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Abstract

Like other viruses, SARS-COV-2 too mutating and thus creating divergent
variants across the world. Protein sequence variation occurs due to non-
synonymous single-nucleotide polymorphism (SNP) that alter the amino
acid. Amino acid substitutions on homooligomer interfaces may change the
structure of the protein and hence alter the regular or known functional
activities of a viral protein. Studies reveal that even a single point muta-
tion in virus protein can significantly change their biology, leads to peculiar
pathogenic properties. Therefore, an in-depth investigation of the amino acid
substitution in the genomic signature of a protein is highly essential for the
rapidly evolving virus-like SARS-COV-2. Investigation of world-wide and
country-specific substitution features may be crucial and highly essential to
decipher pathogenicity. These might be also helpful to precise structure pre-
diction and identification of possible therapeutic targets for effective drug
design.

We perform extensive analysis towards highlighting and characterizing
the amino acid substitution signature occurs in the four structural proteins
(Spike-S, Nucleocapsid-N, Membrane-M, Envelope-E) of SARS-COV-2. We
use a total of 9587 viral sequences reported from 49 different countries across
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the globe. In this study, we try to study the amino acid substitution patterns
and its impact on change in biochemical properties, thereby possible changes
in protein structures. We perform the following analysis: a) isolating and
grouping variants we considered, for different protein sequences; b) identify-
ing amino acid substitution type that are frequently and rarely occurring and
reporting their location within the sequence; ¢) change in chemical properties
due to amino acid substitution; and f) highlight country-specific divergent
variation and substitution signature.

In terms of mutational changes, E and M proteins are relatively stable
than N and S proteins. A significant quantity of variations is observed in
spike (S) proteins. Our study further reveals an interesting fact that the
substitution location is random in N protein, whereas the substitution sites
in M protein is less varying and almost stable. Substitutions specific to active
sub-domains in S and N proteins reveals that sub-domains like Heptapeptide
Repeat (HR2), Fusion peptides (FP), and Transmembrane (TM), which are
involved in cellular membrane fusion and entry of the virus into the host cells,
are significantly mutated. Majority of the substitutions leads to change in
biochemical properties (side chain and hydropathy) of amino acid. A good
number of exclusive variants are found specific to a particular country. We
strongly believe that the current findings will be helpful for protein structure
analysis of viral structural proteins and antiviral drug discovery.

Keywords: Mutation, Amino acid substitution, Structural proteins,
Biochemical properties, Functional sub-domains.

1. Introduction

Recent world pandemic due to SARS-COV-2 creates a havoc and lethal
for the entire mankind. With the passage of time, SARS-COV-2 infect-
ing different parts of the globe with varying intensity. Though the rate of
mutation in SARS-COV-2 observed to be relatively low, even then a good
number of strains are reported across the globe. Genome of any viruses are
differed by several mutations in their genome. Mutations in the nucleotide
sequence can prevent binding PCR primers to target sequences [I]. Different
biological properties such as pathogenicity, tissue tropism or host range can
happen diversely in closely related strains due to variation [2) 3]. Couple of
studies reveal that mutation can trigger on enzyme motion in dihydrofolate
reductase [4], effect in three-dimensional structure, stability and redox poten-
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tial [5], hydrophobic effect [6], functional diversity, even for the structurally
similar proteins |7, 8] and pathogenic mutation [9].

The genetic diversity of SARS-COV-2 strains may impact on molecular
functionality of the protein [10]. Mutation and sequence variant analysis is
crucial for understanding the disease pathogenesis and structural changes in
SARS-COV-2 proteins, which ultimately helps in designing more stable small
molecules that binds viral proteins.

Mutation is the key factor that trigger a virus switch hosts including
human [IT]. SARS-COV-2 genome shows different degree of similarity with
other coronaviruses. SARS-COV-2 genome is highly similar with SARS-
related coronaviruses [[| derived from Pangolin [12] or Bat [13, 14]. A minor
dissimilarity [15] might leads to the variation in functionality of SARS-COV-
2 protein with other class of coronaviruses. Scientists observing variants in
novel coronavirus strains due to mutation, insertion or deletion reported from
different geographical regions [16, [17, [18§].

At least 26 protein-coding genes are available in each SARS-COV-2 genome
that encodes mainly three classes of proteins, which are nonstructural (Nspl-
Nspl6), structural (Spike glycoprotein-S, Envelope-E, Membrane-M and Nu-
cleocapsid - N), and several accessory protein chains [19] 20]. The two-third
of the complete genome is at the 5’ site that encoding the nonstructural pro-
teins, and one-third are at the 3’ side that encoding structural and accessory
proteins [19]. SARS-COV-2 proteins play a diverse functional role in which
structural proteins are highly essential. This is mainly because of two reasons:
a) proteins from this class initiate host jumping mechanism, and b) high mu-
tational rate (particularly in Spike and Nucleocapsid protein) compared to
other categories. For example, the envelope protein promotes viral assembly
and release [2I]. The Spike protein responsible for the occurrence of spikes on
the viral surface that binds to host receptors [21] and it is mainly responsible
for receptor recognition, cell attachment, and fusion during viral infection
[22, 23] 24]. The Nucleocapsid protein capable of self-association through a
C-terminal [25] 26] and it activates the expression of cyclooxygenase-2 [27].
The roles of M protein include promoting membrane fusion, regulating viral
replication, packing genomic RNA into viral particles, interaction with other
proteins [28, 29]. Both the spike and nucleocapsid proteins are in the main
target for antibody detection [30]. Importantly, many of these sequence vari-
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ability features of structural proteins are yet to be investigated thoroughly.

Studies on three severe class of coronaviruses have shown that hydropho-
bic interaction in receptor binding motif for SARS-COV and SARS-COV-2
could allow the spike protein for zoonotic transmission [31]. Further, inser-
tion of an extra charged amino acid residue in SARS-COV-2 receptor-binding
domain, creates a larger hydrophobic surface that underlies the higher bind-
ing affinity of SARS-COV-2 to ACE2 compared to SARS-COV [31] and that
might allow more flexibility for zoonotic transmission. In comparison to Bat
and Pangolin coronavirus, SARS-CoV-2 sequence seems to possess specific
modifications and characteristics than other SARS-COV viruses [32]. For in-
stance, in case of homologous coronavirus proteins, positively charged amino
acid (Arg69) replaces negatively and neutrally charged Glu or Gln residues.
Moreover, a deletion specific to SARS-COV-2 proteins flanks this position. In
a different studies have highlighted the impact of the non-synonymous substi-
tutions, that change biochemical properties of amino acids, are highly crucial
for protein stability, binding with receptors, substrate specificity, affinity of
amino acid change [33] [34], 35] 136, 37, 38]. Therefore, amino acid insertion,
deletion and even substitution playing significant role towards attaching with
receptor proteins that could impact on the binding affinity of SARS-COV-2
protein. Several other studies on SARS-COV-2 have shown that a mutation
can trigger protein structure alteration, dynamics and function while bind-
ing with human receptor protein (ACE2) [39] [40] [41], [42]. Therefore, these
studies are important to understand the clinical presentation and spread of
the disease, and also useful for antiviral drug design [43], 44].

In this study, we focus on sequence variability of worldwide SARS-COV-2
genome, particularly four structural proteins. For each protein, we cluster
the genome by sequence variant. Then we identify and localize the amino
acid substitution in each variant. Substitutions are then quantified and cat-
egorised according to their type and physico-chemical properties of amino
acids. We then report country-specific unique variant and substitution type
in each structural protein.

2. Methods and Materials

To the best of our knowledge no prior research analyse different SARS-
COV-2 strains collected from 49 different countries across the global to un-
derstand the worldwide sequence variant due to mutation. In this section we
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report the data collected and various exploratory analysis performed during
the study.

2.1. Sequence dataset

We collect around 9,587 SARS-COV-2 complete genomic (nucleotide) se-
quences of length ~ 28kb from NCBI database reported till 15th July 2020.
We exclude the incomplete and noisy sequences in each of the structural pro-
tein in our study and finally, we obtain 9058, 8954, 8271 and 7009 number
of sequences for Spike (S), Envelope (E), Membrane (M), Nucleocapsid (N)
protein, respectively.

2.2. Clustering analysis

Collected sequences from different patient samples are not unique. Many
sequences are identical (exactly similar organizing pattern). We try to iden-
tify similar sequences and cluster them accordingly. To do that we perform
string matching technique, which is applied on gene-wise collected whole list
of sequences datasets and clustering is performed.

2.3. Multiple sequence alignment

The unique list of clustered sequences (one representative from each
cluster) are then subject to multiple sequence alignment (MSA) mainly to
observe the sequences with one or more inserted and deleted amino acid
residues. We choose reference sequence which is the first reported sequence
from Wuhan city of china (2019-nCoV/USA-WA1/2020, Accession num-
ber: M N985325/NC_045512), E-protein (Accession number: QHO60596.1);
M-protein (Accession number: QHO60597.1); N-protein (Accession num-
ber: QHO60601.1); S-protein (Accession number: QHO60594.1). We use
MEGAX [45] for MSA. We obtain very few sequences (09 Spike and 03 Nu-
cleocapsid proteins) which are observed either inserted or deleted some amino
acid residues (Supplementary-A (Figure S1 and S2)). We exclude the these
few sequences and all the remaining sequences (only with substitution type as
compared with the taken reference sequence) are considered for subsequent
analysis.

2.4. Amino acid substitution identification

Amino acids are macromolecule, which undergoing condensation reac-
tions to form a protein through peptide bond. The amino acid substitutions
in proteins is a common phenomenon in all living species and can vary across
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protein families [46]. Amino acid substitution for a sequence is the change or
alteration of one or more amino acids in some positions while compared with a
reference sequence. The amino acid substitution (or non-synonymous muta-
tion) is a common phenomenon in viruses genome and the rate of substitution
is varying that mainly depend on the protein’s expression level, functional
category, metabolic costs, hydrophobicity and electrostatic, physicochemical
properties, annotated active or binding site [47, 48|, 49| 38].

To understand and observe any pattern during amino acid substitutions
in the collected strains, we compare each and every aligned sequences with
the reference sequence and report position-wise substitutions. In our study,
we try to identify all possible substitutions from one amino acid to other (20 x
20 — 20 = 380) for twenty (20) amino acids, without considering synonymous
substitutions and categorizing them based on similar substitution patterns.

2.5. Investigating the change in biochemical properties

Amino acid substitutions (or insertion and deletion of amino acid residue)
due to non-synonymous mutation may change the biochemical properties of
the protein in some specific domain. As we discussed in introductory section,
altering the biochemical properties of amino acid in some functional domain
of proteins might have essential role in binding affinity, protein stability,
substrate specificity of the protein.

We categorize amino acid substitutions (obtained from the last step)
based on the change in the chemical properties. Here, we consider two kinds
of broad groupings based on the biochemical properties of amino acid. One is
eight chemical sub-groups based on side-chain structure [50], and the other
is three Hydropathy classes of amino acids [51]. The sub-groups in each
category are as follows:

e Side-Chain based classes: According to this grouping 20 amino
acids are clustered as Acidic (D, E), Basic (R, H, K), Aromatic (F, W,
Y), Aliphatic (A, G, I, L, V), Cyclic (P), Sulfur (C, M), Hydroxyl (S,
T), and Amide (N, Q).

e Hydropathy based classes: Three such groups include Hydrophobic
(A, C, I, L, M, F, W, V), Neutral (G, H, P, S, T, Y) and Hydrophilic
(R’ N? D7 Q? E? K)'

Here, we try to investigate all the substitutions observed in the last sec-
tion according to the category of change of biochemical properties of amino

6


https://doi.org/10.20944/preprints202008.0621.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 August 2020

acid. Our major goal is to highlight what kind of biochemical properties are
majorly changed (quantitatively) due to substitution.

2.6. Functional domains of SARS-COV-2 structural proteins

The SARS-COV-2 structural protein (particularly S and N) encompasses
several sub-domain responsible for specific functional activities. Few of them
are:

e Transmembrane (TM) is a stretches of amino acids responsible for

viral entry [52] [53].

e Heptapeptide Repeat 1-2 (HR1, HR2) are responsible for virus

fusion [54].

e Receptor-Binding domain (RBD) is mainly responsible for binding
of the virus to the receptor protein [53].

e N-terminal (NTD) and C-terminal domain (CTD) are two main
RNA binding domains in SARS-COV N protein [26]. Both of them
function as a receptor-binding entity. CTD recognizes the receptor and
NTD engages the receptor [55].

e Fusion peptides (FP) are created fusing using two or more genes
playing different functional roles. The FP play an important role in
fusion of viral envelope with host cellular membranes [56].

The typical length of SARS-COV-2 spike (S) protein domain is 1273
amino acids. It consists primarily of three units: a) a signal peptide (amino
acids 1-13) located at the N-terminus; b) the S1 subunit (14-685 residues),
which is consisting of N-terminal domain (14-305 residues) and a receptor-
binding domain (RBD, 319-541 residues); and c) the S2 subunit (686-1273
residues), which is consisting of the fusion peptide (FP) (788-806 residues),
heptapeptide repeat sequence 1 (HR1) (912-984 residues), HR2 (1163-1213
residues), Transmembrane (TM) domain (1213-1237 residues), and cyto-
plasm domain (1237-1273 residues) [57].

Usually SARS-COV-2 nucleocapsid (N) protein domain consists of 419 amino
acids. SARS-COV-2 N protein contains two distinct RNA-binding domains:
the N-terminal domain (NTD, 44-179 residues) and the C-terminal domain
(CTD, 247-363 residues) [58]. These two domains are linked by a poorly

d0i:10.20944/preprints202008.0621.v1
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structured linkage region (LKR), and N-tail and C-tail domain at the begin-
ning and end of the protein domain.

Identification of substitutions, particularly in functional domains are highly
essential for understanding virulence power of SARS-COV-2 . Therefore, we
try to highlight the substitutions in different functional domains in next sec-
tion.

3. Results

3.1. Clustering structural protein variants

There are several sequences (or samples) which are exactly similar with re-
gards to their constituent nucleotide organization. Therefore, all the collected
structural protein sequences (E, M, N, S) are first grouped using simple string
matching, such that each cluster comprises of exactly similar sequences. We
observe 24, 51, 258, 364 number of clusters for E, M, N and S protein, respec-
tively (Figure fig:clustering(a)). We set the representative as vl,v2,--- vk
(k is the number of clusters or variants in each category of protein). We
select any one sequence (or variant) from every group as the representative
of that cluster for different analysis. Two variants are differ by at least one
distinct substitution or same substitution in different positions. If we con-
sider the cluster size for different proteins, we observe that more than 95% of
the samples from E and M proteins shared in two clusters and 85% samples
from N and S proteins (Figure fig:clustering(c)) shared in two groups. We
observe a maximum variation in S protein followed by N, M and E proteins.
It further reveals interesting fact that in terms of mutational changes E and
M proteins are relatively stable than N and S proteins. A country-wise vari-
ants and its count (cardinality of the cluster) for each structural protein is
listed in Table tab:con-specif-var.

Variants are usually differ by number of observed substitutions when com-
pared with reference sequence. While studying the number of substitutions
(n) occurs in each variants(np), interestingly we do not observe number of
substitutions more than seven (07). Out of which single substitution oc-
curring most commonly, whereas seven number of substitutions are rarely
occurring in different candidate proteins (Figure fig:clustering(b)). In case
of E and M protein, we observe mostly single amino acid substitutions. For
N protein, substitutions varies from 1 to 4 numbers, whereas for S protein,
count varies from 1 to 7.
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Figure 1: Variant clustering of collected samples/sequences for each structural protein. (a)
collected sample with observed distinct variants; (b) Variants with number of substitutions
(frequency by number of substitutions) . (c) Percentage of total samples in top (by sample
frequency) two variant class.

3.2. Substitution patterns and locations

In this section, we first try to investigate the substitution patterns in
comparison to our reference sequence. All possible substitutions (source to
target amino acid) are shown in a 2D matrix representation in Figure fig:sub-
typy-matrix. In general, there could be 20 x 20(= 400) — 20 (synonymous)=
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Table 1: The table showing country-wise distinct variant count in each of structural pro-
teins (Spike-S, Nucleocapsid -N, Mmembrane-M, Envelope-E).

Variant count in Variant count in
Country S N M E Country | S N M E
AUS 40 42 11 4 LKA 2 3 2 1
BGD 22 14 6 3 MAR 1 3 2 1
BHR 3 2 1 1 MYS 1 1 1 1
BRA 4 3 1 1 Morocco | 1 1 1 1
CHL 2 4 1 1 NGA 1 1 1 1
CHN 16 5 2 3 NLD 1 2 2 1
COL 2 2 1 1 NPL 1 1 1 1
CZE 1 2 2 1 NZL 1 1 1 1
DEU 7 6 2 1 PAK 1 1 1 1
EGY 7T 6 1 1 PER 1 1 1 1
ESP 3 3 2 1 POL 2 3 1 1
FRA 15 4 4 1 RUS 2 2 2 1
GEO 1 1 1 1 SAU 5 6 2 2
GRC 1 9 1 2 SRB 2 4 2 1
GUM 1 2 1 1 SWE 1 1 1 1
Guangzhou |1 1 1 1 THA 6 2 2 1
HKG 6 4 2 1 TLS 1 2 1 1
IND 49 34 5 3 TUN 5 5 1 1
IRN 2 2 1 1 TUR 3 3 1 1
ISR 2 2 1 1 TWN 6 8 1 1
ITA 4 2 3 1 URY 1 1 1 1
JAM 2 2 1 1 USA 212 183 35 14
KAZ 2 4 2 1 VNM 1 1 1 1
KEN 1 2 2 2 ZAF 1 1 1 1
KOR 2 3 1 1

380 possible unique substitutions considering twenty amino acids. The value
in each cell of the matrix depicts the count for a particular substitution from
a source (row) to target amino acid (column) occurs in different locations in
different proteins, we consider.

Irrespective of variant and position of substitutions, we can observe from
the Figure fig:sub-pos-type-count, a total 316, 217, 50, 23 number of amino
acid substitutions in S, N, M, E protein, respectively (Figure fig:sub-pos-
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type-count). To understand how much random the location of substitutions
in different proteins, we observe a variable number of substitution locations
such as 261 (=~ 21% of sequence length) for S, 167 (=~ 40% of sequence length)
for N, 45 (=~ 20% of sequence length) for M, and 19 (= 25% of sequence
length) for E protein. Interesting, this findings shows that in regards to
mutation location the N protein is most random and difficult to localize
or predict its site of alternation. M protein relatively most stable in such
scenario.

It is evident from our analysis that a total 91 types of substitutions are
observed in S proteins. Similarly, for N, M and E proteins total 74, 33, and
19 types of substitutions observed. A position-wise substitutions in each
proteins is shown in Figure fig:subtypepos. A number of substitutions in
different proteins showing multiple target amino acids in the same location.
For example, in case of N proteins, four target amino acids (K, M, S and G)

are found in position 203 distributed across 36 variants (Supplementary-A
(Table S1.)).

3.3. Trend of substitutions by change in amino acids

Amino acid substitution changes the linear organization of peptide bond,
and hence some changes can lead to abnormal functionality disrupting its
structure.

So, we focus on amino acid substitution by different types of amino acid
change looking into substitutions in different positions. Majority of substitu-
tions are observed distinct and occurring mostly in particular position. (Fig-
ure fig:sub-typy-matrix). We observe maximum substitutions for A — V|
which occurs in 19 different positions followed by A — S (17 different posi-
tion) and L — F (13 different positions) in S protein. In case of N protein,
we observe maximum substitution for 7" — I, which occurs in 15 different
positions followed by P — S (12 different position) and P — L, A — S and
D — Y (11 different positions). In case of M protein, we observe maximum
substitution for A — S (15 different positions), and we do not observe more
than two substitutions in any particular position in case of E protein.

Towards understanding amino acid change by substitutions type, we cal-
culate the percentage by observing all substitutions occurring in all positions
(discussed above). There are two categories of substitution we consider, one
to many and many to one keeping a particular source or target amino acid.
For both the categories, the total substitution count, the number of distinct
substitution type (from Figure fig:sub-typy-matrix), and their percentages

11
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Figure 2: The figure shows amino acid substitution by position count. The amino acid

substitution type is shown by a 2D matrix relation. In figure, a substitution type, say

P— > @, indicates left amino acid P (y-axis, left) (source) to substitution right right amino

acid @ (x-axis, top) (target), and the cell value in the matrix indicates observed number of
substitution positions for that particular substitution type (from Figure fig:subtypepos).

for each category of proteins are calculated. The top 5 such substitutions are
shown in Table tab:top5-s-type. We observe a majority of amino acid change

for L to other in both the E protein (= 17%, 3 distinct types) and M protein

In case of N protein, majority of substitutions

occurs for S to other (=~ 13%, 10 distinct types). For S protein, we observe

(~ 20%, 4 distinct types).

A to other change is the majority (= 14%, 5 distinct types), but maximum
distinct type observe for amino acid change S to other (10 distinct types).

3.4. Trend of substitutions by changing chemical properties of amino acids

A non-synonymous substitution that alters the amino acid, thereby chang-

ing the biochemical properties of amino acid. In this section, we categorise
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Figure 3: The figure shows observed total number of substitution irrespective of positions
and variants, total substitution in all positions, observed substitutions by positions, and
unique substitution count for each structural protein (S, N, M, E).

Table 2: The table shows top 5 substitution type and associative quantitative information
for two categories. For a substitution X — Y, in the the first category, X is fixed and Y
can be any amino acid, and in second category, X is any amino acid and Y is a fixed.

X — any Any —»Y

Protein | AA Count Distinct Percentage | Protein | AA  Count Distinct Percentage
E L 4 3 17.39 E F 6 3 26.09
E E 3 3 13.04 E L 3 2 13.04
E v 3 2 13.04 E S 3 3 13.04
E A 3 2 13.04 E I 2 2 8.70
E S 3 2 13.04 E \% 2 1 8.70
M L 10 4 20.00 M F 11 4 22.00
M A 10 4 20.00 M S 8 4 16.00
M \% 5 4 10.00 M I 6 5 12.00
M D 4 3 8.00 M L 5 4 10.00
M R 3 2 6.00 M v 5 3 10.00
N S 30 10 13.82 N L 31 7 14.29
N P 29 5 13.36 N S 30 5 13.82
N R 23 9 10.60 N I 29 5 13.36
N D 22 5 10.14 N Y 17 4 7.83
N A 22 4 10.14 N T 16 7 7.37
S A 43 5 13.61 S L 39 8 12.34
S S 29 10 9.18 S S 39 9 12.34
S T 28 6 8.86 S F 38 4 12.03
S \% 24 5 7.59 S I 38 6 12.03
S Q 21 6 6.65 S V. 29 4 9.18
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Figure 4: The figure shows observed amino acid substitution by position and type, which
are obtained from across all the variants and shown by each structural protein shaded at
the top (S, N. M, E).

the substitution types by observing their chemical properties of amino acids.
We consider two kinds of biochemical properties, eight chemical properties
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of amino acids and three Hydropathy class of amino acid as discussed in
Section sec:biochem.

In the case of side-chain structure change (using eight chemical properties
of amino acids), most of the substitutions change its chemical properties.
We see 77 out of 91 (= 85%), 61 out of 74 (= 82%), 24 out of 33 (=
73%), 15 out of 18 (=~ 83%) of substitutions in S, N, M, and E protein,
respectively, that transit to different chemical groups. In case of E and M
proteins, majority of the substitutions leads change in chemical properties
from Aromatic to Aliphatic, Aliphatic to Hydroxyl-containing for M protein,
Hydroxyl-containing to Aliphatic for N protein, Aliphatic to Aromatic and
Hydroxyl-containing for S protein (Figure fig:sub-by-amino-chem(a)).

More than 50% substitutions (except E protein), we observe a change
of one Hydropathy class to another. We observe 50 out of 91 (~ 55%), 46
out of 74 (= 62%), 17 out of 33 (= 52%), 8 out of 18 (=~ 44%) of substitu-
tions in S, N, M, and E protein, respectively, that changes the Hydropathy
class. The significant change in Hydropathy classes from Hydrophilic to Hy-
drophobic (S, N and E protein), and Hydrophobic to Hydrophilic (M protein)
(Figure fig:sub-by-amino-chem(b)).

3.5. Substitution in different functional sub-domains of structural proteins

In this section, we try to highlight and quantify the substitutions in var-
ious functional sub-domains of two structural proteins, S and N. We report
domain specific substitutions in S and N proteins in Table tab:sub-func.

Observed substitutions are mostly unique. In a particular location not
more than two substations are observed. In case of S protein, we observe
maximum substitutions in HR2 and FP domains (=~ 22% locations) followed
by Transmembrane (TM) domain (=~ 17% locations). From our study we may
assume that SARS-COV-2 favours mutations in HR1 and FP to become more
virulent by making the mechanism of host cell membrane fusion and entry to
host cell more improved. Although receptor binding domain in S protein is
equally important for viral entry to host [53], we observe comparatively few
substitutions (= 12% locations) in this domain.

In case of N protein, we observe substitutions in both the NTD and CTD
domains (=~ 30% locations). We observe few substitutions in NTD and CTD
domain are related to charged amino acids. This may leads to issues in RNA
packaging in the virus [59]. Although the molecular mechanism of SARS-
COV-2 N protein is yet to explore thoroughly [60].
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Figure 5: The trends of substitution type (percentage) shown for two categories of amino
acid biochemical property.
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Table 3: Observed substitutions and quantitative information in different functional do-
main of S and N protein.

Protein Domain Substitution Count Percentage
S RBD Q->L, T->I, P->S, T->S, A->S, N->K, V->F, C->F, 26 0.12

V->L, V->E, P->L, T->P, R->K, R->I, L->I, E->Q,

G->5,S->N, V->A, G->R, S->P, N->Y, H->Q, K->E,

A>T A->V
HR1 L->F, A->V, S->I, [->V, D->Y, S->F,S8->Y 7 0.13
HR2 D->G, D->H, V->F, K->R, N->K, K->N, N->T, E- 11 0.22
>Q, Q->K, L->F, N->Y
FP Y->D, T->I, K->Q, F->C 4 0.22
™ G->C, G->V, V->L, M->I, M->T 5 0.17
N NTD P->S, G->R, E->V, D->N, P->T, Q->H, S->T, D->Y, 29 0.33

Q->R, R->I, A->S, R->S, R->L, G->S, S->N, A->V,

P->L, A->T, T->I, L->F, N->T, H->Y, [.>F, N->Y,

I->T, Q->K, P->Q, K->R, D->H

CTD T->I, K->R, S->F, A->S, Q->L, V->L, G->E, Q->H, 33 0.27

I->T, D->Y, Y->H, H->Y, W->C, P->S, P->L, R->L,

I->V,G->D, M->V, S->L, T->M, W->L, I->F, D->N,

K->N, K->I, T->A, S->A, Q->E, D->G, D->H, M->1,

T->R

3.0. Country specific unique variant and substitution study

An unique variant in more than one sample may be highly significant.
Therefore, we search for those unique variants and substitutions type in
26 countries. Among 49 countries, we find at least one unique variants in
26 countries associated in all four proteins (E-6 country, M-7 country, N-
18 country, S-22 country). Some of the countries (including USA, AUS,
IND, FRA, GRC, HKG, EGY) having more than 50% of variants are unique
variant in each category (Figure fig:percent-unique-variant), mostly in N and
S protein. We highlight the unique variants with at least two associated
samples, which is observed only in ten countries (Table tab:con-specif-var).
Few country specific observations are listed below.

e Australia (AUS) : We observe unique variant 1 in E protein, 2 in M
protein and several variants in N and S protein. The top variants are v4
(substitution is L — F'(73)[Change the chemical property Aliphatic to
Arometic, no Hydropathy class change]) in E protein, v12 (substitution
is v — I(214), no change in chemical property, no Hydropathy class
change) in M protein, v17 (substitution is D — G(22) [Change the
chemical property Acidic to Aliphatic, Neutral to Hydrophilic]) in N
protein, and v5 (substitution is S — N(477) [Change the chemical
property Hydroxyl-containing to Acidic-amide, Hydrophilic to Neutral]
in S protein.
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Bangladesh (BGD) : Observed unique variant 1 in N protein, 2 in
S protein. The top variants are v39 (substitution are R — K(203) [no
change in chemical property], G — R(204) [Change the chemical prop-
erty Aliphatic to Basic, Hydrophilic to Neutral], D — G(377) Change
the chemical property Acidic to Aliphatic, Neutral to Hydrophilic])
in N protein, v4 (substitution are L — F(73)[Change the chemical
property Aliphatic to Arometic, no Hydropathy class change], " —
1(95)[Change the chemical property Hydroxyl-containing to Aliphatic,
Hydrophilic to Hydrophobic]).

Egypt (EGY): Observed only 1 unique variant in S protein. The
variant is v81 (substitution is R — I(408) [Change the chemical prop-
erty Basic to Aliphitic, Neutral to Hydrophobic].

French (FRA): Only 1 unique variant with multiple substitutions
in S protein. The variant is v88 (substitution are 7" — I(95)[Change
the chemical property Hydroxyl-containgni to Aliphatic, Hydrophilic
to Hydrophobic], P — L(1162)[Change the chemical property Cyclic
to Aliphatic, Hydrophilic to Hydrophobic]).

Greece (GRC): Only 1 unique variant with multiple substitutions
in N protein. The variant is v34 (substitution are R — K(203) [no
change in chemical property|, G — R(204)[Change the chemical prop-
erty Aliphatic to Basic, Hydrophilic to Neutral], 7" — I(95)[Change
the chemical property Hydroxyl-containgni to Aliphatic, Hydrophilic
to Hydrophobic]).

Hongkong (HKG) : Only 1 unique variant with multiple substitu-
tions in S protein. The variant is v63 (substitution are L — V'(8)[no
change in chemical property|, G — D(614)[Change the chemical prop-
erty Aliphatic to Acidic, Hydrophilic to Neutral]).

India (IND): We observe 6 unique variant in N and S protein. The
top variants are v55 (substitution are A — S(156)[Change the chem-
ical Aliphatic to Hydroxyl-containing, Hydrophobic to Hydrophilic|,
S — L(194)[Change the chemical property Hydroxyl-containing to
Aliphatic, Hydrophilic to Hydrophobic]), v19 (substitution is R —
M (78) [Change the chemical property Basic to Sulfur-containing, Neu-
tral to Hydrophobic]).
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Thailand (THA): We observe only 1 unique variant with multiple
substitutions in S protein. The variant is v6 (substitution are G —
D(614)[Change the chemical property Aliphatic to Acidic, Hydrophilic
to Neutral], A — T'(614)[Change the chemical property Aliphatic to
Hydroxyl-containing, Hydrophobic to Hydrophilic]).

Taiwan (TWN) : Only 1 unique variant with multiple substitutions in
S protein. The variant is v26 (substitutions are G — D(614)[Change
the chemical property Aliphatic to Acidic, Hydrophilic to Neutral],

T — 1(95)[Change the chemical property Hydroxyl-containgni to Aliphatic,

Hydrophilic to Hydrophobic]).

United States (USA): Several unique variants with multiple sub-
stitutions in all four structural proteins. The top variants are v2
(substitution is P — L(71)[Change the chemical property Cyclic to
Apliphatic, Hydrophilic to Hydrophobic| in E protein, v5 (substitu-
tion is K — R(15)[no change in chemical property]) in M protein,
v8 (substitution is £ — V(62)[change chemical property Acidic to
Aliphatic, Neutral to Hydrophobic|) in N protein, v8 (substitution are
v — A(483)[no change chemical property], G — D(614)[change chemi-
cal property Aliphatic to Acidic, Hydrophilic to Neutral]) in S protein.

4: Country-wise unique variants, order by sample frequency (minimum of two sam-

ples) in each category of structural proteins (S, N, M, E). For each variant, amino acid (AA)
substitution type and position are also shown. var-variant, sam.-sample, pos.-position

Country Protein Var. #Sam. AA substitution (pos.)
AUS E Vi 3 L>F(73)

M vi2 4 V->1(170)

M vi3 4 S->1(214)

N vi7 13 D->G(22)

N v36 4 L->F(139)

N vi6 3 M->1(234), T->1(334)

N v52 3 N->Y(228)

N vi0 2 S->F(255)

S v5 37 S->N(477)

S vid 13 N->Y(501)

S v22 7 G->D(614),G->V(1124)

S v37 5 G->V(1124)
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Table 4 — continued from previous page
Country Protein Var. #Sam. AA substitution (pos.)

S vi0 4 S->L(50)

S v46 4 A->T(262)

S vhd 3 G->D(614),D->N(1260)

S v68 2 T->1(22),B->K(180),G->D(614)

S vo8 2 I->V(931)
BGD N v39 4 R->K(203),G->R(204),D->G(377)

S v64 2 L->F(5),T->1(95)

S vi0 2 P->L(26)
EGY S v8l 2 R->1(408)
FRA S v88 2 T->1(676),P->L(1162)
GRC N v34 5 R->K(203),G->R(204),T->1(205)
HKG S v63 3 L->V(8),G->D(614)
IND N vh5 3 A->S(156),8->L(194)

N v60 2 S->1(33)

S vl9 8 R->M(78)

S v66 2 S->F(12)

S V76 2 W->L(152)

S V77T 2 M->I(177)
THA S v6 37 G->D(614),A->T(829)
TWN S v26 6 G->D(614),T->1(791)
USA E v2 9 P->L(71)

E v5 2 S->F(55)

E v6 2 P->S(71)

E vi 2 F->1,(26)

M v6 18 K->R(15)

M Vi 12 V->1(70)

M vi0 6 L->V(129)

M vid 3 M->1(109)

M vl5 3 L->F(145)

M vi6 3 H->Y(155)

M vl7 3 C->F(64)

M v19 2 A->S(85)

N v8 34 E->V(62)

N vi3 17 E->A(378)

N vl5 16 T->1(362)

N vig 11 D->Y(371)
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Table 4 — continued from previous page
Country Protein Var. #Sam. AA substitution (pos.)

N vi9 10 G->C(18)

N v22 10 D->Y/(144)

N v23 9 P->5(368)

N V28 6 S->L(188)

N v3l 6 E->V(62),S->L(194)
N v32 5 R->1(89)

N v35 5 Q->H(229)

N v37 4 R->L(185)

N val 4 K->R(169),R->K(203),G->R(204)
N va2 4 A->V(155)

N v49 3 P->L(365)

N v50 3 Q->H(384)

N v56 3 P->5(142)

N V57 3 D->Y/(128)

N v58 3 P->T(67)

N v59 2 T->1(24)

N v6l 2 I->F(146)

N v62 2 T->1(166)

N v6d 2 S->N(193)

N v65 2 R->K(203)

N v66 2 R->K(203),G->R(204),G->C(243)
N V67 2 G->C(212)

N vil 2 Q->H(289)

N V72 2 Y->H(298)

N V73 2 T->1(334)

N V74 2 P->L(364)

N V75 2 Q->H(336)

N vi6 2 T->1(391)

N vig 2 S->L(416)

N v80 2 A->S(397)

N v8l 2 D->Y(377)

N v82 2 P->5(365)

N v84 2 D->N(340)

N v85 2 G->S(200)

N V87T 2 A->8(156),R->K(203),G->R(204)
N V88 2 A->S(156)
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Table 4 — continued from previous page
Country Protein Var. #Sam. AA substitution (pos.)

N v89 2 A->S(152)

N vo0 2 D->H(144)

N vol 2 P->S(67)

N v92 2 A->5(35)

N v93 2 G->1(34)

N v95 2 D->Y(22)

N v96 2 G->R(19)

N vo7 2 P->T(13)

S v8 22 V->A(483),G->D(614)
S v 21 H->Y/(146)

S vil 16 P->1,(681)

S vl7 10 D->H(138),E->D(554)
S v20 8 V->L(308)

S v2l 8 R->K(403)

S v25 7 A->D(845)

S v27 6 CG->D(614),G->D(838)
S v29 6 T->1(859),P->L(1263)
S v30 6 S->F(939)

S v3l 6 G->5(476),G->D(614)
S v32 6 F->L(220)

S v36 5 L->F(1203)

S v38 5 A->8(520),G->D(614)
S v39 4 T->1(29),G->D(614)

S vl 4 L->F(54),G->D(614)
S v42 4 Y->H(145)

S vd3 4 L->F(216)

S va7 3 L->F(5),H->Y(146)

S v49 3 S->F(71),G->D(614)
S v50 3 S->P(494)

S vl 3 T->1(547)

S v52 3 CG->D(614),S->L(704)
S v563 3 G->D(614),5->F(940)
S v55 3 G->D(614),G->R(1085)
S v56 3 Q->L(836)

S Vo7 3 S->1(929)

S v58 3 H->Y(1101)
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Table 4 — continued from previous page
Country Protein Var. #Sam. AA substitution (pos.)

S v59 3 A->S(1078)

S v6l 3 A->S5(262),G->D(614)
S v65 2 L->F(5),G->S(476),G->D(614)
S v67 2 L->F(18)

S v69 2 T->N(22),8->L(698)
S V73 2 T->1(95)

S V74 2 T->1(95),D->H(138),E->D(554)
S V75 2 S->F(98)

S V78 2 R->L(214)

S v80 2 P->L(384)

S v82 2 T->1(553)

S v83 2 E->D(583),Q->R(675)
S v86 2 G->D(614),T->1(1136)
S v87 2 S->F(640)

S v89 2 Q->H(677),V->1(1230)
S vo0 2 G->D(838)

S vol 2 L->F(922)

S vo2 2 V->1,(1065)

S vo4 2 V->L(1122)

S vo6 2 A->V(1078)

S v100 2 P->$(812)

S v101 2 A->S(783)

S v102 2 A->V(570)

S v103 2 P->$(330)

S v104 2 R->S(273)

S v105 2 I->M(203)

S v106 2 D->H(138),E->D(554),V->A(1129)
S v107 2 D->N(111),G->D(614)
S v108 2 D->Y(88),C->F(1250)
S v109 2 D->Y(80),G->D(614)
S v110 2 H->Y(69)

S v112 2 F->L(32)

S v113 2 A->S(27)

S vild 2 P->S(25)
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Figure 6: Country-wise percentage of unique variant observed for each structural protein
(S, N, M, E).

4. Conclusion

In this work, we performed a statistical study of the structural proteins
of SARS-COV-2 based on 9587 sequences, reported from different parts of
the world. All the similar sequences are grouped together, and variations are
analysed based on Wuhan SARS-COV-2 sequence (as reference). We high-
lighted various commonly and rarely occurring amino acids substitutions in
four structural proteins. We reported location-wise amino acid substitution
patterns in the structural proteins. The change in biochemical groupings as
a result of substitutions are also reported for the candidate variants. We
even highlighted above variations specific to any particular country.

Although we observed much more unique variants in S proteins as com-
pared to N protein, in terms of substitutions changes, N protein is much
vulnerable as it showing the substitution in 40% positions. Majority of sub-
stitutions type for all four proteins are observed distinct, and they occur
mostly in a particular location. The substitution type A — V is very com-
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mon for S, N and M protein. We also did not observe more than two substi-
tutions in any particular position in the case of E protein. When considering
biochemical properties, it is notated that the majority of the substitutions
change from Aromatic < Aliphatic, Aliphatic < Hydroxyl-containing and
Hydrophilic — Hydrophobic. We also found that more than 50% of variants
are unique variant in each country for each category of structural proteins.

We believe that the current findings will be helpful in better understand-
ing the disease pathogenesis of COVID-19 followed by suitable and relatively
stable small molecules idendification that may binds susceptible structural
proteins like Spike (S) protein that are changing frequently.
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