, et al. Characterization of 
a  viral phosphoprotein binding site on the surface of 
the respiratory syncytial nucleoprotein. J Virol 2012; 86: 
8375-87.

21. Tran TL, Castagne N, Bhella D, et al. The nine C-terminal 
amino acids of the respiratory syncytial virus protein P  
are necessary and sufficient for binding to ribonucle-
oprotein complexes in which six ribonucleotides are 
contacted per N protein protomer. J Gen Virol 2007; 88: 
196-206.

22. Botta L, Rivara M, Zuliani V, et al. Drug repurposing ap-
proaches to fight Dengue virus infection and related 
diseases. Front Biosci Landmark 2018; 23: 997-1019.

23. Benvenuto D, Giovannetti M, Ciccozzi A, et al. The 2019 – 
new coronavirus epidemic: evidence for virus evolution. 
J Med Virol 2020. https://doi.org/10.1002/jmv.25688.

24. Chemical Computing Group ULC .Molecular Operating 
Environment (MOE) 09. 1010 Sherbooke St. West, Suite 
#910, Montreal, QC, Canada, H3A 2R7, 2017.

25. Hui DS, I Azhar E, Madani TA, et al. The continuing 2019-
nCoV epidemic threat of novel coronaviruses to global 
health – the latest 2019 novel coronavirus outbreak in 
Wuhan, China. Int J Infect Dis 2020; 91: 264-6.

26. Wang C, Horby PW, Hayden FG, et al. A novel corona-
virus outbreak of global health concern. Lancet 2020; 
395: 470-3.

27. Surjit M, Kumar R, Mishra RN, et al. The severe acute respi-
ratory syndrome coronavirus nucleocapsid protein is phos-
phorylated and localizes in the cytoplasm by 14-3-3-medi-
ated translocation. J Virol 2005; 79: 11476-86.

28. McBride R, Van Zyl M, Fielding BC. The coronavirus nu-
cleocapsid is a multifunctional protein. Viruses 2014; 6: 
2991-3018. 

29. Chang CK, Hou MH, Chang CF, et al. The SARS coronavi-
rus nucleocapsid protein – forms and functions. Antivi-
ral Res 2014; 103: 39-50.

30. Cong Y, Ulasli M, Schepers H, Mauthe M. Nucleocapsid 
protein recruitment to replication-transcription com-
plexes plays a crucial role in coronaviral life cycle. J Virol 
2020; 94: e01925-19.

31. Sungsuwan S, Jongkaewwattana A, Jaru-Ampornpan P. 
Nucleocapsid proteins from other swine enteric corona-
viruses differentially modulate PEDV replication. Virolo-
gy 2020; 540: 45-56. 

https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://www.who.int/emergencies/diseases/novel-coronavirus-2019/technical-guidance/naming-the-coronavirus-disease-(covid-2019)-and-the-virus-that-causes-it
https://doi.org/10.1002/jmv.25688


State-of-the-art tools to identify druggable protein ligand of SARS-CoV-2 

Arch Med Sci 3, April / 2020 507

32. Boscarino JA, Logan HL, Lacny JJ, et al. Envelope protein 
palmitoylations are crucial for murine coronavirus as-
sembly. J Virol 2008; 82: 2989-99.

33. Stodola JK, Dubois G, Le Coupanec A  et al. The OC43 
human coronavirus envelope protein is critical for in-
fectious virus production and propagation in neuronal 
cells and is a determinant of neurovirulence and CNS 
pathology. Virology 2018; 515: 134-49.

34. Schoeman D, Fielding BC. Coronavirus envelope protein: 
current knowledge. Virol J 2019; 16: 69. 

35. Westerbeck JW, Machamer CE. The infectious bronchitis 
coronavirus envelope protein alters Golgi pH to protect 
the spike protein and promote the release of infectious 
virus. J Virol 2019; 93: e00015-19.

36. World Health OrganizationWHO, 2019. Clinical manage-
ment of severe acute respiratory infection when Middle 
East respiratory syndrome coronavirus (‎ MERS-CoV)‎ in-
fection is suspected: interim guidance (No. WHO/MERS/
Clinical/15.1 Revision 1). World Health Organization.


