
INTRODUCTION

Middle East Respiratory Syndrome Coronavirus (MERS-CoV) 
is an emerging viral disease comprised of complex symptoms 
with a fatal outcome (Rahman and Sarkar, 2019). MERS-CoV 
is considered a zoonotic disease due to inclusion of potential 
animal hosts (Chan et al., 2015). Additionally, human-to-hu-
man transmission further aggravates the severity of the virus 
(Memish et al., 2013; Kim et al., 2016). The increasing number 
of MERS-CoV infected cases over several years suggests the 
worsened virulence and adaptation of the virus to several spe-
cies over a wide geographic distribution (Su et al., 2015; Cho 
et al., 2016). Due to the lack of effective treatment to combat 
MERS-CoV infection, there is an urgent need for the discovery 
of new drugs against this virus.

Interaction of the virus spike with host cell receptor is the 
forerunner of viral membrane fusion (Bosch et al., 2003). The 
MERS-CoV spike is composed of subunits S1 and S2. The 
N-terminal S1 is responsible for binding with the host cell re-
ceptor dipeptidyl peptidase-4 (DPP4) (Wang et al., 2013; Kan-
deel et al., 2014). Subunit S2 concerns the fusion protein and 
accomplishes the fusion process via several structural rear-
rangements. Host proteases, such as transmembrane prote-
ase serine 2 (TMPRSS2) and cathepsins, control the cleav-
age of S1 to expose S2 subunit (Yamamoto et al., 2016). The 
S2 subunits consist of protein heptad repeat domains 1 and 
2 (HR1 and HR2), where a homotrimer with three exposed 
hydrophobic pockets is formed on the surface of HR1 (Xia et 
al., 2014). These pockets act as a receptacle for HR2 during 
viral fusion (Gao et al., 2013). The movement of HR2 toward 
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its binding site on HR1 increases the proximity between viral 
and cell membranes to initiate the fusion process.

Several studies on developing MERS-CoV fusion inhibi-
tors have detected protein fragments and small molecules 
from high throughput screening (Sun et al., 2017; Wang et al., 
2018; Huang et al., 2019). However, structure-based research 
targeting the MERS-CoV fusion protein is lacking. To the best 
of our knowledge, this is the first study reporting the discovery 
of small MERS-CoV fusion inhibitors based on a predefined 
structure on the surface of MERS-CoV S2 fusion proteins. The 
aim of this work includes: 1) mapping druggable pockets on 
the surface of HR1; 2) targeting the pocket hosting HR2 helix 
(PHR2) on the surface of HR1; 3) virtual screening and drug 
discovery studies of potential MERS-CoV fusion inhibitors; 
and 4) testing the new compounds in the inhibition of cell-cell 
fusion as well as MERS-CoV plaque formation assays. The 
discovered compounds, interacting with cavities on the sur-
face of HR1, are expected to interfere with HR2 recognition on 
HR1 and the production of a malformed fusion complex. The 
compounds discussed here are considered the first genera-
tion of MERS-CoV structure-based fusion inhibitors, providing 
a promising basis for future anti-MERS-CoV drug discovery 
studies.

MATERIALS AND METHODS

Construction of compounds dataset and ligand preparation
A subset of compounds was constructed from two screen-

ing libraries, including the core library of Chembridge (San Di-
ego, CA, USA) comprised of 1.2 million compounds and the 
HTS library from Life Chemicals (Niagara-on-the-Lake, Can-
ada) comprised of 360,000 compounds. All compounds were 
3D optimized by Ligprep software using OPLS2005 force field 
and saved in SDF format. The designated number of com-
pounds contained multiple conformations, which were pre-
screened before docking to exclude high-energy conformers.

Drug-likeness and ADME pharmacokinetic descriptors 
predictions

The pharmacokinetic properties and drug-likeness descrip-
tors, including Lipinski’s rule of five, were predicted by Qikprop 
v4.2 (Schrödinger, LLC, NY, USA). The selected descriptors 
include molecular weight, hydrogen bond acceptor, hydrogen 
bond donor, oral absorption % in humans, number of violations 
of Lipinski’s rule of five, predicted octanol/water partition coef-
ficient (QPlogP o/w), pre dicted aqueous solubility (QPlogS), 
number of rotable bonds, predicted IC50 value for blockage of 
HERG K+channels (QPlogHERG), apparent Caco-2 cell per-
meability, predicted brain/blood partition coefficient, predicted 
skin permeability (QPlogKp), predicted apparent MDCK cell 
permeability, binding to human serum albumin, total solvent 
accessible surface area, and hydrophilic component of the 
SASA. The predicted compounds toxicity and carcinogenic-
ity was implemented in the preADMET web based application 
(https://preadmet.bmdrc.kr/).

MERS-CoV S2 fusion protein preparation
The MERS-CoV fusion core structure of the S2 protein was 

retrieved from the protein data bank (PDB ID 4NJL), which 
contains a trimer of the fusion core. 4NJL was optimized for 
docking and virtual screening by using the protein preparation 

module in Maestro software package (Schrödinger, LLC). The 
undesirable water molecules and crystallographic compounds 
were removed. Then, the protein was protonated to add polar 
hydrogens, and the structure was optimized and minimized 
using OPLS2005 force field.

Identification of drug-binding cavities
During the viral fusion process, HR2 comes into contact 

with a binding groove on HR1. The principle in finding cavities 
is to identify a druggable site on the surface of HR1 and define 
it as a receptor, then find a chemical molecule that theoreti-
cally matches this site. At a certain time during viral fusion, the 
expected compound attaches to the HR1 cavity and might in-
terfere with proper recognition of HR2. To perform this task, 
two approaches were implemented. First, MERS-CoV HR1 
was extracted in its fusion state and mapped by the SiteMap 
(druggable pockets search tool) module in Schrodinger suite. 
The top ranked potential binding sites were set to contain at 
least 15 site points per detected site. The produced top five 
cavities were inspected regarding their size, substructure 
components, hydrogen bond donors and acceptors, presence 
of hydrophobic and charged resides, as well as surface avail-
ability. The predicted druggable pockets were identified as P1, 
P2, P3, P4 and P5. In the second approach, the cavity hosting 
the central helix of HR2 is targeted (Fig. 1A). Because most of 
the strong peptide HR2 analogues comprise this helical com-
ponent of HR2, small molecules mimicking this structure were 
examined in this study. The cavity hosting HR2 helix on the 
surface of HR1 was studied via virtual screening to find po-
tential strong binding molecules. This cavity was identified as 
PHR2. The optimized and protein prepared structure was used 
in a brief molecular dynamics (MD) simulation to remove any 
clashes or bumps. The MD simulation was performed as pre-
viously described (Kandeel et al., 2018).

Virtual screening
Docking grids were constructed separately for P1, P2, and 

PHR2. Grid boxes were generated by selecting x, y, z coordi-
nates at the center of each cavity with a grid box size of 15 
Å (Fig. 1A). The grid generation was adopted by using the 
Maestro grid generation module. In order to obtain accurate 
docking runs, the Schrodinger glide docking module was set 
to standard precision (SP docking) (Friesner et al., 2004; Hal-
gren et al., 2004). To decrease the penalties of close contacts 
and simulate the flexibility of the protein site, the Van der 
Waals radius-scaling factor was set to 0.8. The Chembridge 
core library was divided into sets of 100,000 compounds in a 
total of 12 sets, and the life chemicals HTS library was divided 
into sets of 30,000 compounds; all sets were run on a cluster 
of PCs. The output files were retrieved, and a new pool com-
prised of compounds with docking scores of −8.00 or higher 
was constructed.

The top compounds from the first run were used in the 
second stage docking using the extra precision module (XP 
docking) in Glide software. XP docking is thought to remove 
the false positive during SP docking. The selected compounds 
with docking scores of −8.0 or higher were visually inspected 
for their binding mode, pocket-filling pattern, and interactions 
with the pocket residues. Finally, a set of 88 compounds were 
purchased for lab assays (Supplementary Table 1). All com-
pounds exhibited confirmed purity of ≥95%.
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Cell-cell fusion assay
The cell-cell fusion assay was performed as described 

previously (Yamamoto et al., 2016). To quantitate the cell-cell 
fusion, a pair of 293FT-based reporter cells, effector and tar-
get cells, that express individual split reporters (DSP1-7 and 
DSP8-11 proteins) were used, because DSP1-7 and DSP8-11 
produce fluorescence and luminescence only when the two 
proteins form a tight complex (Wang et al., 2014). The effector 
cells stably expressing DSP8-11 and S-protein and the tar-
get cells stably expressing DSP1-7 together with CD26 and 
TMPRSS2 were prepared. 2 h before the fusion assay, both 
cells were treated with 6 µM EnduRen (Promega, Madison, 
WI, USA), a substrate for Renilla luciferase, to activate En-
duRen. 1 mL of each compound dissolved in dimethyl sulf-
oxide (DMSO) was added to 384-well plates (Greiner Biosci-
ence, Frickenhausen, Germany) using a 12-stage workstation 
(Biotech, Tokyo, Japan). Next, a Multidrop dispenser (Thermo 
Scientific, Waltham, MA, USA) was used to add 50 µL of each 
single cell suspension (1.5×104 effector and target cells) to 
the wells. Incubation was performed at 37°C for 4 h, then RL 
activity measurements were obtained with a microplate reader 
(PHERAStar Plus, BMG Labtech, Cary, NC, USA).

MERS-CoV plaque formation assay
African green monkey kidney cells (Vero cells) were pur-

chased from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). The cell culture was kept in a CO2 incu-
bator at 37°C in Dulbecco’s modified Eagle’s medium (DMEM, 
Thermo Fisher Scientific, Waltham, MA, USA) containing 10% 
fetal bovine serum (FBS, Thermo Fisher Scientific), 25 mM 
HEPES, 100 U/mL penicillin and 100 µg/mL streptomycin in. 
MERS-CoV was obtained from the Korea Centers for Disease 
Control and Prevention (CoV/KOR/KNIH/002_05_2015 , Per-
mission No. 1-001-MER-IS-2015001).

A total of 15 compounds from two experimental sets was 
used in the plaque reduction assay. The first set was from 
the top 10 compounds showing the highest docking scores 
including compounds no. 22, 74, 73, 75, 4, 76, 58, 54, 35 and 
78 and 5 compounds suggested from cell-cell fusion assay 
including compounds no. 60, 61, 69, 26, and 33 (Table 1). 
The plaque reduction assay was performed as reported previ-
ously (Park et al., 2019). Vero cells were cultivated on six-well 
plates for 12 h at 6×105 cells/well. MERS-CoV was mixed with 
each compound at a final concentration of 10 µM for 30 min at 
37°C. The mixtures of MERS-CoV and each compound were 
treated to Vero cells in each well and then incubated for 1 h. 
After incubation, the supernatants were removed and DMEM/
F12 medium (Thermo Fisher Scientific) containing 0.6% ox-
oid agar was transferred to each well. 4 days after infection, 
plaque formation was observed by staining with crystal violet 
and plaque numbers were counted.

Cytotoxicity assays in human embryonic kidney and Vero 
cells 

Human embryonic kidney cells 293 (HEK293 cells) were 
maintained in Dulbecco’s modified Eagle’s minimum essential 
medium containing 5% fetal bovine serum. For the detection 
of cell viability based on mitochondrial activity, HEK293 cells 
(1×104 cells/100 µL) in a 96-well plate were treated with the 
indicated compounds at 20 µM or vehicle (DMSO) for 25 h. 
For the final 2 h, each well was treated with WST01 solution 
(Dojindo) and incubated at 37°C. Cell viability was determined 
based on the difference between absorbance at 450 and 620 
nm as an indicator, according to a previous study (Oh-hashi 
et al., 2018). 

Vero cells (1×103 cells/well) were plated on 96-well plates 
and cultured for 12 h. The cells were treated with compound 
C73 or C74 at the indicated concentrations or with 10% di-
methyl sulfoxide (DMSO) as a control for 3 days. Then, cells were 
treated with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide (MTT, Sigma-Aldrich, St. Louis, MO, USA) for 4 h 
at 37°C. The formazan crystals were dissolved in DMSO, and 
the absorbance at 570 nm was measured using a microplate 
reader (Thermo Fisher Scientific, Ratastie, Finland). In this as-
say, the two compounds, 22 and 73, with improved plaque 
inhibition scores were used.

Statistical analysis
Correlation between the docking score, plaque formation 

and cell-cell fusion assay was performed by GraphPad Prism 
(GraphPad Software, San Diego, CA, USA) using Pearson’s 
correlation coefficient.

A

B

Fig. 1. The site of docking on MERS-CoV HR domains. (A) The 
druggable pocket of HR2 predicted by SiteMap software. Hydrogen 
bond donors in blue, acceptors in red and hydrophobic locations is 
in yellow. The docking grid box is in purple colour. (B) The compo-
sition of HR2 binding pocket. The docked compound in green was 
included in blue surface mesh. The MERS-CoV residues names 
and numbers are in white colour. The position of compounds 73 
and 74 within the binding pocket is provided with MERS-CoV HR1 
is surrounded by a molecular surface.



314https://doi.org/10.4062/biomolther.2019.202

Table 1. Chemical structure of compounds and their inhibitory properties on MERS-CoV using plaques inhibition assay. The values represent the average 
from three different cultures. Cell viability measurement was based on mitochondrial activity

Compound 
no

ID Chemical name
Total  

plaque No.
%  

Plaque
Cytotoxicity against 

HEK cells

PBS 568 117.4
10% DMSO 484 100

22 24071746

{4-[(1-{[3-(4-fluorophenyl)-1H-pyrazol-5-yl]carbonyl}
pyrrolidin-3-yl)methyl]phenyl}methanol

268 55.3 0.596

74 F2282-0127*

1-(4-chlorophenyl)-N-(2-((3,4-dihydroisoquinolin-2(1H)-yl)
sulfonyl)ethyl)-5-oxopyrrolidine-3-carboxamide

172 35.5 0.568

73 98931397

4-[3-({4-hydroxy-4-[3-(trifluoromethyl)phenyl]-1-piper-
idinyl}carbonyl)-1-piperidinyl]-2-(3-thienylmethyl)-1H-
isoindole-1,3(2H)-dione

212 43.8 0.602

75 F2282-0124*

N-(2-((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)ethyl)-5-
oxo-1-(p-tolyl)pyrrolidine-3-carboxamide

332 68.6 0.604

4 6505627

4-(1,3-dioxo-1,3-dihydro-2H-isoindol-2-yl)-N-2-naphthyl-
butanamide

316 65.3 0.603

76 F2282-0128*

N-(2-((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)ethyl)-
1-(3,4-dimethylphenyl)-5-oxopyrrolidine-3-carboxamide

276 57.0 0.520

Biomol  Ther 28(4), 311-319 (2020) 
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Table 1. Continued 1

Compound 
no

ID Chemical name
Total  

plaque No.
%  

Plaque
Cytotoxicity against 

HEK cells

58 57295921

3-{[4-(2-{4-[(4-benzyl-1-piperidinyl)methyl]phenoxy}ethyl)-
1-piperazinyl]carbonyl}-1-methyl-4(1H)-quinolinone

304 62.8 0.602

77 F2282-0139*

N-(2-((3,4-dihydroisoquinolin-2(1H)-yl)sulfonyl)ethyl)-1-(3-
methoxyphenyl)-5-oxopyrrolidine-3-carboxamide

392 81.0 0.578

35 30625545

N-(2-fluorobenzyl)-3-{1-[4-(3-hydroxy-3-methyl-1-butyn-1-
yl)benzoyl]-3-piperidinyl}propanamide

368 76.0 0.580

78 F2068-0373

N-(2-((4-(4-fluorophenyl)piperazin-1-yl)sulfonyl)ethyl)-
5-oxo-1-phenylpyrrolidine-3-carboxamide

396 81.8 0.574

26 25947446

N-(3-{4-[({[5-(methoxymethyl)-2-thienyl]carbonyl}amino)
methyl]-5-methyl-1,3-oxazol-2-yl}phenyl)-1-methyl-
3-piperidinecarboxamide

468 96.7 0.587

60 66172782

(4-{2-[4-(2,3-dihydro-1-benzofuran-2-ylcarbonyl)-1-pipera-
zinyl]ethoxy}benzyl)methyl(6-quinolinylmethyl)amine

452 93.4 0.572

69 78170314

methyl 5-{[3-(2-hydroxyethoxy)benzyl]amino}-1-(2-
phenylethyl)-3-[(tetrahydro-2-furanylcarbonyl)
amino]-1H-pyrrolo[2,3-b]pyridine-2-carboxylate

388 80.2 0.529
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RESULTS

Assignment of druggable sites by SiteMap
Using SiteMap software (Schrödinger, LLC), the top 5 pre-

dicted cavities were examined. Pocket numbers 1-5 displayed 
total areas of 1970, 1060, 1100, 968, and 679 Å2, respectively. 
For virtual screening studies, only P1 and P2 were used. The 
other three pockets were excluded due to the similarity of P3 
with P2, small cavity volumes of P4 and P5, and surface inac-
cessibility of P5.

Virtual screening
The structure of MERS-CoV S2 fusion protein was prepared 

for virtual screening. Two approaches were used to deliver the 
expected compounds, which included cavity filling and HR2 
helix replacement. In the former approach, HR1 was mapped 
by SiteMap software to find the top 5 druggable pockets. In the 
latter approach, the cavity hosting HR2 on the surface of HR1 
was used to find suitable compounds to fill this cavity (Fig. 1). 
A compound library was constructed comprising 1.56 million 
compounds from two commercial sources. For retrieval of re-
sults, docking score cut off was used and compound selection 
was based on a docking score of −8.0 or higher. Via SP dock-
ing, about 256 compounds produced docking scores of −8.0 or 
higher. This set was redocked using XP docking to obtain the 
final 88 compounds (Supplementary Table 1). Within this set, 
6 compounds scored a value of −8.0 or higher with P1, includ-
ing compounds 2, 12, 26, 81, 82, and 83, while compounds 24 
and 59 had the same score as P2. The rest of the compounds 
were docked into PHR2. All 88 compounds were used in the 
cell-cell fusion assay, while the top 10 compounds with highest 
docking scores were used in the MERS-CoV plaque formation 
assay in addition to 5 compounds suggested from the results 
of the cell-cell fusion assay.

The structure of MERS-CoV heptad repeat trimers is com-
prised of three HR1 and three HR2 helices. Each HR2 helix is 
placed in the cavity between two adjacent HR1 helices. The 

interaction of compounds with PHR2 contains a combination 
of hydrophobic and hydrogen bonding interactions. The PHR2 

pocket is lined by hydrophobic resides L1005, F1012, A1017 
and F1019, charged residues E1016, amphipathic residue 
M1008 and polar residues Q1009, T1010, T1013, T1014, 
T1015, N1017, Q1020 and Q1023 (Fig. 1B). The interactions 
of compounds with PHR2 occurred through hydrophobic interac-
tions, stacking with hydrophobic rings, or hydrogen bonding. A 
predominant hydrogen bonding interaction was predicted with 
the side chain of Q1016 and backbone of A1007. Stacking 
interactions were observed with F1012 (Fig. 1B).

Cell-cell fusion assay
The 88 compounds with docking scores of −8.0 of higher 

after extra-precision docking (Supplementary Table 1) were 
used in the cell-cell fusion assay. The compounds were tested 
at a final concentration of 1 or 10 µM (Fig. 2). For cell-cell 
fusion assay, the compounds were evaluated and compared 
based on the rule that the effective compound has a cut-off 
score of 60%>MERS-CoV (X-axis) and 80%<Co-transfection 
(X-axis). Based on this rule, none of the compounds fell within 
the effective window at 1 µM concentration. At 10 µM, a set of 
compounds obeyed the presumed rule, including compound 
numbers 26, 33, 34, 49, 60, 61, 69, 50, and 54.

Effect of time of compounds addition of compounds on 
cell-cell fusion

The 88 compounds were either incubated with MERS-CoV 
spike expressing cells for 30 min before addition of CD26/TM-
PRSS2 expression cells or at the time when CD26/TMPRSS2 
expression cells were added. The results indicate almost no 
or slight differences in cell-cell fusion inhibition. Surprisingly, 
there was a greater tendency to inhibit the cell-cell fusion 
when compounds were added promptly at zero time of the cell 
fusion process (Supplementary Fig. 1, Supplementary Table 2).

Table 1. Continued 2

Compound 
no

ID Chemical name
Total  

plaque No.
%  

Plaque
Cytotoxicity against 

HEK cells

61 67801543

N-[3-(4-{[3-(4-fluorophenyl)-3-(2-furyl)propyl]amino}-
1-piperidinyl)phenyl]isonicotinamide

316 65.3 0.173

33 29194995

4-phenyl-N-(3-{4-[(3-pyridinylmethyl)amino]-1-piperidinyl}
phenyl)butanamide

412 85.1 0.588

*Compounds purchased from Life Chemicals Inc (Niagara-on-the-Lake, Canada). The rest of compounds were purchased from Chembridge 
(San Diego, CA, USA).
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Plaque reduction assay
At 10 µM concentration, 15 compounds were able to pre-

vent MERS-CoV plaques formation by 3.3-64.5% (Table 1). 
The strongest compound was no. 73, which produced 74.5% 
reduction in MERS-CoV plaques formation. Compounds 
74, 22, and 76 produced 56.2%, 44.7%, and 43% inhibition 
(Fig. 3). To gain more insight into the inhibitory properties of 
compounds, plaque assay was repeated in the presence of 
different concentrations of compounds 22, 73, and 74 (Sup-
plementary Fig. 2). The final concentrations of compounds 
were 0, 3.125, 6.25, 12.5, 25, and 50 µM, respectively. Re-
sults indicate the presence of a dose-dependent decrease in 
MERS-CoV plaques formation. The estimated IC50 values for 
compounds 22, 73, and 74 were 12.6, 21.8, and 11.12 µM, 
respectively (Fig. 3B). The obtained cell-cell fusion assay data 
showed moderate correlation with the obtained docking score 
(r=0.17, p=0.1). This might be due to the presence of other 
factors controlling the fusion of MERS-CoV as the potential 
fusion through cell membrane and/or endocytosis. In com-
parison, there was strong correlation between the obtained 

docking scores and plaques inhibition (r=0.77, p=0.0007). As 
the plaques assay comprises more dynamic features of virus-
cell interactions, these obtained compounds are suggested to 
inhibit the virus infection with significant statistical confidence. 

Predicted pharmacokinetic and toxicity descriptors 
The effect of compounds (#22, 74, 73, 75, 4, 76, 58, 54, 

35, 78, 60, 61, 69, 26, and 33) on the growth and prolifera-
tion of HEK293 cells was evaluated. Compounds 4 and 69 (20 
µM) decreased the cell numbers in HEK293 cells as evaluated 
by the WST1 assay (Table 1). Treatment with compound 69 
slightly triggered cellular shrinking; however, each compound 
did not induce membrane blebbing, a typical apoptotic and/or 
necrotic morphological feature. Therefore, it is suggested that 
compounds 4 and 69 induce growth arrest but not cell death 
in HEK293 cells. The other compounds were not toxic against 
HEK293 cells.

To analyze cytotoxicity of compounds 73 and 74, we inves-
tigated their effect on growth in Vero cells using MTT assay. 
Vero cells exposed to the assay concentrations of compound 
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with two-fold serially diluted compounds 22, 73, or C74 (n=3) for 30 min at 37°C. Vero cells were treated with the mixture of the virus and 
each compound and incubated for 4 days in DMEM/F12 containing 0.6% oxoid agar. The plaques were observed by staining with crystal 
violet and counted.
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73 and 74 (10 µM) showed no cytotoxicity (Fig. 4). Therefore, 
the inhibitory effect of the compounds is not related with toxic-
ity of the compounds. However, high concentration of 73 and 
74 treatment reduced the growth of Vero cells. Considering 
that we dissolved the peptides in 10% DMSO and then serially 
diluted them in PBS, the reduced growth can be attributed to 
the toxic effect of DMSO at a high concentration (confirmed 
experimentally).

The drug-likeness, predicted pharmacokinetic, and toxicity 
descriptors are provided in Supplementary Table 3. All com-
pounds showed no or ≤2 violations of Lipinski’s rule of five. All 
of the compounds exhibited acceptable ranges for aqueous 
solubility, IC50 value for blockage of HERG K+channels, num-
ber of rotable bonds, binding to human serum albumin, and 
solvent accessible surface area with hydrophilic component of 
the SASA with predicted high cell permeability of Caco-2 and 
MDCK cells. Compounds 73 and 74 showed negative values 
for the carcinogenicity test in rats and mice as well as negative 
values with the Ames toxicity test.

DISCUSSION

Despite the emerging and fatal nature of MERS-CoV, struc-
ture-based drug discovery studies against this virus are very 
limited. Computational studies have largely contributed to the 
drug discovery process, especially through lead identification 
and optimization (Kirchmair et al., 2011). Small molecules 
inhibitors against several MERS-CoV targets were provided 
to the research community (Galasiti Kankanamalage et al., 
2018; Kandeel et al., 2019; Lee et al., 2019; Rahman et al., 
2019; Shen et al., 2019).

In this study, a trial was designed to discover new MERS-
CoV fusion inhibitors, which was initialized by a virtual screen-
ing campaign of 1.2 million compounds. A set of initial drug 
candidates was obtained based on docking score and visual 
examination of the binding mode. Further analysis by in vitro 
assays confirmed their inhibitory properties on a MERS-CoV 
spike fusion. In addition, a significant decrease in MERS-CoV 
plaque formation suggests the accepted general inhibitory ef-
fect of these new compounds on MERS-CoV replication.

The obtained compounds with high docking scores demon-
strated the predicted local hydrophilic interactions with HR1 

helices comparable to its counter-partner protein in HR2. The 
HR2 helix interacts with HR1 helices by hydrogen bonds only 
at its N and C termini (Lu et al., 2014). Most of the 15 com-
pounds listed in Table 1 formed at least one hydrogen bond, 
primarily with N1016, which is centered in PHR2 facing the cen-
ter of HR2 helix. Therefore, these compounds provide com-
bined hydrophobic and hydrophilic interactions through their 
hydrophobic rings and charged moieties with a unique feature 
of interactions with the center of PHR2. Computational compe-
tency of the predicted compounds, regarding their favorable 
pharmacokinetic descriptors, supports their drug-likeness pro-
perties.

Pre-incubation of the compounds with MERS-CoV spike 
expression cells for 30 min before adding DPP4 receptors ex-
pression cells did not significantly inhibit cell-cell fusion com-
pared with adding the compounds at the time of cell-cell inter-
actions. However, the addition of compounds at the start of 
fusion process over the pre-incubation of cells expressing the 
MERS-CoV spike resulted in a slight tendency to affect DSP 
activity and inhibit cell-cell fusion. In absence of the spike-re-
ceptor interaction and due to the disorganization of the cavity 
hosting the compounds, the partially unfolded S2 protein can-
not host the compounds. The formation of the predetermined 
drug binding cavities on S2 might be activated the moment the 
spike-receptor interaction initiates. This agrees with the main 
concept of fusion inhibitors, which act only during the early 
stages of viral infection (Lundin et al., 2010; Xu et al., 2019).

Except for 4 and 69, no other compounds (20 µM) induced 
apparent morphological changes and damages in HEK293 
cells. In parallel, the WST1 values indicating cell proliferation 
and damages were hardly influenced by 25 h of treatment 
with each compound. Cytotoxicity assays indicate the general 
safety of the compounds in the low micromolar range.

In the search for new anti-MERS-CoV agents, a MERS-CoV 
fusion protein was targeted using a structure-based approach. 
This study introduces the first set of compounds that can bind 
to cavities at the surface of the MERS-CoV fusion core and 
capable to inhibit viral fusion and MERS-CoV plaque forma-
tion. The compounds were found as a promising lead structure 
that fits well with pockets on the MERS-CoV fusion protein. 
About 10 compounds were effective in reducing MERS-CoV 
plaques by more than 30% at 10 µM concentration, and three 
compounds (no. 22, 73, and 74) with IC50 of 11.12-12.6 µM 
displayed potent inhibition. The present set of compounds is 
considered as lead structures and provides a basis for future 
drug discovery studies and development of MERS-CoV anti-
viral agents.
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