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Abstract: With a large number of SARS-CoV2 sequences collected since the beginning of the
COVID-19 outbreak, many genetic variations were yet to be analysed for their impacts. Moreover,
little has been known about the effects of variants specific to Thai strains. In this study, we performed in silico analysis on 439,197 SARS-CoV2 spike protein sequences collected until 7 February
2021 from NCBI and GISAID databases to explore the distribution of variants on the SARS-CoV2
spike protein and their impacts. We identified mutation hotspots on the protein surface and several
highly conserved residues located in the receptor-binding domain. These highly conserved residues
could potentially serve as drug target candidates. Finally, we studied the effects of the variant of
global concern Asp614Gly (D614G) and six variants exclusively found in Thailand (from 595 samples). Using 3D simulation, we showed that D614G disrupted inter-chain H bonds in the spike protein complex, while most Thai variants were structurally benign. The results from this study explain
the mechanisms of variants observed in different strains of SARS-CoV2, aid variant prioritisation,
and could provide implications for developing effective treatments or preventions for COVID-19.
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1. Introduction
The outbreak of SARS-CoV2 has caused severe consequences to global health and
economics since the beginning of 2020. As of February 2021, there had been reports of over
a hundred million cases worldwide. Over 20,000 cases were reported in Thailand as a
result of two major outbreaks. The fatality rates were ~3% globally and ~0.3% in Thailand
[1, 2]. Despite having low fatality rates, SARS-CoV2 surpassed its coronavirus relatives
such as SARS-CoV in 2002 and MERS-CoV in 2012 in terms of transmissibility [3, 4].
Many of the SARS-CoV2 sequences collected from patients worldwide had been
made freely available through two databases NCBI [5] and GISAID [6], making it possible
to perform in silico analysis on a large scale. The pre-screening for candidate sequences or
variants is of particular importance as it significantly reduces the time and cost required
for laboratory experiments. In light of the COVID-19 outbreak, most of the analyses were
performed on variants found in Europe and America, where the infections were more
severe, and the fatality rates were higher than the rest of the world. Spike protein is one
of the most widely studied structural proteins of SARS-CoV2 as it binds directly to human
ACE2 in order to invade the host cell. Unfortunately, studies on variants found locally in
Thailand, where the first infection outside China was found, were at very limited availability [7–10]. Because of this, the mechanisms of many variants of the virus in Thailand
remain to be elucidated.
In this study, we aim to provide more insights into the structures of SARS-CoV2 spike
protein and its variants - with a particular focus on Thailand strains from the two major
outbreaks collected until February 2021. We first explored the distribution of variants
found on the SARS-CoV2 spike protein to discover mutation hotspots or any highly conserved residues which can be alternative drug-target candidates. Next, we analysed the
effects of amino acid variants of global concern D614G and variants that were found exclusively in Thailand on spike protein complexes and the binding between spike protein
and human ACE2. Insights into structural information of SARS-CoV2 could shed light on
the viral mechanisms, explain the different transmissibility observed across different
strains of SARS-CoV2, and guide molecular biologists and clinical researchers to develop
effective treatments or preventions for COVID-19.
2. Materials and Methods
2.1 Dataset
2.1.1 SARS-CoV2 spike protein sequences
The sequences of SARS-CoV2 spike protein were retrieved on 7 February 2021 from
NCBI (https://www.ncbi.nlm.nih.gov/sars-cov-2/) and GISAID (https://www.gisaid.org/).
To facilitate the analysis, we extracted only the sequences of 1,273 amino acids, which is
at the same length as the original Wuhan reference sequence (YP_009724390.1), from the
NCBI database. However, in the GISAID database, the sequence length was set to 1,274
amino acids due to an extra asterisk (*) at the end of the sequence. In total, 53,056 sequences were obtained from NCBI (including the reference sequence YP_009724390.1)
and 386,176 sequences from GISAID.
All sequences were then further screened by aligning with the reference sequence.
Any sequence with less than 98% identity or more than 3 consecutive amino acid variants
was removed. This is to minimise the possibility of the sequence containing insertion/deletion mutations. As a result, we removed six sequences from NCBI and 29 sequences
from GISAID. The final dataset consisted of 53,050 sequences from NCBI and 386,147 from
GISAID (439,197 total). 595 of these were collected in Thailand.
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2.1.2 PDB structures of spike proteins
The 3D coordinate files used in this study were 6XR8 (resolution: 2.90 Å, coverage:
100%, released: 2020-07-22) for the SARS-CoV2 spike protein trimer at its inactive conformation and 6M0J (resolution: 2.45 Å, coverage: ~18%, released: 2020-03-18) for the spike
receptor-binding domain (its active conformation) / human ACE2 complex.
2.2 Identification of buried, surface and interface residues
We used DSSP to calculated the solvent-accessible surface area (ASA) of each amino
acid in a given PDB coordinate [11]. Next, we calculated the relative solvent accessibility
(RSA) for each residue using the formula RSA = ASA/maxASA. The values for maximum
solvent accessible surface area (maxASA) were determined by Rost and Sander [12]. Any
residue is regarded as a “surface residue” when its RSA is ≥ 9 %, otherwise “buried”.
Interface residues are defined as any surface residues that are within 4 Angstrom
from any other residues of a different chain. In this study, the calculation of interface residues was performed in two structures: 1) the spike protein trimer (PDB: 6XR8) in order
to determine the interface between identical chains (A-B and A-C), and 2) the spike-ACE2
complex (PDB: 6M0J) in order to determine the interface between the receptor-binding
domain and the human ACE2. Full details of surface and interface residues are provided
in Supplementary Table S1.
2.3 In silico analysis of variants on spike protein and ACE2-spike complex
Missense 3D [13], which was proven to be effective at detecting structural impact
from amino acid variants on protein structures, was used to identify structural consequences of amino acid variants. Variants were simulated on PDB 6XR8. Further simulations were carried out on PDB 6M0J if variants were near the receptor-binding domain.
2.4 Statistical test
The two-tailed t-test for comparing means of two independent samples was used to
determine any significant difference in the mean numbers of variants on surface residues
vs buried residues and surface-interface residues vs surface non-interface residues. The
test assumes equal population variances. A test result is regarded as significant when P <
0.01.
3. Results
3.1 Distribution of amino acid variants on SARS-COV2 spike complex.
In this part, we compared 439,196 sequences in our dataset with the Wuhan reference
sequence (YP_009724390.1) and identified 4,040 amino acid variants, of which 3,412
(84.45%) could be mapped onto the spike complex structure (PDB: 6XR8). The rest were
unmappable due to missing residues in the PDB coordinate (Supplementary Video S1).
There were 1,107 mappable residues in each spike protein chain. 326 residues were
classified as “buried” and 781 residues as “surface” (of which 536 were further categorised
into “surface & non-interface” and 245 into “surface & interface”). After mapping 3,412
amino acid variants, 781 of these variants were found on buried residues, while 2,631 were
on surface residues. The average numbers of variants per buried residue vs surface residue were 2.40 and 3.37 (P < 0.01) (Figure 1a), suggesting that variants tend to be found
more on surface residues than buried residues. Additionally, when considering “surface
& non-interface” vs “surface & interface”, we found that interface residues were less enriched in variants than non-interface residues. The average number of variants per residue
were 2.40 and 3.37, respectively (P < 0.01) (Figure 1b).
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(a)

(b)

(c)
Figure 1. Comparisons of the mean number of variants per residue and the locations of highly conserved residues on the
spike protein: (a) buried residues vs surface residues; (b) surface & interface residues vs surface & non-interface residues.
Error bars represent the standard error of the mean (SEM). ** indicates a significant difference (p < 0.01) between the means
using a two-tailed t-test; (c) distribution of highly conserved residues. Arrows represent locations where no variants were
found. Colour boxes depict conserved domains identified by BLAST search (using the Wuhan reference sequence
YP_009724390.1). Regions where conserved residues clustered are indicated by dotted circles.

When the conserved domain information from NCBI (based on Wuhan reference sequence) was considered, the NTD superfamily domain showed many mutation hotspots,
suggesting that variants in this region were mostly tolerated, while the conserved residues
were found more predominant in the RBD and the S2 superfamily domains (Figure 1c).
No variants were found in 51 residues of the spike protein (Supplementary Table S2). Notably, many of these highly conserved residues were on the protein surface or served as
interface residues.
3.2 Analysis of variants found in Thailand and the variant of global concern D614G
A total of 52 variants, including the variants of global concern Asp614Gly, were detected in 595 sequences collected in Thailand (Leu5Phe, Ser12Phe, Val47Ala, Thr51AsnT,
Gln52Lys, Leu54Phe, Phe55Leu, Pro57ThrT, Ile68ArgT, His69Tyr, Val70Leu, Ser71Pro,
Gly75Val, Ser98Phe, Asp138His, Met153Ile, Met153Thr, Ala163Val, Gly181Val,
Arg190Ser, Arg190Lys, Asp198Gly, Ser205ThrT, Arg214Pro, Ala222Val, Lys278ThrT,
Ile358Thr, Ser359Asn, Val407Ala, Ser459Phe, Ser477Asn, Val483Phe, Glu484Asp,
Asn501Thr, Lys537Arg, Asp614Gly*, Gln675His, Ala688Pro, Val785Leu, Thr791Ile,
Ala829Thr, Gly832CysT, Phe855Leu, Asp936Tyr, Ser939Phe, Asp1118Tyr, Ser1147Leu,
Pro1162Leu, Val1176Phe, Glu1202Gln, Gly1219Cys, and Asp1260Tyr). 6 of these (indicated as T) were not found elsewhere and were analysed in Table 1.
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Table 1. Analysis of variants found exclusively in Thailand and the variant of global concern D614G (indicated by *)

ASN
THR
ARG

Location on
Protein
surface
buried
surface

Freq.
(%)
0.17
0.17
0.34

SER

THR

surface

0.17

278

LYS

THR

surface

0.17

614*

ASP

GLY

interface

48.74

832

GLY

CYS

interface

0.34

Position

WT AA

MT AA

51
57
68

THR
PRO
ILE

205

Structural consequences
H-bond formed between Asn51 - His49 (no damage)
H-bond formed between Thr57- Gln271 (no damage)
No structural damage
H-bond formed between Thr205-Glu191
Cavity contraction of 213.624 Å3, Structural damage detected
H-bond formed between Thr278-Thr286 (no damage)
H-bond disrupted between Asp614 (chain A) - Lys835 (chain B) and Asp614
(chain A) - Lys854 (chain B), Buried charge replaced, Structural damage
detected
No structural damage

None of the six Thailand-specific variants was on the receptor-binding domain;
hence, no direct effect in the binding association between the spike protein and the human
ACE2 can be anticipated. No structural damage was found in five variants (Table 1). Many
Thailand-specific variants resulted in the formation of an H-bond between nearby amino
acids, which might, in turn, slightly enhance the rigidity of the protein fold. Ser205Thr is
the only variation that was predicted deleterious as it led to a surface cavity alteration.
Previous studies have shown that cavity alterations tend to destabilise the protein fold
[14–16]. Therefore, this variant is likely to be deleterious to the virus. Gly832Cys was
found on the protein interface. Nevertheless, the variants were predicted to be structurally
neutral. Unfortunately, with limited studies on Thailand-specific variants, not much is
known about the clinical significance of these variants. Recently, Ile68Arg was discovered
in a SARS-CoV2 strain that was reported to be associated with the ability to escape antibody [17]. However, the experiment was performed in mice, and this variant was due to
mutation in the laboratory. It is still unclear whether Ile68Arg actually contributed to such
an ability. The fact that all of the Thailand-specific variants were rare (found in < 1% of
the samples collected) and not in the receptor-binding domain could imply that they are
unlikely to affect the transmissibility and the human-ACE2 binding affinity.
In contrast, Asp614Gly (D614G) was found in 48.74% of the Thai samples. This variant was reported to be about 20% more transmissible [18]. As this mutation is not on the
receptor-binding domain, it is unlikely to directly affect the binding affinity between the
spike and the human-ACE2. This variant, when simulated on chain A, leads to the loss of
two interchain H-bonds formed between Asp614 and the other two residues, Lys835 and
Lys854, on chain B (Figure 2). This is likely to cause the chains to be less rigid when folded.
This finding is in agreement with a study by Yurkovetskiy et al. using cryo-electron microscopy, which showed that the variant D614G disrupts an interprotomer contact, making the spike complex favour “open conformation”, mimicking the conformation when
bound to ACE2, more than the “closed conformation”. Although it has been shown that
only one single chain is required to be at the open conformation in order to bind to the
human ACE2 and trigger the cell invasion mechanism [23], the open conformation can be
found in up to three chains in the mutant structure with D614G [19]. This, in turn, increases the chance of host cell binding. In the wildtype structure, only one chain was
found to be in the open conformation when binding to human-ACE2.
4. Discussion
Our study shows that SARS-CoV2 variants are more likely to be found on the surface
residues than the core residues of the spike protein. Moreover, the spike protein interface
residues are much less enriched in amino acid variations when compared to non-interface
surface residues. Our finding is in agreement with many previous studies conducted in
human proteins, suggesting that variants are less likely to be found on the interface residues [20–22].
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Figure 2. Structural consequence prediction of the variant of global concern Asp614Gly (D614G) using Missense3D. (left)
pre-mutation; (right) post-mutation. The PDB used was 6XR8. Chain A is shown in grey and chain B in pink. H-bonds are
shown as yellow dashed lines.

The extreme conservation of residues in some parts of the receptor-binding domain
and the Coronavirus S2 domain could imply the biological importance of those particular
residues for proper protein fold, protein-protein interactions, and functions. Furthermore,
as genetic variations are generally maintained by natural selection, any alteration on these
conserved residues may be deleterious to the survival of the virus. Therefore, further
study and analyses on these residues need to be conducted as they could serve as promising drug target candidates or a biomarker for COVID-19 diagnosis.
One limitation in this study is that the publicly available Thai sequences were collected from two sources: the state quarantines (collected from individuals arriving in Thailand from overseas) and domestic hospitals/research institutions (collected from individuals infected by local transmission). Some strains collected in the state quarantine zones
may have never been transmitted locally. Unfortunately, there is no way to distinguish
the sources where the strains were collected from. Therefore, the number of Thai variants
in this study could be an overestimation of the actual variants found in local transmission.
In Thailand, up until the second outbreak, the variant D614G was the only variant
that considerably enhances transmission. Most of the variants detected in Thailand were
predicted benign. Unfortunately, apart from strain reports, studies on the effect of Thai
variants in terms of transmissibility and severity are very limited [7–10]. Therefore, some
of the effects can only be implied from computational models. This can be helpful for prescreening or variants prioritisation. However, laboratory experiments or clinical studies
are still required in order to confirm these in silico findings. It is also important to keep
new strains under surveillance as the mutation rate is very high in single-stranded RNA
viruses compared to DNA viruses [23]. Understanding molecular mechanisms of SARSCoV2 variants could help scientists discover other alternative measures for COVID-19 diagnosis, prevention, and treatment.
5. Conclusions
In this study, we explored the amino acid variants on SARS-CoV2 spike protein
through a large-scale analysis. We pinpointed mutation hotspots as well as highly conserved residues on the spike protein. Identification of conserved residues could suggest
implications for alternative drug targets. We also identify variants found specifically in
Thailand and show that some variants can affect the stability of the spike protein complexes while many were structurally neutral. The insights obtained from this study could
help researchers further develop effective treatments for COVID-19.
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Supplementary Materials: The following are available online at
https://drive.google.com/drive/folders/1-PWgLbDQ0I_4BEskMiog-b26GhnjwYzR?usp=sharing ,
Table S1: surface-interface residues, Table S2: variant-list, Video S1: distribution of variants on the
spike protein structure.
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