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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 inherits a high rate of mutations making it better suited to the host since its fundamental role in
SARS-CoV-2 evolution is to provide diversity into the genome. This research aims to identify variations in Turkish isolates and
Spike Glycoprotein predict their impacts on proteins. To identify novel variations and predict their impacts on protein dynamics, in
xust;itézns silico methodology was used. The 411 sequences from Turkey were analysed. Secondary structure prediction by
Protein dynamics Garnier-Osguthorpe-Robson (GOR) was used. To find the effects of identified Spike mutations on protein dy-
Turkey namics, the SARS-CoV-2 structures (PDB:6VYB, 6M0J) were uploaded and predicted by Cutoff Scanning Matrix

(mCSM), DynaMut and MutaBind2. To understand the effects of these mutations on Spike protein molecular
dynamics (MD) simulation was employed. Turkish sequences were aligned with sequences worldwide by
MUSCLE, and phylogenetic analysis was performed via MegaX. The 13 novel mutations were identified, and six
of them belong to spike glycoprotein. Ten of these variations revealed alteration in the secondary structure of the
protein. Differences of free energy between the reference sequence and six mutants were found below zero for
each of six isolates, demonstrating these variations have stabilizing effects on protein structure. Differences in
vibrational entropy calculation revealed that three variants have rigidification, while the other three have a
flexibility effect. MD simulation revealed that point mutations in spike glycoprotein and RBD:ACE-2 complex
cause changes in protein dynamics compared to the wild-type, suggesting possible alterations in binding affinity.
The phylogenetic analysis showed Turkish sequences distributed throughout the tree, revealing multiple en-
trances to Turkey.

1. Introduction

SARS-CoV-2 is a single-stranded RNA virus having a positive polar-
ity. Its size differs between 26 to 32 kb (Ouassou et al., 2020) and its
genome comprises 6-11 open reading frames (Kumar et al., 2020). RNA
viruses undergo 10 substitutions per year. The high mutation rate of
RNA viruses is considered beneficial for viruses since it makes them
better suited to the host due to their fundamental role in evolution by
providing diversity into the genome. SARS-CoV-2 inherits mutations at a
high rate, and most of them evolve quickly. Tracking these mutations is
pivotal for developing vaccines and intervention strategies since they
may affect the efficacy of vaccines (Wu et al., 2020).

Amino acid alterations are caused by non-synonymous mutations,
which can change the protein structure of the virus. Alteration in protein
structure can affect viral particle association during the replication and
assembly process (Li et al, 2021). Besides, these amino acid

substitutions may affect the binding affinity of the virus to the host re-
ceptor, angiotensin-converting enzyme-2 (ACE-2) (Yang et al., 2020).
The spike protein of SARS-CoV-2 have two subunits; S1 and S2. While S1
is responsible for recognizing and binding ACE-2, S2 is responsible for
membrane fusion (Unlu et al., 2021). Due to spike protein's crucial roles,
assessing the wide mutational profile of spike protein would be vital for
designing vaccines targeting spike protein (Begum et al., 2021).

Since the protein structure of a virus plays a pivotal role in its
function, alteration in protein structure can affect the virus’s charac-
teristics such as its function, virulence, infectivity and transmissibility
(Nguyen et al., 2020). Protein dynamics studies give significant insights
regarding protein structure, protein stability and flexibility and protein-
protein interaction (Mahtarin et al., 2020). Previous molecular dy-
namics (MD) simulations demonstrated that tested drugs could contact
residues on RBD, thereby disrupting its interaction with ACE-2 and thus
providing drug alternatives against SARS-CoV-2 (Deganutti et al., 2020).
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Recently, the N501Y variant emerged independently in lineage B.1.1.7
and is located in RBD, which enhances viral fitness for viral replication
in human airway cells, resulting in enhanced transmission (Liu et al.,
2021). A recent MD study investigated how this variant can cause
alteration in conformation for residues located at RBD:ACE-2 interface
and revealed that contact areas of RBD and ACE-2 were almost constant.
The experimental screening revealed that the value of differences of free
energy (AAG) is -0.81 kcal-mol™!, suggesting that this variation can
provide more stable binding with hACE-2 by increasing binding affinity
(Luan et al., 2021).

This study aims to identify novel non-synonymous variations in
Turkish isolates and their impacts on protein structure and dynamics of
SARS-CoV-2. Furthermore, to better understand the transmission
pattern of SARS-CoV-2 in Turkey, a phylogenetic analysis was
performed.

2. Material & method

This study was approved by Baskent University Institutional Review
Board and Ethics Committee (Project no: KA21/81).

2.1. Dataset construction

From the beginning of the pandemic to the 5th of February, 2021,
411 sequences from Turkish isolates were uploaded to GISAID (https://
www.gisaid.org/). In order to compare these 411 sequences with the
Wuhan reference sequence (EPI_ISL_402124), they were aligned by the
MUSCLE algorithm on MEGAX software (Kumar et al., 2018) to find
point mutations.

2.2. Secondary structure prediction

411 isolates fasta sequences were analysed. Nucleotide sequences
were translated into amino acid sequences by the ExPaSy tool (https://
www.expasy.org/). Amino acid sequences of each of the Turkish isolates
were compared with the Wuhan reference sequence to identify impacts

of these variations on secondary protein structure which were predicted
by the GOR method (http://cib.cf.ocha.ac.jp/bitool/GOR/).

2.3. Computational analysis

To assess the effects of identified Spike mutations on protein stability
and flexibility, and conformation, SARS-CoV-2 open configuration
structure (PDB:6VYB) was obtained from RCSB Protein Data Bank (PDB)
(https://www.rcsb.org/; Walls et al., 2020). The 6VYB structure was
uploaded to the Cutoff Scanning Matrix (mCSM) server, which calcu-
lates the effects of mutations according to atomic distance patterns
(Pires et al., 2014). DynaMut web server for calculating vibrational
entropy differences (AASVib), was used (Rodrigues et al., 2018). Muta-
Bind2 webserver (Zhang et al., 2020) was used to evaluate the effects of
mutations on spike in complex with human ACE-2 receptor with PDB
ID:6MO0J. The methodology and results were validated with the known
highly transmissible Delta variant from a patient from Turkey (EPI -
ISL_2232671). Identified mutations were generated using mutagenesis
tool in PyMOL version 2.5.1 (https://pymol.org/2/) by using PDB: 6VYB
and 6M0J as a template. Visualization of wild type and the mutants were
performed on VMD (Humphrey et al., 1996)

2.4. Molecular dynamics (MD) simulations

To further investigate how these variants located at RBD:ACE-2 may
cause alteration in conformation and binding stability, 50 ns MD sim-
ulations were performed by using GROMACS 5.20.1 software package
and CHARMM?27 force field was employed (Abraham et al., 2015). To
reconstruct missing atoms at the side chain SwissPDB viewer 4.1.0 was
used (Guex et al., 2009). The systems were solvated by using SPC/E
water model and centered in a cubic box of 1.0 nm?® distance in each site.
The systems were neutralized with NaCI; after that, each of the systems
was subjected to energy minimization using steepest descent algorithm
until the maximum force of 1000 kJ mol! nm™ was achieved. The
minimized systems were well-equilibrated for 100 ps at 310 K and 1 bar
pressure in NVT and NPT. The electrostatic term was described through
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Table 1
Co-existing mutations of Turkish Isolates.
Co-existing Mutations N (%)
. 107
NSP12_P323L, Spike_D614G, N_G204R, N_R203K (26.0)
NSP12 _P323L, Spike D614G 231
- ’ - (56.2)
NSP9_L42F, NSP12_P323L, Spike_ D614G, N_G204R, N_R203K 64 (15.6)
NSP2_V198I, NSP2 R27C, NSP3_P1228L, NSP4_M33I, NSP6_L37F 12 (2.9)
NSP12 P323L, NSP13_S485L, NS3_Q57H 65 (15.8)
NSP12_P323L, NSP13_S485L, Spike_D614G, NS3_Q57H 60 (14.6)
(NSP3_T749A, NSP3_T183I, NSP3_A890D, NSP3_11412T,
NSP6_F108del, NSP6_G107del, NSP6_S106del, NSP8_Q24R,
NSP12_P323L, NSP13_K460R, Spike_A570D, Spike_S982A, 8(1.9)
Spike_P681H, Spike_D614G, Spike_T716], Spike_Y144del,
Spike N501Y
NSP3_T1831, NSP3_A890D, NSP3_11412T, NSP6_F108del,
NSP6_G107del, NSP6_S106del, NSP12_P323L, NSP13_K460R, 10 (2.4)

Spike_A570D, Spike_S982A, Spike_P681H, Spike_D614G, Spike T716I,
Spike_Y144del, Spike N501Y, Spike_D1118H, Spike_V70del

the particle mesh Ewald method (Darden et al., 1993) using a 10.0 A cut-
off, The SHAKE algorithm (van Gunsteren and Berendsen, 1977) was
used to constrain bond lengths at their equilibrium values, and a time
step was set to 2.0 fs. The MD trajectory analysis was performed to
evaluate root mean square deviation (RMSD), root mean square fluc-
tuations (RMSF), radius of gyrations (Rg) and solvent accessible surface
area (SASA) based on the resulting trajectories by GROMACS tools.

2.5. Phylogenetic analysis

Retrieved SARS-CoV-2 whole-genome sequences from Turkey were
aligned by the MUSCLE algorithm, and the reference sequence from
Wuhan was used as an outgroup for the phylogenetic tree. For the sta-
tistical method, Maximum Likelihood was used via MEGAX (Kumar
et al., 2018). Bootstrap 1000 replication was used as a test of the phy-
logeny. Poisson was used as a substitution model.

3. Results
3.1. Dataset construction

In total, 411 sequences from Turkey from the beginning of the
pandemic to the 5th of February 2021 were retrieved from GISAID.
These sequences were aligned with Wuhan reference sequence and 13
novel point mutations were identified. Three of these mutations were
found in non-structural protein (NSP) 2, one in NSP8, and three in NSP3.
Six of these variations were located in the spike protein of SARS-CoV-2
(Fig. 1). Mutation analysis revealed that 91.4% of Turkish isolates
harbour D614G mutation in spike protein, followed by P323L mutation
in NSP12 at a frequency of 89.8%. R203K and G204R mutation in
nucleocapsid protein were detected in 57.2% and 56.7% of uploaded
sequences, respectively. Besides, 10.5% of sequences harboured N501Y
mutation in spike protein. The frequency of co-existing mutations was
demonstrated in table 1.

3.2. Secondary structure prediction

In order to determine impacts of these identified mutations on pro-
tein secondary structure, GOR method was applied. Novel variations
NSP3_T133I, Spike T859I and Spike T732I, causes an amino acid
change from threonine (T) to isoleucine (I) at position 133, 859 and 732,
respectively (Fig. 1b, 1g, 1h). This change lead to the loss of p-sheet
formation at position 133 and favored coil formation in the mutant
portion. While, at position 732 and neighboring two amino acids, coil
formation was replaced with f-sheet formation. At position 859, no

Human Gene 33 (2022) 201040

Table 2
Calculations of AAG and AASY™® between references genome spike protein and
mutants isolated from Turkish isolates.

Accession ID Location =~ Mutation  Predicted Stability AASV®
Change (AAG):
EPIL_ISL_735349 Spike T8591 -0.230 kcal/mol 0.191 kcal.
mol LK
EPI ISL_ 735339 Spike T7321 -0.118 kcal/mol -0.492 kcal.
mol1.K?
EPI ISL_730569 Spike E1111G -1.047 kcal/mol 0.869 kcal.
mol ! X!
EPIL_ISL_730573 Spike K964R -0.553 kcal/mol -1.154 kcal.
mol-1.K-1
EPLISL_ 730576 Spike G431D -1.008 kcal/mol -0.975 kcal.
mol-1.K-1
EPILISL_735312 Spike F515L -0.399 kcal/mol 0.152 kcal.
mol-1.K-1
EPIL ISL_2232671 Spike L452R -1.176 kcal/mol 0.250 kcal.
mol-1.K-1

change was detected in secondary structure, yet turn formation altered
to coil formation detected in the neighboring amino acid. A novel spike
mutation E1111G causes the amino acid change from glutamic acid (E)
to glycine (G) at position 1111. Change from glutamic acid to glycine
caused loss of a-helix structures and favored p-sheet formation (fig. 1i).
Another spike variation, G431D, causes the change from glycine to
aspartic acid (D), leading to a change in secondary structure by favoring
the a-helixes and loss of B-sheet formation at the mutation site (fig. 1k).
In K964R and F515L mutations cause the amino acid change from lysine
(K) to arginine (R) and from phenylalanine (F) to leucine (L), respec-
tively; there was no significant alteration detected (fig. 1j, 11). Three
amino acid substitutions were identified in NSP2; A26T, G221S and
V193I. While A26T causes loss of a-helixes in neighboring amino acid,
there was no significant alteration in the secondary structure in the
presence of A26T, G221S and V193I mutations (fig. 1d, 1e, 1a). A novel
variation in NSP3, A602V, causes the amino acid change from alanine to
valine, leading to a change from o-helix to p-sheet and affects the sec-
ondary structure of NSP3 of the virus (fig. 1c). No significant alteration
was detected in the presence change from tyrosine (Y) to histidine (H) at
position 1041 in NSP3 (NSP3_Y1041H) (fig. 1m) The last novel mutation
in NSP8 is R111S; changes from arginine to serine at position 111. Al-
terations of these amino acids did not reveal a change at the mutation
site. However, alteration in secondary structure detected in neighboring
amino acids (fig. 1f).

3.3. Computational analysis

Six novel spike protein variations were identified in Turkish pop-
ulations, and they were further analysed to reveal their impacts on
protein dynamics. AAG between the reference sequence and six Spike
mutants were found below zero for each of six isolates, demonstrating
these variations stabilizing effects on protein structure. Similarly, AAG
for the Delta variant spike mutation (L452R) was found to be -1.176
kcal/mol, supporting its stabilizing effect on protein structure. Further,
differences in vibrational entropy (AASVib) were calculated to detect
whether these variations have a rigidification or flexibility effect. Three
variants were found to have rigidification, while the other three have a
flexibility effect on protein structure (table 2). AASY for the L452R
mutation showed an increment in the molecule flexibility.

Among these six spike glycoprotein mutations, two of them were
located in the domain which forms a complex with human ACE-2,
G431D and F515L. Binding affinity (AAGP™"8) > 0 signifies a decre-
ment in binding affinity, while AAGP™% < 0 corresponds to an
increment in binding affinity and thereby greater susceptibility to SARS-
CoV-2 infection. AAGP™"8 for G431D mutation was found to be 1.41,
while for F515L, it was 0.04. Both of these mutations decrease the
binding affinity of spike glycoprotein and human ACE-2. These methods
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were validated with highly transmissible Delta variant spike mutation
L452R, located in the domain in complex with human ACE-2, and
AAGP™IN for 1459R found to -0.79, demonstrating greater suscepti-
bility to SARS-CoV-2 infection.

3.4. Molecular dynamics (MD) simulations

The 3D structures of mutant spike proteins were obtained by point
mutation of PDB: 6VYB using PyMol software and mutants vs. wild-type
were visualized by using VDM (fig. 2). The PBD:6M0J and variants
located in RBD:ACE-2 complex were submitted to MD simulation for 50
ns (fig 3). The first and last frames of MD simulation are available in the
supplementary file. Average RMSD values of backbone atoms are 4.78 A,
4.82 A, 4.17 A and 4.35 A respectively for wild-type (6M0J), G431D,

F515 and L452R mutants. RMSD of all systems underwent an increase
during the first 15 ns and then converged to reach equilibrium after 45
ns of MD simulation which demonstrates a good convergence for each
system (fig 3d). In RMSF analysis five main fluctuation peaks were
observed in the wild-type. Even though the fluctuations were shared
between the wild-type and the mutants, in the wild-type a higher peak
between the 500 and 525" residue was observed as compared to mu-
tants (fig 3e). Despite this change in the fluctuation between the wild-
type and the mutants, the flexibility pattern in other residues is
similar until the 500" residue. Rg average for wild-type was 17.23 A
while for the mutants it varied between 16.22 A to 16.53 A suggesting
that the mutants have a similar degree of compactness even though
slightly different from that of the wild-type (fig 3f). As it can be observed
in the SASA graph, the solvent accessibility area of the G431D variant is
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Fig. 4. Phylogenetic analysis of Turkish Isolates.

similar to that of the WT. On the other hand, the accessibility area of two
other variants (F515L, L452R) is lower than the WT, indicating an in-
crease in the hydrophobic interactions among non-polar residues. From
these results, it could be inferred that F515L and L452R mutations have
a stabilizing effect on the spike protein as they induce higher in-
teractions in the hydrophobic core (fig 3g).

3.5. Phylogenetic analysis

Turkish patients with an ID number EPI ISL 429869, EPI -
ISL._428716, EPI_ISL_428723, EPI_ISL_429866, EPI_ISL_429871, EPI -
ISL_428714, EPIISL 437328 had travel history from Saudi Arabia,
patient with an ID number EPI_ISL_ 437326 had travel history from Iran
and patients with an ID number EPI ISL_509415, EPI_ISL_429863 had no
travel history, are clustered together with the patient from Iran and
Saudi Arabia. Two Turkish isolates (EPI_ISL_811140, EPI_ISL,_811137)



S. Unlu et al.

with N501Y variation belonging to the B.1.1.7 lineage which mainly
identified in the UK (Cella et al., 2021) were found to be clustered
together with sequences from Germany, Italy and Ghana, which are then
further grouped with the patient from Belgium and Turkey (fig 4).

4. Discussion

It is known that mutations have significant roles in evolution since
they can introduce diversity into the genome. These mutations may
provide an advantage to SARS-CoV-2 by altering the protein structure
and interfering with its relations to other proteins (Pires et al., 2014).
Since SARS-CoV-2's function is determined by its protein structure,
predicting the effects of mutation on protein structure may provide
pivotal information about SARS-CoV-2 virulence, infectivity and trans-
mission (Nguyen et al., 2020).

Through the mutation analysis, 13 novel mutations were identified,
and many of them caused alterations in protein structure. Among them,
three non-synonymous mutations were detected to cause an amino acid
change from polar amino acid threonine to a non-polar and hydrophobic
amino acid isoleucine (fig. 1b, 1g, 1h). These alterations make this po-
sition hydrophobic which may be the reason for alterations in secondary
structure. A change from glutamic acid to glycine was identified in a
spike protein mutation (fig. 1i). Since glutamic acid is hydrophilic, polar
amino acid and glycine is neutral, non-polar amino acid, maybe this
change was the reason for the loss of p-sheet structures and favoring of
a-helixes formation. Another spike variation, G431D, might have caused
a secondary structure change, due to glycine being a neutral, non-polar
amino acid, and aspartic acid being hydrophilic, polar amino acid (fig.
1k). Also, the loss of a-helixes was identified in neighboring amino acid
in the presence of NSP2 mutation A26T; can be due to the alteration of
the protein's hydrophobicity (fig. 1d). Change from hydrophilic amino
acid to polar one was identified in NSP8 variation R111S, causing an
alteration in the secondary structure of NSP8 in neighboring amino acids
(fig. 1f).

As expected, the alteration between similar amino acids in nature
was less susceptible to change protein secondary structure. For instance,
in the presence of K964R, F515L, V193I, G221S and Y1041H mutations,
where amino acids were similar in nature no significant alteration was
detected on the secondary structure of the protein (fig. 1j, 11, 1a, le,
1m). However, although both alanine and valine are hydrophobic and
non-polar amino acids, alterations to valine led to the loss of p-sheet
formation and affected the secondary structure of NSP3 in the presence
of A602V mutation (fig. 1c).

Further, AAG were calculated between spike protein of the wild-type
and mutants for evaluating the impact of these mutations. Six mutant
forms of spike protein analysed demonstrated that each of these muta-
tions has stabilizing effects. Maximum negative AAG was detected for
mutation E1111G (table 2). Protein stability is determined by several
factors, and differences in vibrational entropy are the major contributor
to protein stability. AAS'™® below zero means that the mutation has
rigidification effects on protein stability. On the other hand, AAS"®
above zero signifies flexibility effects on protein stability (Azad, 2021).
The maximum positive AAS'™® was obtained for E1111G, while the
maximum negative was obtained for K964R mutation.

The computational results were further supported by MD simulations
to detect RBD:ACE-2 complex molecular changes associated with sta-
bility loss due to the amino acid substitutions. The RMSD of all mutants
except G431D had a smaller deviation in RMSD and the lower RMSD
average as compared to the wild-type, suggesting an increment in the
stability, confirming the computational analysis results obtained from
the current study highlighting an increase in protein stability due to
these mutations. On the other hand, G431D showed an increment in
RMSD value as compared to the wild-type suggesting a lower stability. A
previous study has shown that alterations in flexibility are the pivotal
contributors to changes in entropy upon binding as they also affect
binding interface (Dehury et al., 2020). The mutant G431D exhibited a
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decrement in fluctuation suggesting a higher rigidity as compared to the
wild-type which is also supported by the AASVP value.

Actively tracking and characterizing of SARS-CoV-2 lineages and
sub-lineages provide significant knowledge for a more precise diagnosis
and genetic diversity of the virus. This genomic surveillance helps to
better understand the transmission pattern of the virus (Cella et al.,
2021). The phylogenetic analysis demonstrated that sequences from
Turkey were distributed throughout the tree, revealing multiple en-
trances to the country. Furthermore, the close relationship between
Saudi Arabia and Iran with Turkey was also observed in the patients who
travelled to Saudi Arabia or Iran. However, two Turkish isolates
belonging to B.1.1.7 lineage were not close to isolates from Saudi Arabia
and Iran. In contrast, these two were found to share similarities to iso-
lates from Europe and Africa.

5. Conclusion

In conclusion, to the best of our knowledge, 13 novel mutations were
identified in Turkish isolates and reported for the first time. This study
revealed these mutations' potential impacts on protein dynamics. Pre-
dictions regarding these variations' effects are required to investigate for
the further understanding of their exact roles in SARS-CoV-2 trans-
mission, virulence, and infectivity. Since viruses are utilized mutations
to adjust to the host, mutation studies provide critical insight for better
therapeutic targeting.
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