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ARTICLE INFO ABSTRACT

Structural studies related to Middle East Respiratory Syndrome Coronavirus (MERS CoV) infection process are so
limited. In this study, molecular dynamics (MD) simulations were carried out to unravel changes in the MERS
CoV heptad repeat domains (HRs) and factors affecting fusion state HR stability. Results indicated that HR trimer
is more rapidly stabilized, having stable system energy and lower root mean square deviations (RMSDs). While
trimers were the predominant active form of CoVs HRs, monomers were also discovered in both of viral and
cellular membranes. In order to find the differences between S2 monomer and trimer molecular dynamics, S2
monomer was modelled and subjected to MD simulation. In contrast to S2 trimer, S2 monomer was unstable,
having high RMSDs with major drifts above 8 A. Fluctuation of HR residue positions revealed major changes in
the C-terminal of HR2 and the linker coil between HR1 and HR2 in both monomer and trimer. Hydrophobic
residues at the a and d positions of HR helices stabilize the whole system, with minimal changes in RMSD. The
global distance test and contact area difference scores support instability of MERS CoV S2 monomer. Analysis of
HR1-HR2 inter-residue contacts and interaction energy revealed three energy scales along HR helices. Two
strong interaction energies were identified at the start of the HR2 helix and at the C-terminal of HR2. The
identified critical residues by MD simulation and residues at the a and d positions of HR helix were strong
stabilizers of HR recognition.
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1. Introduction the dynamical aspects of MERS CoV molecular domains (Alfuwaires

et al., 2017). The viral membrane fusion protein is a rational target for

In 2012, a new fatal viral disease causing pneumonia and death was
identified in Saudi Arabia (Zaki et al., 2012). The newly emerged virus
was termed as Middle East Respiratory Syndrome coronavirus (MERS
CoV) (de Groot et al., 2013). The infection range comprises the Arabian
Peninsula and several countries worldwide (Banik et al., 2015; Choe
et al., 2017). The danger of MERS CoV is aggravated by fatal outbreaks
documented in South Korea and China (Seong et al., 2016).

Despite several years of MERS CoV circulation, there are still many
secrets of virus replication and fusion with host membranes that need
more study. The structural approach to revealing changes in virus
substructures can be of unique importance in determining viral struc-
tural dynamics. However, few molecular dynamics (MD) simulations
have been carried out to investigate MERS CoV structural changes and

drug discovery, as inhibition of the viral membrane fusion function can
lead to cessation of the replication cycle (Liu et al., 2004; Yao and
Compans, 1996; Vanderlinden et al., 2010). This approach proved good
efficiency against several viral infections as HIV (Carravilla and Nieva,
2018), SARS CoV (Liu et al., 2009) and respiratory syncytial virus
(Mackman et al., 2015).

Viral membrane fusion can be accomplished by fusion of the virus
spike with a host cell receptor target (Bosch et al., 2003). In most en-
veloped viruses, the spike protein is composed of two cleavable protein
domains that can be cleaved by proteases. This property was recorded
with SARS CoV, MERS CoV and mouse hepatitis virus (MHV) (Xu et al.,
2004). However, they show considerable structural differences in-
cluding the size, composition of fusion proteins and the sites of protein

Abbreviations: MERS CoV, Middle East Respiratory Syndrome coronavirus; MD, molecular dynamics; HR1, heptad repeat domain 1; HR2, heptad repeat domain 2; RMSD, root mean
square deviation; GDT_TS, global distance test; CAD, contact area difference; A-A, all atoms-all atoms; A-S, all atoms-side chains; S-S, side chains-side chains; RMSDad, RMSD of residues

at a and d positions
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cleavage (Yuan et al., 2017; Wicht et al., 2014). The CoV spike is
composed of two proteins, S1 and S2. There are two consecutive events
that occur at the start of cell infection. The first step is virus attachment,
in which S1 comes into contact with the host receptor. For MERS CoV,
dipeptidyl peptidase-4 (DPP4) is the target for binding with host cells
(Wang et al., 2013; Kandeel et al., 2014). Soon after attachment, S1 is
cleaved by proteolytic enzymes to expose a highly hydrophobic mem-
brane binding domain of S2 (Kirchdoerfer et al., 2016). S2 is the fusion
protein that integrates with the host cell membrane; its integration is
followed by fusion of the viral and host cell membranes. In MERS CoV
and the highly related SARS CoV, S2 is associated with protein fusion
process (Liu et al., 2004; Forni et al.,, 2015). During fusion, major
conformational changes occur in S2, forming a six-helical bundle (6HB)
of three-stranded coiled coils (Lu et al., 2014). Each S2 subdomain
contains two motifs, heptad repeat domain 1 (HR1) and heptad repeat
domain 2 (HR2). HR1 forms a homotrimer exposing three hydrophobic
pockets on its surface (Xia et al., 2014). S2 HR domains pass through
three conformational changes during viral membrane fusion. The first is
pre-fusion state, in which both HR1 and HR2 are not bound together.
The second is pre-hairpin intermediate state in which 6HB is formed.
HR2 packs into the three major hydrophobic grooves of HR1. The last
stage is stable hairpin formation, thus bringing the viral and cell
membranes into proximity, forming membrane bilayer and starting
viral membrane fusion (Gao et al., 2013). When three HR1 motifs align
together, the central core is predominantly composed of hydrophobic
residues. A HR domain is composed of tandem repeat motifs of seven
residues, named from a to g. Of the seven residues, the first (a) and
fourth (d) are predominantly hydrophobic or bulky (Gao et al., 2013).
This feature is the main forerunner in coiled coil formation and be-
comes stabilized by the long hydrophobic interface. Previous reports
showed that CoV spike is assembled in the form of trimers (Lu et al.,
2014). It was reported that there are many unassembled monomers
found in the cells as well as on the virion surface (Delmas and Laude,
1990). Trimers are the accepted form of completing the fusion process.
The functional and dynamical aspects of discrete spike monomers in
virions are still not well understood. In this work, we carried out a
comparison of structural dynamics of S2 monomer and trimer from
MERS CoV.

Molecular dynamics is a gold standard in the evaluation of protein
structural changes and stability (Alfuwaires et al., 2017; Perilla et al.,
2015). Quantitative assessment of the changes in protein structure
using MD simulation will help in understanding the global and local
changes of protein domains or subdomains and support the future de-
sign of suitable compounds to modulate protein function. Classical tools
such as root mean square deviation (RMSD) and more recent algorithms
using global distance test (GDT_TS) and contact area difference (CAD)
scores are used to evaluate and compare different structures
(Olechnovic et al., 2013). To date, only a few studies have been carried
out to investigate the MD of viral membrane fusion in general, and
specific studies for MERS CoV are scarce. In this work, we used MD
simulation to reveal changes in MERS CoV HR structure during fusion
and factors affecting HR stability. MD simulation, energy system sta-
bility, RMSD, hydrogen bonding, contact mapping of inter-residue and
inter-HR interactions, GDT_TS, and CAD scores were used to evaluate
HR stabilization mechanisms. For this purpose, we simulated the MERS
CoV S2 protein in the YASARA structure software followed by com-
prehensive analysis with YASARA built-in analysis macros and web-
servers for the calculation of global and local changes in distance and
contact change measures.

2. Materials and methods
2.1. MD simulation

In order to assess the changes of S2 monomer and trimer structures,
two softwares with distinct force fields were used.
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2.1.1. MD simulation using YASARA and AMBER force field

Structures of the MERS CoV HRs were retrieved from the Protein
Data Bank. Two structures were used in this study, 4MOD and 4NJL.
Both structures are similar in sequence and well aligned except for 6
additional residues at the N-terminal region in 4NJL. The software
YASARA Structure (version 14.12.2) was used for all MD simulations by
opting the use of AMBER14 as a force field. The simulation cell was
allowed to include 20 A surrounding the protein and filled with water at
a density of 0.997 g/ml. Initial energy minimization was carried out
under relaxed constraints using steepest descent minimization.
Simulations were performed in water at constant pressure with tem-
perature at 298 K. In order to mimic physiological conditions, counter
ions were added to neutralize the system; Na or Cl was added in re-
placement of water to give a total NaCl concentration of 0.9%. pH was
maintained at 7.4. The simulation was run at constant pressure and
temperature (NPT ensemble). All simulation steps were run by a pre-
installed macro (md_runfast.mcr) within the YASARA package. Data
were collected every 250 ps.

2.1.2. MD simulation using NAMD and CHARMM force field

A molecular dynamics simulation was performed using the
CHARMM force field (MacKerell et al., 1998) (version 27) in NAMD
(Kalé et al., 1999) with a non-bonded van der Waals cut-off of 12 A. The
monomer and trimer protein were solvated in a cubic TIP3 water box
(20 A water layer). Sixteen Na* and 12 CI~ (26 Na* and 14 C17) ions
were included in the monomer (trimer) case to neutralize the system.
Periodic boundary conditions (Jorgensen et al., 1983), a constant
temperature of 298 K (controlled by Langevin temperature piston), the
NVT canonical ensemble, and the particle-mesh Ewald summation for
long range interactions were used. After a steepest-descent energy
minimization to remove atomic overlaps, the systems were equilibrated
for 0.5 ns, followed by a 50 ns production run with data collection every
2 ps. All simulations were run with SHAKE (Ryckaert et al., 1977) using
a 2fs time step.

2.2. Calculation of inter-residue contacts

The contact between HR1 and HR2 residues before and after MD
simulation was calculated by YASARA Contact Analyzer. The range of
analysed residues included all amino acids of HR2 (L1259-Y1280).
During calculation, two sets of results were collected based on the
calculated free energy. At first, all contacts were calculated without
energy restrictions; then contacts were reanalysed based on a —1.6 kJ/
mol (0.38 kcal/mol) contact energy cut-off (Pande and Rokhsar, 1998).

2.3. HR1/HR2 inter-residual hydrogen bonds

The changes in H-bonds before and after MD were analysed for HR
monomer and trimer by YASARA. The ranges of analysed residues were
1997-Q1031 for HR1 (residues in direct contact with HR2 without the
linker region) and L1259-Y1280 for HR2.

2.4. Calculation of secondary structure content

The secondary structure contents of HR monomer and trimer were
analysed before and after MD simulation using the YASARA secondary
structure analysis wizard. Comparisons were made based on the per-
centages of helix, sheet, turn, and coil content.

2.5. Global distance test (GDT_TS)

GDT_TS is a common measure of global changes in protein structure.
GDT_TS is used to compare the structure similarities between two
proteins with identical sequence. In comparison with RMSD, GDT_TS is
more accurate in measuring movement of small fragments and changes
in flexible termini (Kufareva and Abagyan, 2012). The structures of
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MERS CoV S2 monomer or trimer were imported to YASARA Structure.
The initial structures and those after MD simulation were super-
imposed. The Critical Assessment of protein Structure Prediction
GDT_TS score was calculated over a distance of 1, 2, 4, or 8A by the
global distance test implemented in YASARA software.

2.6. Contact area difference (CAD) score

The CAD score is an important measure for structural changes,
providing a measure of change in the contact area between two struc-
tures (Grzybkowska et al., 2016; Abagyan and Totrov, 1997). For this
analysis, contact MD simulation files were submitted to the CAD score
webserver (Olechnovi¢ and Venclovas, 2014). The analysed structures
output included all atoms-all atoms (A-A), all atoms-side chains (A-S),
and side chains-side chains (S-S). The differences in contacts between
two similar proteins can be quantitatively measured and inspected by
colour display. The colour coding for superimposed contacts in the
structures before and after simulation were red and green colours.
Therefore, the changes in contacts between the structures in both S2
monomer and trimer can be visually assessed. Furthermore, local con-
tact area differences can be assessed by evaluation of changes in colour
output from CAD server contacts-area plot, where red and blue colour
indicates lower or higher contact area differences, respectively.

3. Results and discussion

Bioinformatics and computational tools are widely used for under-
standing the functional and structural aspects of microbial proteins
(Kandeel and Altaher, 2017; Kandeel et al., 2009; Alnazawi et al.,
2017). MD simulation is a widely used technique for understanding
structural protein changes in response to different effectors (Alfuwaires
et al., 2017; Moore et al., 1998; Shen et al., 2003; Kandeel and Kitade,
2018). In this study, MD simulation was run in a system comprising
monomer or trimer of MERS CoV S2 HR. The stability of each system
was evaluated by changes in RMSD as well as changes in the system
energy. In order to get maximal precision, the MD simulation results
were compared from two different software programs by implementing
two different force fields, AMBER14 and CHARMM. All MD simulations
showed rapid energy stabilization for both HR monomer and trimer.
Fig. 1 shows the changes in RMSD for each structure in relation to time
in ps. HR trimer showed rapid stabilization at less than 5ns, having
constant low fluctuations in RMSD and remaining around 3 A over the
entire recorded simulation. In contrast, S2 monomer from two struc-
tures was less stable, showing high fluctuations in RMSD with major
drifts at 25-30 ns (Fig. 1A). Despite the lower RMSD observed for the
monomer in 3MOD structure, it shows high fluctuations in RMSD. This
indicates that monomer of S2 bears high flexibility and instability,
while trimer constitutes the more or less rigid state of S2. This agrees
with the prediction models and resolved structures indicating that S2 of
SARS CoV (Deng et al., 2006; Bernini et al., 2004) and of MERS CoV
could arrange into trimers (Gao et al., 2013). Additionally, the results
from NAMD CHARMM run (Fig. 1B) was highly comparable with YA-
SARA AMBER14, indicating conserved features of trimer stability and
monomer dynamic nature. Fig. 1C shows the energy during MD simu-
lation and indicates the stability of the trimer at lower energy level.

The changes in RMSD for every amino acid in MERS CoV HR were
estimated for trimer (Fig. 2A) and monomer (Fig. 2B). The crystal
structures of monomer (4MOD and 4NJL) showed more or less similar
profiles, albeit with some differences in RMSD (Fig. 2B). In S2
monomer, there was more generalized change in RMSD with clear
differences at a) the N and C-termini of the HR complex, b) in the
middle of the HR1 helix, and c) in the linker between HR1 and HR2. In
contrast, the trimeric structures showed different profiles, with major
changes in the linker and C-terminal regions and little or no change in
other HR regions (Fig. 2A). In addition, most residues in trimer showed
low RMSDs of around 1A, with a maximum value at 6.2A. A large
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Fig. 1. Time dependence of RMSD for MERS CoV HR monomer and trimer.
Simulation was run for 50 ns. The trace was based on RMSD of a-carbon atom
in PDB structures of S2 monomer or trimer from two different structures using
AMBER14 (A) and CHARMM (B) force fields (B). The energy during MD si-
mulation is represented in (C).

increase in RMSD values was observed for residues in the range from
GLY1250 to ASN1256 (RMSD 3-5 A). S2 monomer showed more dy-
namic changes, with a peak RMSD exceeding 10 A and generalized
changes of 2-4 A along the HR residues. Alignments of pre- and post-
MD simulation structures for both monomer and trimer are represented
in Fig. 2C. The alignment reveals greater stability for trimer (re-
presented by one chain in the lower panel), compared with more dy-
namic changes in monomer (upper panel), especially in the middle of
HR1, the linker region, and at the protein termini.

The obtained results from NAMD software and CHARMM force field
(Fig. 3) were almost similar that estimated by YASARA software. This
confirms the finding that residues in monomer are highly mobile either
within the linker region or within the backbone of HR1 and HR2. The
higher RMSD scale (x-axis) in monomer implies generally higher
changes in residues in comparison with trimer.
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RMSD is a common measure of global changes in protein structure.
However, several concerns and uncertainties in using RMSD have been
previously raised (Kufareva and Abagyan, 2012). Of special interest are
major dynamical changes at the termini of HR domains with large
RMSDs, which might result in misestimation of dynamical changes
across the whole system. For more accurate consideration of global
changes and accurate inclusion of flexible or terminal highly mobile
loops, analysis was also performed using GDT_TS. In agreement with
RMSD, GDT _TS revealed the stability of MERS CoV S2 trimer (Table 1).
The percentages of superimposable residues within 1, 2, 4, or 8A in

208

trimer were 2- to 3-fold higher than in monomer. This reflects the more
dynamic nature of S2 monomer during MD simulation. The GDT_TS
scores for monomer and trimer were 40.6 and 74.2, respectively.
Therefore, the greater global changes in S2 monomer are decomposed
by trimerization.

In addition to global changes in HR, specific residue changes were
also investigated. The helical component of HR is composed of several
repeats of seven residues. The position of residues in these repeats can
be termed a, b, c, d, e, f and g. Of special interest are the residues at
positions a and d; which are located almost in the center of the HR, are
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after using NAMD software and CHARMM force field. Alignments of pre- and
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legend, the reader is referred to the web version of this article.)

Table 1
Global distance test (GDT_TS) of MERS CoV S2 monomer or trimer at different
cut-off values.

Structure Percentage of matched atoms that can be
superimposed

MERS CoV S2 monomer

Cut-off (A)

1 13.2

2 19.7

4 27.7

8 41.6

MERS CoV S2 trimer

Cut-off (A)

1 40.1

2 68

4 90.8

8 98.1

predominantly bulky and hydrophobic, and share in establishing the
hydrophobic core of HR. Position a is represented by residues F1012,
F1019, V1026, and L1033, while position d comprises residues F1001,
M1008, T1015, V1022, and L1036. MD simulation revealed that re-
sidues at a and d positions are most stable, having the least changes in
RMSD in comparison with the initial structure. The average RMSD after
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Table 2

RMSD values (A) for residues at a and d positions of MERS CoV HR.
HR1 HR2
Residue no. monomer trimer Residue no. monomer trimer
PHE 1001 2.44 0.92 LEU 1259 5.33 1.33
MET 1008 3.06 1.15 LEU 1262 5.24 0.94
PHE 1012 3.45 0.63 MET 1266 4.01 1.01
THR 1015 4.29 0.75 LEU 1269 3.78 1.01
PHE 1019 4.92 0.84 VAL 1273 2.49 0.92
VAL 1022 5.58 0.96 LEU 1276 2.52 0.90
VAL 1026 5.31 0.98
LEU 1033 5.19 1.14
LEU 1036 5.16 1.06
average 4.37 0.93 average 1.02 3.90

MD simulation for residues at a and d positions (RMSDad) was found to
be smaller than the average of all residues. For HR1, the average
RMSDad was 4.37 A and 0.93 A for HR monomer and trimer, respec-
tively. Similarly, the RMSDad for HR2 was 3.9 A for monomer and
1.01 A for trimer. These values are much lower than the general RMSD
averages of 4.98 A for monomer and 1.49 A for trimer (Table 2).

To determine the key factors governing the stabilization of viral HR,
the inter-HR1-HR2 contacts were analysed. Residue-residue contacts
were also analysed for their energy contributions to HR stabilization.
During residue-residue contact calculations, the contact interaction
could be significant if the interaction energy was below —1.26 kJ/mol.
For the identification of key residues in contacts between HR1 and HR2,
the contact value and number of residues were calculated. In all of the
analysed data, there was no positive or repulsive energy. After MD si-
mulation, the total number of contacts was increased for the trimer and
to a lesser extent in monomer (Table 3). Analysis of every HR residue-
residue contact revealed three different levels of interaction energy: a)
high interaction energy above 10 kJ/mol, b) medium interaction energy
of 4-10kJ/mol, and c) low interaction energy of 1-4 kJ/mol. The high
interaction residue contacts occurred at two positions: first, just in
proximity to the N-terminal of HR2, between K1021and Q1023 of HR1
and D1261 and L1262 of HR2; second, distal to the C-terminal of HR2,
including the interactions between Q994, K1000, D1282, and E1285
(Fig. 4A). Parallel to the high interaction residues, several lines of
medium interaction energy residues were observed (Fig. 4B). These
medium interaction residues were distributed at almost regular inter-
vals starting at the end of the linker between HR1 and HR2 (residues
E1039 and L1252) and at residues T1257, L1259, L1269, and D1282.
Weak interaction energy contacts fill the gaps between the previously
described high and medium interaction contacts. This described profile
applies to both monomer and trimer. However, in trimer there was an
additional high-energy interaction at the start of the linker region.
Therefore, it is suggested to consider the interaction energy of residues
during the design of new antiviral membrane fusion agents based on

Table 3
The secondary structure content, total surface area and residues contacts of
MERS CoV S2 monomer and trimer before or after MD simulation.

Monomer Trimer
Before MD After MD Before MD After MD
simulation simulation simulation simulation
Helix 71.3 73.6 67.4 721
Sheet 0 0 0 0
Turn 3.2 6.2 5.2 2.1
coil 25.6 20.2 27.4 24.8
Total surface 9564.72 7910.32 17022.02 17243.12
area
Residue total 481 482 1741 1761

contacts
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Fig. 4. Residue contacts between MERS CoV HR1 and HR2 with high (A) or medium (B) interaction energies. The interaction energy was calculated by YASARA

software.

short peptides.

CAD scores were used to assess the changes in structures after MD
simulation, compared to the initial conformation. Similarities and dif-
ferences in contact areas were plotted on a colour scale of blue, white,
and red corresponding to the range from agreement to difference be-
tween structures. The superimposed contact map revealed more
changes in contacts for monomer of MERS CoV S2 (Fig. 5).

In monomer, the residues with major changes in contact were
ASP1053, ASP1059, GLU1062, SER1064, ARG1067, and GLY1068. In
trimer, major contact changes were observed in ARG1067, GLY1068,
11070, and ASN1111. Analysis of A-A contacts revealed a wider area of
contact changes in monomer from GLY1045 to LEU1085, while in
trimer more restricted distances were seen from GLN1063 to PHE1073.
The CAD score was higher for trimer than monomer (Table 4). This
agrees with the lower RMSD for trimer and indicates low perturbations
in trimer and high perturbations in monomer. The residues showing red
spots on CAD superimposition plots also had the highest RMSDs in both
monomer and trimer. This indicates the feasibility of using RMSD for
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Table 4
Contact area difference score (CAD score) of MERS CoV S2
monomer or trimer.

Structure CAD score
MERS CoV S2 monomer

A-A 0.69

A-S 0.53

S-S 0.24
MERS CoV S2 trimer

A-A 0.78

A-S 0.66

S-S 0.59

evaluation of structural changes. Fig. 6 shows local contact area dif-
ferences plotted on a colour scale for both MERS CoV S2 monomer and
trimer before and after MD. Monomer showed more dispersed red spots,
indicating larger changes in contact areas. While A-A analysis shows
small areas of contact changes, A-S and S-S determinations show larger

Fig. 5. Superimposed contact maps of MERS
CoV S2 contacts. Red colour indicates contacts
in the initial structure, green colour indicates
contacts in the final structure, and yellow
colour indicates common contacts in both the
initial and final structures. Higher degree of
green dots in monomer in comparison with
trimer indicates higher changes in monomer
after MD simulation. (For interpretation of the
references to colour in this figure legend, the
reader is referred to the web version of this
article.)

in model
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Fig. 6. Colour-coded profiles for contact area
changes. The colour scale ranges from 0 (blue)
to 1 (red). Blue colour indicates lower contact
differences. Red colour indicates higher degree
of contact area differences. Monomer showed
higher differences indicating their variable and
dynamic structure. In contrast, trimer was
more or less stable by showing lower differ-
ences. (For interpretation of the references to
colour in this figure legend, the reader is re-
ferred to the web version of this article.)
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contact area changes.

The secondary structure content of HR is shown in Table 3. Helices
and coils are the major constituents of HR. After MD simulation, the
helix% was increased in both monomer and trimer on the expense of
coils. Despite the differences recorded between monomer and trimer
during MD simulation, little or no significant change was observed in
their secondary structure contents. This suggests that the components of
HR retain their full helical or secondary structures even before tri-
merization.

4. Conclusion

During viral membrane fusion with the cell membrane, the virus
spike S2 protein arranges in a coiled coil with its HR2 domain packed
into a deep groove on HR1. By MD simulation, we show that monomer
is more dynamic and its residues have more positional fluctuation than
in trimer. Furthermore, HR2 recognition by HR1 occurs through three
levels of energetic interaction, with high, medium, and low energies
distributed in parallel patterns along the HR. The hydrophobic residues
at the a and d positions of HR helices have the smallest RMSDs. GDT_TS
and CAD scores coincide well with RMSD data, supporting the finding
that monomer is unstable and undergoes large fluctuations. Based on
these results, the design of peptide analogues could consider the en-
ergetic and dynamic aspects of HR1 and HR2 interactions. Since dis-
crete or unassembled monomers are found in the cell and in virions, the
noticed flexibility and high dynamics of spike monomers might mod-
ulate the virus infection process. Additionally, the stable less dynamic
trimer might be required in stabilizing the viral-cell membrane hairpin
formation in preparation for fusion of virus and cells.

Conflict of interest

The authors declare no conflict of interest.

Acknowledgments

This work was supported by a research grant from King Faisal
University, Deanship of Scientific Research under grant number
171001. We thank the faculty of Veterinary Medicine at King Faisal
University for providing computational facilities from the PC labs. The
research reported in this publication was supported by funding from
King Abdullah University of Science and Technology (KAUST). For
computer time, this research used the resources of the Supercomputing
Laboratory at KAUST.

References

Abagyan, R.A., Totrov, M.M., 1997. Contact area difference (CAD): a robust measure to
evaluate accuracy of protein models. J. Mol. Biol. 268 (3), 678-685.

Alfuwaires, M., Altaher, A., Kandeel, M., 2017. Molecular dynamic studies of interferon
and innate immunity resistance in MERS CoV non-structural protein 3. Biol. Pharm.
Bull. 40 (3), 345-351.

Alnazawi, M., Altaher, A., Kandeel, M., 2017. Comparative genomic analysis MERS CoV
isolated from humans and camels with special reference to virus encoded helicase.
Biol. Pharm. Bull. 40 (8), 1289-1298.

Banik, G., Khandaker, G., Rashid, H., 2015. Middle East respiratory syndrome coronavirus
MERS-CoV: current knowledge gaps. Paediatr. Respir. Rev. 16 (3), 197-202.

Bernini, A., Spiga, O., Ciutti, A., Chiellini, S., Bracci, L., Yan, X., Zheng, B., Huang, J., He,
M.-L., Song, H.-D., 2004. Prediction of quaternary assembly of SARS coronavirus
peplomer. Biochem. Biophys. Res. Commun. 325 (4), 1210-1214.

Bosch, B.J., van der Zee, R., de Haan, C.A., Rottier, P.J., 2003. The coronavirus spike
protein is a class I virus fusion protein: structural and functional characterization of
the fusion core complex. J. Virol. 77 (16), 8801-8811.

Carravilla, P., Nieva, J.L., 2018. HIV antivirals: targeting the functional organization of
the lipid envelope. Future Virol. 13 (2), 129-140.

Choe, P.G., Perera, R., Park, W.B., Song, K.-H., Bang, J.H., Kim, E.S., Kim, H.B., Ko,
L.W.R., Park, S.W., Kim, N.-J., 2017. MERS-CoV antibody responses 1 year after
symptom onset, South Korea, 2015. Emerg. Infect. Dis. 23 (7), 1079.

Delmas, B., Laude, H., 1990. Assembly of coronavirus spike protein into trimers and its
role in epitope expression. J. Virol. 64 (11), 5367-5375.

Deng, Y., Liu, J., Zheng, Q., Yong, W., Lu, M., 2006. Structures and polymorphic inter-
actions of two heptad-repeat regions of the SARS virus S2 protein. Structure 14 (5),
889-899.

Forni, D., Filippi, G., Cagliani, R., De Gioia, L., Pozzoli, U., Al-Daghri, N., Clerici, M.,
Sironi, M., 2015. The heptad repeat region is a major selection target in MERS-CoV
and related coronaviruses. Sci. Rep. 5, 14480.


http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0005
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0005
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0010
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0010
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0010
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0015
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0015
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0015
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0020
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0020
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0025
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0025
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0025
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0030
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0030
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0030
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0035
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0035
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0040
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0040
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0040
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0045
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0045
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0050
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0050
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0050
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0055
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0055
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0055

M. Kandeel et al.

Gao, J., Lu, G., Qi, J., Li, Y., Wu, Y., Deng, Y., Geng, H., Li, H., Wang, Q., Xiao, H., 2013.
Structure of the fusion core and inhibition of fusion by a heptad repeat peptide de-
rived from the S protein of Middle East respiratory syndrome coronavirus. J. Virol. 87
(24), 13134-13140.

Grzybkowska, A., Jedrzejczyk, D., Rostkowski, M., Chworos, A., Dybala-Defratyka, A.,
2016. RNA model evaluation based on MD simulation of four tRNA analogs. RSC Adv.
6 (104), 101778-101789.

Jorgensen, W., Chandrasekhar, J., Madura, J., Impey, R.W., Klein, M.L., 1983.
Comparison of simple potential functions for simulating liquid water. J. Chem. Phys.
1983, 79.

Kalé, L., Skeel, R., Bhandarkar, M., Brunner, R., Gursoy, A., Krawetz, N., Phillips, J.,
Shinozaki, A., Varadarajan, K., Schulten, K., 1999. NAMD2: greater scalability for
parallel molecular dynamics. J. Comput. Phys. 151 (1), 283-312.

Kandeel, M., Altaher, A., 2017. Synonymous and biased codon usage by MERS CoV pa-
pain-like and 3CL-proteases. Biol. Pharm. Bull b17-00168.

Kandeel, M., Kitade, Y., 2018. Molecular dynamics and binding selectivity of nucleotides
and polynucleotide substrates with EIF2C2/Ago2 PAZ domain. Int. J. Biol. Macromol.
107 (Pt B), 2566-2573.

Kandeel, M., Miyamoto, T., Kitade, Y., 2009. Bioinformatics, enzymologic properties, and
comprehensive tracking of Plasmodium falciparum nucleoside diphosphate kinase.
Biol. Pharm. Bull. 32 (8), 1321-1327.

Kandeel, M., Elaiziz, M., Kandeel, A., Altaher, A., Kitade, Y., 2014. Association of host
tropism of Middle East syndrome coronavirus with the amino acid structure of host
cell receptor dipeptidyl peptidase 4. Acta Virol. 58 (4), 359-363.

Kirchdoerfer, R.N., Cottrell, C.A., Wang, N., Pallesen, J., Yassine, H.M., Turner, H.L.,
Corbett, K.S., Graham, B.S., McLellan, J.S., Ward, A.B., 2016. Prefusion structure of a
human coronavirus spike protein. Nature 531 (7592), 118.

Kufareva, 1., Abagyan, R., 2012. Methods of protein structure comparison. Homol.
Model.: Methods Protoc. 231-257.

Liu, S., Xiao, G., Chen, Y., He, Y., Niu, J., Escalante, C.R., Xiong, H., Farmar, J., Debnath,
AK., Tien, P., 2004. Interaction between heptad repeat 1 and 2 regions in spike
protein of SARS-associated coronavirus: implications for virus fusogenic mechanism
and identification of fusion inhibitors. Lancet 363 (9413), 938-947.

Liu, L.-J., Kao, C.-L., Hsieh, S.-C., Wey, M.-T., Kan, L.-S., Wang, W.-K., 2009. Identification
of a minimal peptide derived from heptad repeat (HR) 2 of spike protein of SARS-CoV
and combination of HR1-derived peptides as fusion inhibitors. Antiviral Res. 81 (1),
82-87.

Ly, L., Liu, Q., Zhy, Y., Chan, K.-H., Qin, L., Li, Y., Wang, Q., Chan, J.F.-W., Dy, L., Yu, F.,
2014. Structure-based discovery of Middle East respiratory syndrome coronavirus
fusion inhibitor. Nat. Commun. 5, 3067.

MacKerell Jr., A.D., Bashford, D., Bellott, M., Dunbrack Jr., R.L., Evanseck, J.D., Field,
M.J., Fischer, S., Gao, J., Guo, H., Ha, S., 1998. All-atom empirical potential for
molecular modeling and dynamics studies of proteins. J. Phys. Chem. B 102 (18),
3586-3616.

Mackman, R.L., Sangi, M., Sperandio, D., Parrish, J.P., Eisenberg, E., Perron, M., Hui, H.,
Zhang, L., Siegel, D., Yang, H., et al., 2015. Discovery of an oral respiratory syncytial
virus (RSV) fusion inhibitor (GS-5806) and clinical proof of concept in a human RSV
challenge study. J. Med. Chem. 58 (4), 1630-1643.

Moore, P.B., Zhong, Q., Husslein, T., Klein, M.L., 1998. Simulation of the HIV-1 Vpu
transmembrane domain as a pentameric bundle. FEBS Lett. 431 (2), 143-148.

212

Computational Biology and Chemistry 75 (2018) 205-212

Olechnovié, K., Venclovas, C., 2014. The CAD-score web server: contact area-based
comparison of structures and interfaces of proteins, nucleic acids and their com-
plexes. Nucleic Acids Res. 42 (W1), W259-W263.

Olechnovic, K., Kulberkyte, E., Venclovas, C., 2013. CAD-score: a new contact area dif-
ference-based function for evaluation of protein structural models. Proteins 81 (1),
149-162.

Pande, V.S., Rokhsar, D.S., 1998. Is the molten globule a third phase of proteins? Proc.
Natl. Acad. Sci. U. S. A. 95 (4), 1490-1494.

Perilla, J.R., Goh, B.C., Cassidy, C.K., Liu, B., Bernardi, R.C., Rudack, T., Yu, H., Wu, Z.,
Schulten, K., 2015. Molecular dynamics simulations of large macromolecular com-
plexes. Curr. Opin. Struct. Biol. 31, 64-74.

Ryckaert, J.-P., Ciccotti, G., Berendsen, H.J., 1977. Numerical integration of the cartesian
equations of motion of a system with constraints: molecular dynamics of n-alkanes. J.
Comput. Phys. 23 (3), 327-341.

Seong, M.-W., Kim, S.Y., Corman, V.M., Kim, T.S., Im Cho, S., Kim, M.J., Lee, S.J., Lee, J.-
S., Seo, S.H., Ahn, J.S., 2016. Microevolution of outbreak-associated middle east
respiratory syndrome coronavirus, South Korea, 2015. Emerg. Infect. Dis. 22 (2), 327.

Shen, L., Shen, J., Luo, X., Cheng, F., Xu, Y., Chen, K., Arnold, E., Ding, J., Jiang, H., 2003.
Steered molecular dynamics simulation on the binding of NNRTI to HIV-1 RT.
Biophys. J. 84 (6), 3547-3563.

Vanderlinden, E., Goktas, F., Cesur, Z., Froeyen, M., Reed, M.L., Russell, C.J., Cesur, N.,
Naesens, L., 2010. Novel inhibitors of influenza virus fusion: structure-activity re-
lationship and interaction with the viral hemagglutinin. J. Virol. 84 (9), 4277-4288.

Wang, N., Shi, X., Jiang, L., Zhang, S., Wang, D., Tong, P., Guo, D., Fu, L., Cui, Y., Liu, X.,
2013. Structure of MERS-CoV spike receptor-binding domain complexed with human
receptor DPP4. Cell Res. 23 (8), 986.

Wicht, O., Burkard, C., de Haan, C.A., van Kuppeveld, F.J., Rottier, P.J., Bosch, B.J., 2014.
Identification and characterization of a proteolytically primed form of the murine
coronavirus spike proteins after fusion with the target cell. J. Virol. 88 (9),
4943-44952.

Xia, S., Liu, Q., Wang, Q., Sun, Z., Su, S., Du, L., Ying, T., Lu, L., Jiang, S., 2014. Middle
East respiratory syndrome coronavirus (MERS-CoV) entry inhibitors targeting spike
protein. Virus Res. 194, 200-210.

Xu, Y., Liu, Y., Lou, Z., Qin, L., Li, X., Bai, Z., Pang, H., Tien, P., Gao, G.F., Rao, Z., 2004.
Structural basis for coronavirus-mediated membrane fusion CRYSTAL STRUCTURE
OF MOUSE HEPATITIS VIRUS SPIKE PROTEIN FUSION CORE. J. Biol. Chem. 279
(29), 30514-30522.

Yao, Q., Compans, R.W., 1996. Peptides corresponding to the heptad repeat sequence of
human parainfluenza virus fusion protein are potent inhibitors of virus infection.
Virology 223 (1), 103-112.

Yuan, Y., Cao, D., Zhang, Y., Ma, J., Qi, J., Wang, Q., Lu, G., Wu, Y., Yan, J., Shi, Y., et al.,
2017. Cryo-EM structures of MERS-CoV and SARS-CoV spike glycoproteins reveal the
dynamic receptor binding domains. Nat. Commun. 8, 15092.

Zaki, A.M., Van Boheemen, S., Bestebroer, T.M., Osterhaus, A.D., Fouchier, R.A., 2012.
Isolation of a novel coronavirus from a man with pneumonia in Saudi Arabia. N. Engl.
J. Med. 367 (19), 1814-1820.

de Groot, R.J., Baker, S.C., Baric, R.S., Brown, C.S., Drosten, C., Enjuanes, L., Fouchier,
R.A., Galiano, M., Gorbalenya, A.E., Memish, Z.A., 2013. Middle East respiratory
syndrome coronavirus (MERS-CoV): announcement of the Coronavirus Study Group.
J. Virol. 87 (14), 7790-7792.


http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0060
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0060
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0060
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0060
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0065
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0065
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0065
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0070
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0070
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0070
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0075
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0075
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0075
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0080
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0080
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0085
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0085
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0085
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0090
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0090
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0090
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0095
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0095
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0095
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0100
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0100
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0100
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0105
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0105
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0110
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0110
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0110
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0110
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0115
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0115
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0115
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0115
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0120
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0120
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0120
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0125
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0125
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0125
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0125
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0130
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0130
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0130
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0130
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0135
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0135
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0140
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0140
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0140
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0145
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0145
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0145
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0150
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0150
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0155
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0155
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0155
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0160
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0160
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0160
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0165
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0165
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0165
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0170
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0170
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0170
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0175
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0175
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0175
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0180
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0180
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0180
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0185
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0185
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0185
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0185
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0190
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0190
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0190
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0195
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0195
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0195
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0195
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0200
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0200
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0200
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0205
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0205
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0205
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0210
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0210
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0210
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0215
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0215
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0215
http://refhub.elsevier.com/S1476-9271(18)30092-6/sbref0215

