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ABSTRACT
Objective: Coronavirus Disease 2019 (COVID19) is a viral disease caused by Severe Acute Respiratory Syndrome Coronavirus-2
(SARS CoV-2). The high mutation propensity of the SARS CoV-2 genome is one of the biggest threats to the long-term validity
of treatment options. Helicases are anti-viral targets because of the vital role they play in the viral life cycle. In this study,
changes in the protein structure caused by SARS CoV-2 nsp13 mutations were investigated to contribute to the development
of effective antiviral drugs.
Materials and Methods: Genome data of 298 individuals located in the China location were examined. The mutant model
was built using deep learning algorithms. Model quality assessment was done with QMEAN. Protein stability analyses were
performed with DynaMut2 and Cutoff Scanning Matrix stability. Changes in substrate affinity were performed with Haddock
v2.4.
Results: In this study, twenty-eight mutations in nsp13 were identified (23 sense, 5 missense). The changes in protein
structure caused by the five missense mutations (Leu14Phe, Arg15Ser, Arg21Ser, Leu235Phe, Ala454Thr) were modeled. The
mutations caused a decrease in the stability of SARS CoV-2 helicase (-0.99, -1.66, -1.15, -0.54, and -0.73 for Leu14Phe, Arg15Ser,
Arg21Ser, Leu235Phe, Ala454Thr, respectively). The mutations reduced the helicase's affinity to the substrate. The docking
scores for wild-type and mutant helicase were -84.4±1.4 kcal.mol-1 and -71.1±6.7 kcal.mol-1, respectively.
Conclusion: Helicase mutations caused a decrease in the protein stability and nucleic acid affinity of the SARS CoV-2 helicase.
The results provide important data on the development of potential antivirals and the effect of mutation on the functions of
viral proteins.
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INTRODUCTION
The Corona Virus Disease 2019 (COVID-19) is characterized by a variety of clinical features ranging from
asymptomatic acute respiratory distress to multi-organ
dysfunction (1,2). The SARS CoV-2, which has a high risk
of transmission and death rate, caused 289 million people to become ill and 5.44 million people to die in the
last two years (3). The etiological agent of COVID-19, the
SARS CoV-2 virus is positive polarity, single-strand RNA
virus with a genome of 29.9 kb (4). The SARS CoV-2 genome consists of two overlapping open reading frames

(ORF1ab and ORF1a), four structural proteins (spike,
envelope, nucleocapsid, membrane) and six accessory
proteins (ORF3a, ORF6, ORF7a, ORF7b, ORF8 and ORF10)
(5). Open reading frames are involved in the continuous
synthesis of 16 non-structural proteins (nsps) that play
important roles in the viral life cycle (6). SARS CoV-2
helicase (non-structural protein 13/nsp13) catalyzes a
5’–3’ direction unwinding process in the presence of
nucleotide three phosphate to transform duplex oligonucleotides (RNA or DNA) into single strands. Helicase,
which is essential for the life cycle of the virus, is one of
the important structural targets for therapeutic agents
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(7,8). Helicase plays an active role in the replication process of
the SARS CoV-2 in the host together with RNA-dependent RNA
polymerase. Helicases have additional biological roles such as
transcription, mRNA splicing, mRNA export, RNA stability, translation, mitochondrial gene expression, and nucleic acid packaging into virions (9). The high mutation risk of the SARS CoV-2
genome, like with other RNA viruses, poses a major threat to the
validity of therapeutic options. Modeling changes induced by
mutations in the viral proteome supports the development of
potent antivirals (10-12).

environment, substitution trends and contact potential scores,
and interatomic distance data to train and test machine learning algorithms (22). Non-covalent molecular interactions were
calculated using Arpeggio (26).
Docking
The change in helicase – nucleic acid affinity after the mutation was evaluated using the Haddock version 2.4 (27). The
active site for the helicase were residues number 288, 289,
290, 320, 374, 375, 404, 442, 443, 540, 567. A number of structures for rigid body docking was set to 1000. A number of
trials for rigid body minimization was set to 5. A number of
structures for semi-flexible refinement was set to 200. Refined with short molecular dynamics in open solvent using
water. The clustering method was selected Fraction of Common Contacts (FCC). The RMSD cutoff for clustering was set
to 0.6 Å. The Kyte-Doolittle hydrophobicity scale method was
used for solvating. A cutoff distance (proton-acceptor) to
define a hydrogen bond was set to 2.5 Å. A cutoff distance
(carbon-carbon) to define a hydrophobic contact was set to
3.9 Å. The docking results were visualized with Discovery SV
(ver20.1, DDS Biovia).

The changes in the helicase structure caused by nsp13 mutations of SARS CoV-2 were investigated to develop robust and
valid therapeutics, in this study.
MATERIALS AND METHODS
Sequence Data and Mutation Analysis
The genome sequence data for the samples were obtained
from the NCBI Virus database. The genome data of 12,218 individuals located on the Asian continent were examined and
the sequence data from 298 individuals from the China location was used for analysis in this study. Reference sequence
data for the genome and protein was used NC_045512.2 and
YP_009725308.1, respectively (4). The sequence data was
aligned with the MAFFT (v7.490) multiple sequence alignment program FFT-NS-i algorithm (13). The scoring matrix
BLOSUM 80, and 1 PAM was chosen for the amino acid sequences, and nucleotide, respectively (14,15). The gap opening penalty was used as 2.0. The mutated residues were analyzed MegaX (16).

RESULTS
A mutation analysis revealed that there were 23 sense and 5
missense (Leu14Phe, Arg15Ser, Arg21Ser, Leu235Phe, and Ala454Thr) mutations in the helicase of SARS CoV-2 from Chinese
isolates (Table 1). The mutant nsp13 protein was modeled
using the deep learning-based modeling approach, RoseTTAFold. The Tm-score was 0.9787. The mutations caused changes
in protein conformation and topological structure (rmsd 0.325
Å) (Figure 1). The five mutations causing amino acid changes
showed a destabilizing effect in the helicase structure (-0.99,
-1.66, -1.15, -0.54, and -0.73 kcal.mol-1 respectively). The mutations changed the bond conformation between the residues,
forming the tertiary structure (Figure 2). After the Leu14Phe
mutation, two interactions (Phe14-Cys26 and Phe14-Cys27)
that were not in the wild-type appeared in the tertiary structure of the mutant helicase (Figures 2a and b). Increased inter-residual bond interaction may limit the movement of the
helicase N-terminal domain. The Arg15Ser mutation reduced
the local tertiary conformation provided by seven hydrophobic, nine polar, and one Van der Walls interactions in the wild
protein to four polar and one hydrogen bond in the mutant
protein (Figures 2c and d). The Arg21Ser mutation revealed
the most striking reduction in terms of tertiary structure bond
formation. The wild-type helicase, which demonstrated nine
different interactions with five amino acids at position twenty-one, made single amino acid and single bond interaction
in the mutant protein (Figures 2e and f ). Although the Leu235Phe mutation abolished the hydrogen bonds between
235-Leu132 and 235-Ser385, it revealed an increase in polar
and hydrophobic interactions (Figures 2g and h). The Ala454Thr mutation introduced an additional Asn459 polar interaction, which was not in wild-type (Figures 2i and j).

Tertiary Structure of Mutant Protein and Protein Stability
Analysis
The tertiary structure of mutant nsp13 was generated by the
method of homology modeling using RoseTTAFold (17). The
7NIO (pdb accession code) was selected as a template (18).
The QMEAN was used for structural validation and model of
mutant nsp13 (19). Superimpose and conformational analyses
of the wild-type and mutant helicase were performed with the
PyMOL (ver2.4.1) and NGL viewer (20). Topological differences
of wild-type and mutant nsp13 proteins were calculated with
the i-Tasser TM-Score and root mean square deviation (RMSD)
algorithm (21). An analysis of changes in protein stability was
performed using the DynaMut2 and mutation Cutoff Scanning
Matrix (mCSM) (22,23). The mCSM provides graph-based structural signatures, which is used to examine the effect of mutations on protein stability and interaction. The mCSM, extending the inter-residual signature to an atomic level, is a protein
structural tool used for large-scale protein function prediction
and structural classification. The mCSM workflow consists of:
collection and preprocessing of thermodynamic and structural
data, extraction of residue environments, signature calculation
and noise reduction, supervised learning, and mutation effect
estimation and validation (24,25). Another approach used to
analyze missense mutations’ impact on protein stability was
DynaMut2, which uses protein dynamics, wild-type residue
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Table 1. SARS CoV-2 helicase mutations in Chinese isolates.
Genomic Location

Codon Change

Mutation

Sense/Missense

16255

GTA > GTT

Val6Val

sense

16279

TTT > TTA

Leu14Phe

missense

16280

CGA > AGA

Arg15Arg

sense

16282

AGT > AGA

Arg15Ser

missense

16297

ATT > ATA

Ile20Ile

sense

16298

AGT > CGT

Arg21Ser

missense

16300

CGG > CGT

Arg21Arg

sense

16342

ATT > ATA

Ile35Ile

sense

16364

CTG > TTG

Leu43Leu

sense

16420

ACA > ACT

Thr61Thr

sense

16450

TAC > TAT

Tyr71Tyr

sense

16498

GGT > GGA

Gly87Gly

sense

16567

GCT > GCA

Ala110Ala

sense

16601

CTA > TTA

Leu122Leu

sense

16762

CCT > CCA

Pro175Pro

sense

16769

AGA > CGA

Arg178Arg

sense

16879

ACT > ACA

Thr214Thr

sense

16894

TTG > TTA

Leu219Leu

sense

16921

ACC > ACA

Thr228Thr

sense

16942

TTT > TTA

Leu235Phe

missense

16978

GTG > GTT

Val247Val

sense

17377

ACT > ACA

Thr380Thr

sense

17416

GCA > GCT

Ala393Ala

sense

17530

ACA > ACT

Thr431Thr

sense

17597

ACT > GCT

Ala454Thr

missense

17990

CTG > TTG

Leu585Leu

sense

18020

CGG > AGG

Arg595Arg

sense

18031

GCT > GCA

Ala598Ala

sense

The mutations caused a decrease in the nucleic acid affinity of
helicase (lowest ΔΔG -84.4±1.4 kcal.mol-1 and -71.1±6.7 kcal.
mol-1 for wild-type and mutant, respectively) (Table 2). The
Z-scores suggested that the mutant docking pattern was more
accurate and successful (-1.4 and -2.1 for wild-type and mutant,
respectively). This result showed a nice correlation between the
intermolecular energy of our solutions and the FCC between
these solutions and the target (Figure 3).
DISCUSSION
The helicase enzyme, a motor protein, causes the unwinding
of double-stranded nucleic acids along the 5’-3’ direction
during biological processes such as recombination, replication, and repair (28). The SARS CoV-2 helicase interacts with

Figure 1. Display of changes caused by mutations in helicase in
superimpose mode blue: wild-type helicase, red: mutant helicase, green: mutant residues
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quences of proteins change tertiary structure, stability, and
function (31–33). A location-based evaluation of mutations is
important in terms of the behavior of the virus in the cellular
invasion process, the progression of the epidemic, and the
specification of treatment options (34,35). The SARS CoV-2
has undergone thousands of mutations since the outbreak
began, resulting in significant changes in its genome and
protein structure (36,37). These changes manifested as various characteristics such as more virulence, increased affinity
for the angiotensin converting enzyme-2 receptor, and faster
host transition (38–40). The increase of the virus in the host
cell is associated with an increased replication cycle and helicase activity. The opposite is also possible. Virus proteome
rearrangements caused by mutations can increase or decrease virulence. Feroza et al. revealed two mutations with
opposing effects on RNA-binding affinity with helicase (41).
They reported that the Tyr541Cys substitution is a destabilizing mutation that increases molecular flexibility and leads
to the reduced binding affinity for RNA and helicase, while
the Phe504Leu substitution results in increased affinity (41).
This study revealed that the Ala454Thr substitution in the 2A
domain resulted in a decrease in protein stability (ΔΔG -0.73
kcal.mol-1).

Figure 2. The change of inter-residual interaction in the tertiary
structure of Helicase by mutations. Dashes indicates; red:
hydrogen bond, orange: polar, green: hydrophobic, blue: Van der
Walss. a: Leu14-wild-type, b: Phe14-mutant, c: Arg15-wild-type,
d: Ser15-mutant, e: Arg21-wild-type, f: Ser21-mutant, g: Leu235wild-type, h: Phe235-mutant, i: Ala454-wild-type, j: Phe454mutant

The interaction of active protein molecules and target nucleic
acid sequence in the activation and regulation of replication
and translation processes occurs with the contribution of special structural motifs such as zinc fingers (42,43). Zinc finger
domain mutations result in alterations/weakening of target
nucleic acid/protein and protein/protein interactions (44–46).
According to the findings, three mutations (Leu14Phe, Arg15Ser, and Arg21Ser) in the zinc finger domain of the SARS CoV-2
helicase caused a decrease in protein stability (ΔΔG -0.99, -1.66,
and -1.15 kcal.mol-1, respectively) and a change in its conformation (Figure 2). Given the functional roles of the SARS CoV zinc
finger structural motifs located in the N-terminus, it is clear that
these mutations will result in significant changes in the functional properties of the helicase (47,48). The helicase-nucleic
acid docking results indicated a decreased affinity of the SARS
CoV-2 helicase (from -84.4 to -71.1 kcal.mol-1). It is thought that
the change in the bond interaction network of the residue in
the zinc finger motif (26Cys4), after the mutation affects the positive charge area, causes a weakening in the nucleic acid interaction (Figures 2a and b).

human serine/threonine-protein kinase (TBK1). This interaction inhibits TBK1 phosphorylation and reduces interferon
regulatory factor-3 phosphorylation by 75%, resulting in a
reduction in the production of interferon-beta, one of the
barriers to the viral invasion process (29,30). This study revealed that mutations in the SARS CoV-2 helicase, which is
an important antiviral target, cause a decrease in substrate
affinity and change in protein stability. The functional roles
of proteins are formed by the dynamic movement and stability of their molecules (10,22). Mutations in the primary se-

This study found that the Leu235Phe substitution located on
the coil structure extending from the beta barrel formation
to the nucleotide binding site between the 1A and 2A domains causes a decrease in protein stability (ΔΔG -0.54 kcal.
mol-1). This region of Leu235Phe substitution, located between the two domains responsible for nucleotide binding
and hydrolysis, has been identified as a binding pocket for
many candidate helicase inhibitors (49,50). Mutations are
not only a threat to the functional roles of viral proteins, but
also important for the validity of existing therapeutics. With
mutations, the effectiveness of inhibitors can either increase
or decrease.
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Table 2. The change in helicase-nucleic acid interaction.
Z-Score

DocSc

i-RMSD

Evdw

Eelec

W

-1.4

-84.4±1.4

16.8±4.2

-37.7±5.9

-322.8±19.7

M

-2.1

-71.1±6.7

0.7±0.4

-40.9±13.3

-250.9±33.7

W

-1.4

-84.3±5.5

0.7±0.5

-36.3±5.0

-362.8±24.7

M

-0.9

-57.0±2.5

7.7±0.7

-32.7±11.7

-180.4±47.7

3

W

-0.7

-71.2±9.0

7.4±1.4

-39.8±8.2

-245.5±47.5

M

-0.8

-54.8±3.4

22.7±2.4

-26.9±3.8

-187.0±5.6

4

W

-0.6

-69.5±1.7

13.8±4.4

-31.0±3.7

-296.8±11.1

M

0.2

-43.2±2.0

6.2±0.9

-20.1±6.3

-190.3±5.5

W

-0.1

-61.9±5.5

20.6±1.2

-34.8±4.4

-221.3±46.2

M

0.3

-42.2±4.8

24.7±0.4

-43.1±8.4

-95.6±16.3

1
2

5
6
7
8
9
10

W

-0.1

-59.8±7.6

22.3±0.5

-32.0±3.9

-237.2±27.3

M

0.4

-40.9±8.0

11.4±4.3

-19.3±8.1

-174.9±26.4

W

0.6

-49.3±5.1

24.8±3.8

-26.5±5.6

-185.9±23.0

M

0.6

-38.1±7.2

23.9±0.5

-31.7±9.1

-92.2±14.0

W

0.9

-44.9±3.7

26.2±3.7

-34.2±5.7

-108.7±17.2

M

1.1

-32.1±2.8

22.3±0.7

-17.4±4.5

-115.1±10.7

W

1.0

-43.1±1.3

24.8±3.8

-29.1±5.5

-150.4±28.4

M

1.3

-29.5±5.1

28.9±2.0

-21.6±1.8

-54.3±24.1

W

1.7

-29.9±5.2

24.6±0.4

-23.2±4.2

-125.0±20.3

M

-

-

-

-

-

W: wild, M: mutant, DocSc: docking score, i-RMSD: interface RMSD (from the overall lowest-energy structure), Evdw: Van der Waals energy, Eelec: electrostatic energy.

Figure 3. Evaluation of binding quality for wild-type helicase/nucleic acid and mutant helicase/nucleic acid complexes. a: wild-type
helicase-nucleic acid complex, b: mutant helicase-nucleic acid complex.
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CONCLUSION
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Interatomic Interactions in Protein Structures. J Mol Biol 2017; 429:
365-71.
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PL, Karaca E, et al. The HADDOCK2.2 Web Server: User-Friendly Integrative Modeling of Biomolecular Complexes. J Mol Biol 2016;
428: 720-5.
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PDB, et al. Structural Basis for Helicase-Polymerase Coupling in the
SARS-CoV-2 Replication-Transcription Complex. Cell 2020; 182:
1560-1573.e13.
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The SARS CoV-2 nsp13 mutations decreased protein stability
and nucleic acid affinity of helicase. The decreased helicase
activity limits the replication and spread of SARS CoV-2 in the
host cells. In China, which is the origin of the epidemic and the
source of the isolates analyzed in this study, it is thought that
successful epidemic control policies, as well as mutations in
viral proteins in favor of the host, contributed to the decrease
in the number of cases. The results provide important data on
the development of potential antivirals and the effects of mutations on the functional behavior of viral proteins.
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