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ABSTRACT

Autophagy is a natural cellular mechanism in which cellular components such as long-lived pro-
teins and damaged organelles are degraded in response to starvation by forming autophagosomes.
Viruses activate the autophagy process, which generates innate immune protection in the host
against infection. While the actual molecular mechanism of this contagious viral infection remains
unknown, studies on some other betacoronavirus show that their infection of host cells inhibits
the autophagy process, resulting in autophagosome accumulation inside the cells. Non-structural
protein 6 (NSP6) is crucial in blocking autophagosomes/autolysosome vesicle formation, which are
more numerous and smaller than autophagosomes formed upon starvation. Because of its vital
role in autophagy, NSP6 can be used as an effective drug target to combat severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) infections. Therefore, this study aims to detect the muta-
tions in the NSP6 of Indian isolates compared to Wuhan-type isolates. The NSP6 protein of Indian-
type SARS-CoV-2 isolates contained 654 point mutations. Furthermore, secondary structure, energy
change upon mutation, physicochemical properties, and hydropathy index of wild and mutated
proteins were compared, clearly showing that mutations altered NSP6 stability. An immunoinfor-
matics approach was also attempted to identify the B-cell and interferon (IFN)-inducing epitopes
for using NSP6 as a probable vaccine candidate. Therefore, this study explored an important drug

target (NSP6) essential for autophagy and assembly of coronavirus replicase proteins.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) is a highly transmissible and
pathogenic virus that caused this current devastating
The SARS-CoV-2 originated
in Wuhan, China, and now can be found in >
210 countries across the globe. The World Health
Organization classified SARS-CoV-2 as a pandemic
of global concern on March 11, 2020 1-3 " Since the
emergence of this contagious disease, numerous

pandemic disease.

novel studies and several research findings have been
published on approaches to curb this pandemic.
However, we are still behind in developing effective
and durable antiviral therapeutics to combat the
COVID-19 outbreak.

SARS-CoV-2 belongs to the family Coronaviridae
and order Nidovirales. This virus is supposed to
be the third zoonotic coronavirus originating from
bats after SARS-CoV and the Middle East respiratory
syndrome-related coronavirus (MERS-CoV). How-
ever, SARS-CoV-2 is the only novel coronavirus with
148,

pandemic potentia This coronavirus is an en-

veloped single-stranded RNA virus with a genome of

29,891 nucleotides encoding 9680 amino acids 12,

The genome of SARS-CoV-2 encodes structural or
non structural proteins (NSP1 to NSP16) 111314 The
NSPs are involved in RNA replication and process-
ing, such as the RNA-dependent RNA polymerase
(RDRP/NSP12) and helicase (NSP13). However, the
functions of some NSPs remain unknown. Among
the NSPs, NSP6 is a crucial component of membrane
protein (34 KDa), comprising seven transmembrane
helices and a conserved C terminus domain. NSP6
induces the autophagy process through the omega-
some activation pathway!>. NSP6 plays an impor-
tant role in blocking autophagosomes/autolysosome
vesicle formation that are more numerous and smaller
than the autophagosomes induced upon starvation 6.
This condition might be favorable for SARS-CoV-2 to
limit the autophagosome delivery of viral components
to the lysosome for degradation.

Present study aim to investigate the effect of mu-
tations on the structure of the NSP6 protein from
Indian-type SARS-CoV-2 isolates and compare them
with the Wuhan-type isolates. Significant alterations
were found in the biochemical, immunological, and
structural properties of SARS-CoV-2 NSP6 protein.
Therefore, this study explored an important pro-
tein (NSP6) essential for autophagy and assembly of
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SARS-CoV-2 replicase proteins.
METHODS

Collection of protein sequences

The sequence data for the SARS-CoV-2 NSP6 pro-
tein (290 amino acids long) was retrieved from The
US National Center for Biotechnology Information
(NCBI) virus database. These sequences were filtered
for those originating from India from the onset of this
disease to August 15, 2022. The Wuhan SARS-CoV-
2 virus sequence was used as the reference (acces-
sion number: YP_009724389) in the mutational anal-
ysis!7.

Multiple sequence alignment and mutant
identification

NSP6 protein
CLUSTAL Omega, an online server performing

sequences were aligned using
alignment using hidden Markov model profiling '8,
with the Wuhan-type virus sequence as the reference.
Jalview, an alignment viewing software, was used to
detect the differences in the NSP6 region with the
accession number of the Indian SARS-CoV-2 isolates.
The nonsynonymous amino acid substitutions were
analyzed using the Protein Variation Effect Analyzer
(PROVEAN; v1.1.3) software with a cutoff score of
—2.501°. The effect of NSP6 protein mutation on its
stability could be inferred from the generated score.

Prediction of NSP6 protein structure

The model of NSP6 protein was predicted using Swiss-
Model online web servers. The I-Tasser software was
also used to predict the NSP6 protein model. The sec-
ondary structure of the NSP6 protein was predicted
using the PSIPRED online web tool. The NSP6 pro-
tein sequences were examined using the Chou and
Fasman secondary structure prediction (CFSSP) on-
line software to detect differences in the secondary
structure due to a mutation?°, Secondary structure
prediction tools were used to analyze alterations in the
formation or loss of secondary structures.

Determination of the NSP6 protein’s physic-
ochemical parameters

The NSP6 protein’s physicochemical parameters were
determined using ExPASy’s online ProtParam tool.
The NSP6 protein’s hydrophobicity was calculated us-
ing ExPASY’s Protscale tool 2!.

Variation in protein stability after mutation

The changes in protein stability after mutation were
predicted using the I-Mutant 2.0 online program,

which predicts stability in terms of the Gibbs free en-
ergy change (AG) values, where the negative AG val-
ues suggest a decrease in flexibility and positive values
indicate a gain in flexibility after mutation of the wild-
type protein.

B-cell epitope and interferon (IFN)-
inducing epitope prediction

The B-cell epitopes of the NSP6 protein were esti-
mated using the Immune Epitope Database (IEDB) 22

23

and Bepipred 2.0 server The IFN-inducing epi-

topes were predicted by IFN epitope 24.

T-cell epitope prediction and major histo-
compatibility complex (MHC) restriction

The IEDB!7 Tepitool server was used to predict the
T-cell binding epitope and the MHC allele. The bind-
ing of processed antigen to an MHC molecule is es-
sential for T-cell recognition and eliciting an immune
response.

Determination of the NSP6 protein’s anti-
genicity and allergenicity

The NSP6 protein’s antigenicity was predicted using
the Vaxijen v2.0 server 2%, and its allergenic properties

were determined using the AllerTOP server 2.

RESULTS

Collection of target protein sequences for
mutational analysis

The NSP6 protein sequences of Indian-type SARS-
CoV-2 isolates from the onset of this disease to Au-
gust 15, 2022, were retrieved from the NCBI database
along with the first SARS-CoV-2 virus sequence. In
the above period, 548 NSP6 protein sequences were
submitted of Indian-type isolates. These sequences
were aligned to detect variations in the NSP6 protein
region of Indian-type isolates relative to a Wuhan-
type isolate. Those mutations in the NSP6 region were
recorded with the accession number of the isolate and
the mutated base in the wild-type and mutated se-
quences. The NSP6 region contained 654 point mu-
tations in Indian-type SARS-CoV-2 (Supplementary
Table 1). Nine mutations were frequently observed in
the NSP6 protein: T77A, V149A, L37F, T1811, V190F,
L125F, M183l, and V153C (Supplementary Figure
S1).

Nonsynonymous mutations in the SARS-
CoV-2 NSP6 protein

Of these 654 mutations, five (I49T, M86I, L142F,
1162T, and V190I) were selected for further character-
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ization. The five nonsynonymous amino acid substi-
tutions showed similar effects on the structure of the
NSP6 protein. The five NSP6 protein mutants showed
a neutral impact at a cutoff PROVEAN score of —2.5
(Table 1).

Protein stability detection

The AG values for the wild-type and mutated NSP6
proteins were calculated using the I-Mutant 2.0 online
server. All mutants showed generally negative and de-
creasing AG values, suggesting a decrease in flexibility
in the mutated compared to the wild-type NSP6 pro-
tein (Table 2).

Physicochemical parameters and hydropa-
thy of the NSP6 protein

The prediction of the SARS-CoV-2 NSP6 protein’s
physicochemical properties showed that it comprises
290 amino acids with a molecular weight of 33033.69
Da, atom number of 4696, aliphatic index of 111.55,
instability index of 22.94, and grand average of hy-
dropathy (GRAVY) score of 0.790 (Table 3). The pre-
dicted hydropathy plot showed that its N-terminal
end contains more hydrophobic residues than its C-
terminal end (Figure 1).

NSP6 protein structure prediction

The structure of the NSP6 protein was modeled us-
ing the I-Tasser tool since no significant model could
be built with the Swiss-Model method. Therefore, the
three-dimensional structures were downloaded from
the I-Tasser portal (Figure 2 A). The protein model
also showed the molecules in close proximity to the
NSP6 protein (Figure 2 B). The Prosol server pre-
dicted the solubility of the NSP6 protein sequence as
0.4, indicating good solubility (Figure 3). Therefore,
the NSP6 protein can be used for vaccine prepara-
tions.

Secondary structure of the NSP6 protein

The secondary structure of the NSP6 protein was
predicted using the PsiPred server, which inferred
the number and position of helix, strand, and coil
structures (Figure 4 A). Secondary structures were
also predicted using the CFSSP tool. The MB86I
point mutation showed significant secondary struc-
ture changes compared to the wild-type, whereas the
other mutants did not impact the secondary structure
of the NSP6 protein (Figure 4 B). Replacing methion-
ine with isoleucine leads to the loss of a sheet structure
at positions 86, 87, 88, and 89. As a sulfur-containing
amino acid, methionine prefers sheet structure and is

present in the hydrophobic core of a protein. There-
fore, its substitution results in the loss of sheet struc-
ture. This variation in the secondary structure of the
NSP6 protein can greatly impact viral replication and
multiplication.

Assessment of B-cell epitopes in the NSP6
protein

Eleven linear B-cell epitopes were identified in the
NSP6 proteins. Their amino acid composition, re-
gion of occurrence, antigenicity, and allergenicity are
shown in Table 4. In Figure 5, the epitopic regions
are shown in yellow, and the non-epitopic regions are
shown in green.

T-cell epitope prediction and identification
of IFN-inducing epitopes

We identified three T-cell epitopes that have binding
ability for different alleles. The sequences of three epi-
topes were FAMGIIAMS, CVMYASAVYV, and ALI-
ISVTSN (Table 5). Moreover, the IFN-inducing epi-
tope server predicted six epitopes positive for IFN-
inducing capability, including both B-cell and T-cell
epitopes (Table 5). Therefore, these predicted epi-
topes can induce IFNs for cytokine production.

Prediction of the NSP6 protein’s vaccine
properties

In order to become a vaccine candidate, a protein
must be immunogenic and non-allergenic. The anti-
genicity property depends on the vaccine candidate’s
ability to bind to both B-cell and T-cell receptors and
induce an immune response. Tables 5 and 6 show
the immunogenicity of the NSP6 protein. Allergenic-
ity predictions for all epitopes found that only three
B-cell epitopes were allergenic; the others were non-
allergenic. Therefore, only the non-allergenic epi-
topes could be used as vaccine candidates (Tables 5
and 6).

DISCUSSION

The emergence of SARS-CoV-2 in late 2019 was re-
ported to be the causal agent of the novel coronavirus
pandemic (COVID-19). This contagious virus poses
a danger to humans and animals because of its abil-
ity to overcome the species barrier and acquire infec-
tive properties witnessed in previous SARS-CoV and
MERS-CoV outbreaks. SARS-CoV-2 belongs to the
RNA virus family, showing enormous genetic vari-
ability because of its potential to exhibit a high muta-
tion frequency. Numerous factors are responsible for
the transmissibility of SARS-CoV-2 infections across
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Table 1: List of 5 nonsynonymous amino acid substitutions in NSP6 protein (cut off = -2.5)

Amino acid substitution in the helicase region PROVEAN score Variation effect on protein
149T -1.698 Neutral
M8e6l -0.427 Neutral
L142F -1.244 Neutral
1162T -1.474 Neutral
V190I -0.486 Neutral

Table 2: Showing the effect of mutation on energy change (AG) in the mutated NSP6 as compared to wild type
NSP6

S.No.  Accession No.  Position of mutation ~ Wild sequence = Mutated sequence AG Protein Stability

1. QKY59987 49 A T -2.80 Decreases
2. QKV26075 86 M I -1.02 Decreases
3. QKV26087 142 L E -0.66 Decreases
4. QKJ68675 162 1 T -4.61 Decreases
5. QKJ68699 162 I T -4.61 Decreases
6. QKV25895 190 Vv 1 -0.94 Decreases
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Figure 1: Hydropathy plot of wild type (Wuhan type) NSP6 protein showing hydrophobic amino acid
residues.
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Table 3: Physicochemical properties of NSP6 protein (wild type)

Physicochemical properties NSP6 Amino acid No. Percent
composition composition
(%)
Molecular weight 33033.69 Ala (A) 20 6.9
No. of amino acids 290 Arg (R) 9 3.1
Theoretical pI 9.11 Asn (N) 10 3.4
Instability index 22.94 Asp (D) 8 2.8
No. of negatively charged (Asp+ Glu) 11 Cys (C) 10 34
No. of positively charged (Arg+ Lys) 21 Gln (Q) 7 24
aliphatic index 111.55 Glu (E) 3 1
Grand average of hydropathicity 0.790 Gly (G) 15 5.2
Estimated half-life (mammalian retic- 1.9 hours His (H) 4 1.4
ulocytes, in vitro)
Atomic composition Ile (I) 16 5.5
C 1546 Leu (L) 41 14.1
H 2378 Lys (K) 12 4.1
N 360 Met (M) 17 5.9
(0] 385 Phe (F) 22 7.6
S 27 Pro (P) 7 2.4
Formula C1546H2378N360 0385527 Ser (S) 17 5.9
Total number of atoms 4696 Thr (T) 21 7.2
Trp (Y) 17 5.9
Val (V) 28 9.7
Phy (O) 0 0.0
Sec (U) 0 0.0

different geographical areas, including poor health
and hygiene systems as well as personal hygiene, and

climatic and environmental variations 27,

Additionally, these RNA viruses can better adapt to
an ever-changing environment due to frequent mu-
tations resulting in natural selection. In this study,
we detected mutations in the NSP6 protein of Indian
isolates because this protein shows an autophagic re-

sponse and is involved in replicase assembly.

Viruses recruit autophagic cellular machinery to sup-
port their rapid transmission and replication?®2°,
which can have an antiviral role3?. Viruses co-evolve
with their usual hosts, strengthening their ability to
control autophagic processes to evade host immunity.
However, data on the coronavirus autophagy mecha-

nism remain scarce.

Autophagy is a natural cellular mechanism in which
malfunctioning cellular components, such as long-
lived proteins and damaged organelles, are degraded
in response to starvation by forming autophagosomes.
Therefore, autophagy is also considered a quality
control mechanism operating in the cell?$2. The
macroautophagy process is initiated by a phagophore
(a double-membrane structure). The phagophore
works by engulfing the substrate molecules destined
for degradation and disintegrating inside an au-

tophagosome 2831,

An autolysosome is formed by
combining mature autophagosomes with lysosomes,
where engulfed cellular material is degraded 2832,

A previous study showed that the SARS-CoV-2 NSP6
protein inhibits autophagosome expansion after cel-
lular stress such as starvation. Altogether, it acts di-

rectly or indirectly to limit autophagosome inhibition
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Table 4: List of linear B-cell epitopes with their sequence, length, site, antigenicity and probable allergenicity

S.No.  Start End Peptide Length  Allergenicity Allergenicity

1 5 9 RTIKG 5 (Probable non- anti-  Non-allergen
gen)

2 29 34 TQWSLF 6 0.8722 (Probable  Non-allergen
antigen)

3 38 41 YENA 4 (Probable non- anti-  Allergen
gen)

4 83 89 MVYMPAS 7 -0.0550 Allergen
(Probable non- anti-
gen)

5 95 112 MTWLDMVDTSLSGFKLKD 18 1.3163 Non-allergen
(Probable antigen)

6 131 138 VYDDGARR 8 -1.4642 Non-allergen
(Probable non- anti-
gen)

7 152 161 VYYGNALDQA 10 0.5160 Non-allergen
(Probable antigen)

8 172 178 TSNYSGV 7 0.3020(Probable Non-allergen
non- antigen)

9 202 204 ITG 3 (Probable non- anti-  Allergen
gen)

10 236 267 RLTLGVYDYLVSTQEFRYMNSC 32 0.6940 (Probable  Non-allergen
antigen)

11 275 286 LLGVGGKPCIKV 12 1.2988 (Probable  Non-allergen
antigen)

Figure 2: Protein model of wild type nsp6 protein. (A) Model prepared by I-Tasser server, (B) Model showing
ligand binding sites in NSP6 protein.
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Table 5: Showing the list of T-cell epitopes with MHC allele affinity, antigenicity and allergenicity

MHC Restriction of CTL Epitope

T-cell epitope MHC allele Antigenicity Allergenicity
FAMGIIAMS HLA-Cw*0401 1.1569 (Probable antigen) Probable nonallergen
FAMGIIAMS H2-Db

FAMGIIAMS H2-Dd

FAMGIIAMS H2-Kb

FAMGIIAMS H2-Kd

FAMGIIAMS H2-Ld

FAMGIIAMS HLA-G

FAMGIIAMS H-2Qa

FAMGIIAMS Mamu-A*01

CVMYASAVV HLA-A*2402 0.5448 (Probable antigen) Probable nonallergen
CVMYASAVV HLA-B*51

CVMYASAVV HLA-Cw*0401

CVMYASAVV H2-Db

CVMYASAVV H2-Dd

CVMYASAVV H2-Kb

CVMYASAVV H2-Kd

CVMYASAVV H2-Ld

CVMYASAVV HLA-G

CVMYASAVV H-2Qa

CVMYASAVV Mamu-A*0

ALIISVTSN HLA-A*0203 0.8021(Probable antigen) Probable nonallergen
ALIISVTSN HLA-A3

ALIISVTSN HLA-A*0301

ALIISVTSN HLA-B8

ALIISVTSN HLA-Cw*0401

ALIISVTSN H2-Db

ALIISVTSN H2-Dd

ALIISVTSN H2-Kb

ALIISVTSN H2-Kd

ALIISVTSN H2-Ld

ALIISVTSN HLA-G

ALIISVTSN H-2Qa

ALIISVTSN Mamu-A*01
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Table 6: Prediction result from the IFNepitope server

Serial Sequence Method Result Score
No.
1 RLTLGVYDYLVSTQEFRYMN SVM based POSITIVE 5.3556924
SQGLLPPKNS
2 LLGVGGKPCIKV SVM based NEGATIVE -0.034460869
3 ITG SVM based POSITIVE 1.084497
4 TSNYSGV SVM based NEGATIVE -0.20288055
5 VYYGNALDQA SVM based NEGATIVE -0.42078445
6 VYDDGARR SVM based NEGATIVE -0.19121745
7 MTWLDMVDTSLSGFKLKD SVM based NEGATIVE -0.12253481
8 MVYMPAS SVM based POSITIVE 0.33703218
9 YENA SVM based POSITIVE 0.87711292
10 TQWSLE SVM based POSITIVE 0.20954355
11 FAMGIIAMS SVM based NEGATIVE -0.53361947
12 CVMYASAVV SVM based POSITIVE 0.25965934
13 ALIISVTSN SVM based NEGATIVE -0.23932506
0.5 4
0.4 1
(]
—
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O
2]
0.3 1
0.2 1

0O 20 40 60 8 100 120 140 160 180 200 220 240 260 280 300
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Figure 5: B-cell epitope prediction of NSP6 protein sequence. The threshold cutoff is 0.4 above which the
residues are epitopes.
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of mammalian target of rapamycin (mTOR) signaling
via chemicals or upon starvation 33,

In this study, we predicted six mutations in the NSP6
region of Indian-type SARS-CoV-2 isolates using a
Wuhan-type isolate as the reference. The transmem-
brane protein structure, secondary structure, and
energy change upon mutation were examined, and
the physicochemical properties and hydropathy index
of the wild-type NSP6 protein were also estimated.
An immunoinformatics approach was attempted to
identify the NSP6 protein’s T-cell, B-cell, and IFN-
inducing epitopes for use as possible vaccine candi-
dates3%35. Since the NSP6 protein is non-allergenic
and antigenic, it represents a possible vaccine target.
Similarly, our findings suggest that six recurrent point
mutations affecting the structural stability of NSP6 lie
in the open reading frame 10 adjacent region. These
mutations arose within the virus’s genome during cir-
culation, affecting its intracellular survival.

The coronavirus NSP6 is a transmembrane protein
with a molecular weight of approximately 34 kDa.
It localizes to the endoplasmic reticulum membrane
and perinuclear space3¢-38, Viral replication occurs
in double-membrane vesicles (DMV’s) that originate
from the endoplasmic reticulum and are involved
in the formation of replication organelles that pro-
tect virus’s genomic RNA from pattern recognition
receptors, which can induce an IFN response3%40,
IFN is the first line of defense in response to viral
infections, activating innate immunity and promot-
ing adaptive immunity against future infection by the
same pathogen 412, Xia et al.#3 reported that vari-
ous SARS-CoV-2 non-structural and accessory pro-
teins antagonize IFN-I production in infected host
cells. However, mutations in the coronavirus NSP6
protein suppress IFN-I signaling pathways. The struc-
tural information may also improve our understand-
ing of NSP6-mediated DMV formation and designing
inhibitors of its function. Identifying specific inter-
acting partners will also be vital to understanding the
NSP6 antagonism of IFN-I pathways and other func-
tions. Further studies are essential to examine the in-
fluence of mutation on important drug targets, such as
NSP6, essential for autophagy and assembly of SARS-
CoV-2 replicase proteins.

CONCLUSIONS

The emergence of the COVID-19 pandemic has
caused immense harm worldwide and represents an
unprecedented threat to human health and economic
losses globally. The rapid development of antivi-

ral therapeutics, such as vaccines, has significantly

10

changed the course of the pandemic and saved mil-
lions of lives. However, future variants remain of
great concern 4“4 Therefore, it is essential to continue
studying coronaviruses, particularly the crucial roles
of NSPs like NSP6 in replication.

We have detected six recurrent mutations in the NSP6
protein of Indian-type SARS-CoV-2 isolates. Coro-
naviruses evolve continuously and rapidly, helping
them to adapt to host environments in different areas
or locations worldwide. Therefore, they require fur-
ther investigation. This study’s findings create new av-
enues for developing therapeutics against one impor-
tant drug target (NSP6) essential for autophagy and
SARS-CoV-2 replicase assembly to halt the transmis-
sibility of this deadly pandemic. While several func-
tions of the SARS-CoV-2 NSP6 protein have been re-
ported, many questions remain unanswered. There-
fore, future research should focus on developing a
deep understanding of NSP6 protein to design in-
hibitors to manage the COVID-19 pandemic.

ABBREVIATIONS

Da: Dalton

DMYV: double membrane vesicles
IFN: Interferons

kDa: kilodalton

NSP6: Non — structural Protein 6
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