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ABSTRACT Human coronaviruses (HCoVs) are responsible for mild common cold to severe pneumonia-like symptoms in
infected individuals. The first HCoV was HCoV-229E, discovered in 1962 in the US, which causes moderate symptoms.
Since then, HCoVs have evolved, leading to epidemics or the recent SARS-CoV-2 pandemic. The main objective of this
study was to understand the modifications occurred and what led to the transition from mild to pandemic form. Of the
viral proteins, the RNA-dependent RNA polymerase (RdRp) plays a crucial role in viral evolution, mutation, pathogenesis
and transmission; this protein was therefore analyzed using in silico tools. We observed that RdRp has shown many
mutations during its transition from mild to severe forms in HCoVs, which may have affected its enzymatic activity. The
RdRp of HoV-229E and HCoV-NL63 showed 171 mutations, while SARS-CoV-2 showed the presence of 312. SARS-CoV-2
also showed a reduction in hydrophobic amino acid compared to the other HCoVs, consequently contributing to faster
replication. Although mutations in the RdRp subdomains were found, yet five conserved regions was also presence among
all the seven HCoVs; the finger and thumb subdomains had one conserved region, while the palm subdomains had three.
Therefore, it can be inferred that on one hand the mutations reported in RdRp appeared to be the major cause of increased
virulence leading to sporadic disease outbreaks, while on the other hand the presence of five conserved regions might prove

to be potential targets for the development of new antiviral drugs.
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1. Introduction

Human coronaviruses (HCoVs) were first discovered in
the 1960s (Burrell et al. 2016). These belongs to the fam-
ily Coronaviridae. Coronaviruses are among the largest
RNA viruses with positive-sense and single-stranded RNA
genome. It has the largest genome of about 27 to 30 kb
among all RNA viruses (Liu et al. 2021). The Coronaviri-
dae family has four genera viz. Alpha, Beta, Gamma, and
Delta Coronaviruses. HCoV-229E and HCoV-NL63 be-
longs to the Alphacoronavirus while the other five (HCoV-
0OC43, SARS-CoV-1, HCoV-HKU1, MERS, and SARS-
CoV-2) are Betacoronaviruses (Cicaloni et al. 2022; Mitek
and Blicharz-Domarnska 2018). Coronaviruses are com-
mon in birds and animals, however, human diseases
are linked mainly to the Alpha and Beta coronaviruses
(Cicaloni et al. 2022). HCoV-OC43 and HCoV-HKU1
were originated from rodents and the other human coro-
naviruses originated from bats (Tang et al. 2022). The
severe form i.e. severe respiratory distress syndrome
(SARS), was isolated between 2002—-2003 (Guangdong,

China) and it became epidemic (Ludwig and Zarbock
2020) leading to death of nearly 774 people (Haagmans
and Osterhaus 2009). Later in December 2019, more se-
vere form of coronavirus (i.e. SARS-CoV-2) appeared
in China and became the cause of one of the worst pan-
demics of the world (Wei et al. 2019; Lamers and Haag-
mans 2022).

When we compare the genomic organization of all the
7 HCoVs, they show presence of two open reading frames
(ORFs) i.e., ORF1la and ORF1b coding for the structural
proteins (spike, membrane, envelope and nucleocapsid
proteins) and non-structural proteins (NSP1 to NSP16),
respectively (Zhao et al. 2020; Wong and Saier 2021).
Some HCoVs also have hemagglutinin-esterase in their
structure. Human coronaviruses such as HCoV-229E,
HCoV-NL63, HCoV-OC43 and HCoV-HKUT1 typically
cause mild respiratory illnesses, such as common cold like
symptoms, while SARS-CoV, MERS, and SARS-CoV-2
can result in severe or mild, both in humans and birds
(www.medicalnewstoday.com).
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Variations, possibly due to number of factors, (Supp.
Figure 1) have been reported in the genomic organiza-
tion of all seven HCoVs and we hypothesize that this
might have affected the clinical outcome in various cat-
egories of patients. Therefore, we aimed to study one of
the important proteins of HCoV that has undergone high-
est number of variations in all these 7 HCoVs. We thus
focused on RdRp protein (RNA-dependent RNA poly-
merase), the enzyme involved in formation of replication
complex/factory. It plays a key role in the intracellular
replication of viral genome and formation of new virion
copies. The structure of RdRp of SARS-CoV-2 has fin-
ger, palm and thumb subdomains giving it a right hand
like shape. The subunits of NSP7 and NSP8 attaches to
the thumb region, whereas NSP8 extra site attaches to the
finger domain. NSP7 and NSP8 increases the binding of
NSP12 with the primer RNA and also stimulates the func-
tion of the NSP12 protein (Sarma et al. 2022).

2. Materials and Methods

2.1. Genomic and proteomic studies on human coron-
aviruses

To understand the sequence and structural properties of
RdRp among various HCoVs following methods were
used i.e., the heat map generation of gene and protein se-
quences, structural studies using SWISS modelling, and
finally observing the RdRp protein by its characteristics
such as hydrophobicity, solubility, and isoelectric nature.

2.1.1 Heatmap generation of human coronaviruses
RdRp

Protein and gene sequences of RdRp of all the 7 HCoVs
were aligned using Clustal Omega in order to calculate
pairwise percent identity. This was then converted to a
distance matrix using 1-Percent Identity. This matrix was
used, applying complete linkage clustering, to generate a
heat map showing pairwise sequence divergence with a
color gradient representing similarity. By understanding
the metrics represented in the heat map and carefully an-
alyzing the color gradients and clusters, the relationships
and distinctive characteristics of the various coronaviruses
can be identified (Babicki et al. 2016).

2.1.2 Sequence alignment of RdRp of all HCoVs

QIAGEN CLC Genomics Workbench 24.0.1 was used
for sequence analysis and alignment. The software em-
ploys the “Needleman-Wunsch algorithm” by default for
global alignment, with core parameters including the scor-
ing scheme, gap penalties, substitution matrix, and align-
ment type. The RdRp sequences of seven HCoVs were
aligned, and their genomics and proteomics analysis of the
sequence were also done. The reference sequence num-
bers of RdRp protein included in the Multiple Sequence
Alignment were retrieved from NCBI, i.e., AAP41036.1
for SARS-CoV-1, YP_009725307.1 for SARS-CoV-2,
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YP_009047223.1 for MERS, YP_009555260.1 for HCoV-
0C43, YP_459941.1 for HKU1, NP_835352.1 for HCo V-
229E, and YP_003766.2 for HCoV-NL63. The nucleotide
sequence of the HCoVs was compared and checked for the
mutation and similarity at the genomic level.

2.1.3 3D modelling

Further homology modeling was performed for obtain-
ing the 3D models of RNA-dependent RNA polymerase
(NSP12) for different HCoVs. The process involved se-
lecting appropriate templates based on sequence similar-
ity, optimizing sequence alignment, adjusting gap penal-
ties and assessing the model quality.

The 8urb.1.A template was used for HCoV-229E
and HCoV-NL63, with a Global Model Quality Estimate
(GMQE) score of 0.87 for HCoV-NL63. HCoV-OC43
and HCoV-HKU1 were modeled using 7Krp.1.A, both
achieving GMQE scores of 0.88. The 7uoe.1.A template
was used for SARS-CoV-1 and MERS-CoV, resulting in
GMQE scores of 0.91 and 0.89, respectively.

The FASTA sequences of the RdRp protein
(NSP12) of 7 HCoVs are as follows i.e., HCoV-229E
(NP_835352.1), HCoV-OC43 (YP_009555260.1), SARS-
CoV-1 (YP_00992430.1), HCoV-NL63 (YP_003766.2),
HCoV-HKU1 (YP_459941.1), MERS (YP_09047223.1),
and SARS-CoV-2 (YP_009725307.1). The 3D structure
of all proteins was modeled using Swiss modelling.

The SARS-CoV-2 RdRp (PDB ID: 6M71) was re-
trieved from the PDB databank. Due to the unavailabil-
ity of other HCoVs RdRp 3D structures, we developed
these using SWISS modeling (Protein Data Bank 1971).
The core RdRp protein consists of three subdomains i.e.,
the finger (residue range L-366-A581, K621-G679), the
palm (residue range T582-P620, T680-Q815), and the
thumb subdomain (residue range H816-E920) (Vicenti
et al. 2021). Using the PYMOL software (Schrodinger
and DeLano 2020), the RdRp protein subdomains, finger,
palm, and thumb were highlighted, and their 3D structure
was generated.

2.1.4 Study of unique characteristics of RARp protein
of all HCoVs

The hydrophobicity plot of RARp protein of coronaviruses
was constructed and downloaded using the CL.C Genomics
Workbench 24.0.1 program (CLC QIAGEN, Germany).
For calculating the hydrophobicity, the software used is
a default Kyte and Doolittle scale. This scale is an effec-
tive approach for determining the hydrophobicity of pro-
tein sequences by assigning individual hydropathy scores
to each amino acid. These scores are generally aggregated
or averaged across the entire sequence to identify regions
that are hydrophobic or hydrophilic. Regions with posi-
tive hydropathy scores are considered hydrophobic, while
those with negative scores are classified as hydrophilic.
Solubility of RdRp protein of all HCoVs were ob-
tained from the protein-sol software (Hebditch et al. 2017).
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It is a user-friendly bioinformatics online server that uses
protein sequence to calculate the predicted solubility com-
pare with the solubility database. For calculating the solu-
bility, the software employs a linear regression model in-
corporating sequence-derived features such as amino acid
composition, hydropathy index (Kyte-Doolittle scale),
isoelectric point, and net charge.

The isoelectric point (pI) of a protein is the pH at which
the protein carries no net charge, and it is determined by
the pKa values of the protein’s ionizable groups. The net
charge of the protein is calculated at different pH levels.
Protein-Sol does not calculate the pl it instead uses ex-
ternal Bjellqvist method and Protparam or Biopython tool
for calculation. Using this method isoelectric point (pI)
of RdRp protein of all HCoVs were obtained from the
protein-sol software (Hebditch et al. 2017).

2.2. Comparison of HCoVs sequences with similar
viruses by Phylogenetic Tree construction

To understand the similarity among other viruses (other
than coronaviruses), the phylogenetic analysis was
also done. SARS-CoV-2 reference genome sequence
(NC_45512.2) was taken for Pairwise genomic similarity
analysis with viruses existing in the database, using the
ViPTree v4.0 (Nishimura et al. 2017). This tool employs
tBLASTxX for sequence comparison and then translates nu-
cleotide sequences into six reading frames (proteins) to
identify conserved regions across viral genomes. The sim-
ilarity score (SG) generated by tBLASTx ranges from 0
to 1, indicating the degree of genetic relation between vi-
ral sequences. Phylogenetic analysis was performed us-
ing the BIONJ (Bio Neighbor-Joining) algorithm, an im-
proved version of the traditional Neighbor-Joining (NJ)
method. BIONJ enhances tree accuracy by incorporat-
ing models that account for evolutionary rate variations
among sequences. This approach provides a more precise

(a)

(b)

representation of the evolutionary relationships within the
dataset. The A,T,G,C nucleotide percentage was also cal-
culated in all the HCoV genomes since it is known that
Adenine and Thymine have higher mutation rate compared
to cytosine and guanine (Braun et al. 2019).

3. Results and Discussion

3.1. Genomic and proteomic studies on human coron-
aviruses

3.1.1 Heatmap analysis of amino acid and nucleotide
sequence of RARp protein in human coron-
aviruses

Figure la-b indicates the obtained heatmap. The diag-
onal cells (from the top-left to the bottom-right) were
mainly all blue, which indicated that 100% similarity was
found among HCoVs. While the HCoV with more intense
blue color may belong to the same evolutionary lineages,
HCoV with light magenta and yellow color represent less
similarity to each other.

HCoV-229E and HCoV-NL63 were similar as both be-
long to the Alphacoronavirus genus. HCoV-OC43 and
HCoV-HKU1 shared similarities, they are included in
Betacoronaviruses and both are originated from rodents.
SARS-CoV-1 and SARS-CoV-2 were closely related, both
belong to the same genus and came from the same ori-
gin i.e. bats. MERS-CoV, however, was more distinct
from other human coronaviruses, as it belongs to a unique
evolutionary lineage and originated in bats before cross-
ing into humans through dromedary camels as shown in
Figure 1.

0ca3-

SARS-COV-1=

Values
0.0601
0.0451
0.0301

-0015
0

HKU1 =
MERS -

SARS-COV-2+

OV-229E

SARS-CoV-1
NL63 "
HKU1 "~
MERS "

SARS-CoV-2

FIGURE 1 Heatmap represents the RdRp proteomic (a) and genomic (b) similarity among human coronaviruses http://www.heatmapper.ca/

pairwise/.

100


http://www.heatmapper.ca/pairwise/
http://www.heatmapper.ca/pairwise/

Sharma et al.

Indonesian Journal of Biotechnology 30(2), 2025, 98-106

3.1.2 Sequence alignment of RdRp of all HCoVs

During sequence alignment of RdRp proteins of HCoVs,
it was found that the RdRp core protein has five con-
served regions. Of which the palm subdomain had three
conserved regions while the thumb subdomain had only
one conserved region (in all the 7 HCoVs). The con-

served region for finger subdom

palm subdomain was 614LMGWDYP620, 751KHFSM-
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human coronaviruses were checked. Figure 3 and Supp.
Figure 3 shows the major mutations with change and no
change in chemical properties in the amino acids. The in-
dividual mutations in RdRp protein of HCoVs have been
compiled in Supp. Table 2.

3.1.3 3D modelling

Supp. Figure 4 highlights the finger, palm and thumb sub-
domains residue range w.r.t SARS-CoV-2 RdRp (PDB ID:
6M71) structure using the PyMOL software.

3.1.4 Study of unique characteristics of RARp Protein
of all HCoVs

It was observed that SARS-CoV-2 showed decrease num-
ber in hydrophobic amino acids, which might contribute
to greater solubility, flexibility and potentially a more ef-

HCoV-229E to HCoV-NL63

(b)
(a)

HCoV-0C43 to MERS-CoV.

(d)

(e)

HCOV-0C43 to SARS-CoV-1

ficient RdRp. It could enhance replication fidelity and
speed, which could be the reason of increased transmissi-
bility as compared to the other HCoVs (Table 1 and Supp.
Figure 5). The 3D surface representation is shown in Supp.
Figure 6.

Several coronaviruses i.e., HCoV-229E, HCoV-OC43,
HCoV-NL63, HCoV-HKUL1 are less pathogenic. They
showed moderate solubility, which indicate stability but
they had slower replication. MERS-CoV have lower sol-
ubility and SARS-CoV-2 have the lowest solubility sup-
porting more efficient RNA binding and replication. The
solubility of all HCoV's shown in the Supp. Figure 7.

All RdRp proteins showed a net positive charge at
acidic pH (low pH) and shift to a net negative charge at ba-
sic pH (high pH). The isoelectric point of seasonal coron-
aviruses i.e. HCoV-229E, HCoV-0OC43, HCoV-NL63 and
HCoV-HKU1, ranges from 6.1 to 6.3, which was slightly
lower compared to the one belong to other coronaviruses

83,
&
Rt
% ‘0."
b5 AT

-

HCoV-HKUL
2004

HCoV-0C43 to HCoV-HKU1

(f)

FIGURE 3 Major mutations (with no change in the chemical properties) in HCoVs.

TABLE 1 Percentage distribution of Hydrophobic amino acids in RdRp of all 7 HCoVs.

RdRp of Human
Coronavirus

% of Hydrophobic amino acids observed in RdRp

Glycine Proline Phenylalanine Alanine Isoleucine Leucine Valine
229E 5.70% 2.90% 6.60% 6.00% 4.10% 8.20% 7.60%
0C43 5.20% 2.90% 5.70% 6.20% 4.80% 9.40% 8.6%.
SARS-CoV-1 5.00% 3.20% 60% 7.20% 3.50% 9.00% 8.20%
NL63 5.70% 2.80% 6.10% 5.60% 4.10% 9.20% 8.10%
HKU1 5.40% 2.80% 6.10% 5.60% 4.10% 9.20% 8.10%
MERS 5.60% 3.00% 6.10% 6.90% 3.80% 7.90% 8.10%
SARS-CoV-2 4.80% 3.20% 6.10% 6.90% 3.50% 8.90% 7.90%
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i.e. SARS-CoV-1, MERS-CoV and SARS-Cov-2. They
had pI of around 6.4. A slightly higher pI in SARS-CoV-2
might affect the interactions with RNA, cofactors, or ther-
apeutic agents under physiological pH. Isoelectric point
(pI) with predicted scaled solubility is shown in Table 2
and Supp. Figure 8.

3.2. Comparison of HCoVs sequences with similar
viruses by Phylogenetic Tree construction

In order to analyze the relationship among the SARS-CoV-
2 genome, other coronaviruses and other existing viruses
available in the database, an evolutionary-based analysis
was conducted. Viral phylogeny was constructed using
the reference of SARS-CoV-2 whole genome sequence via
the tBLAST. It showed the presence of 224 virus families
and 200 host group (Figure 4). The circular cladogram
results showed the global genome similarity relationship
with seven HCoVs that are highlighted with red stars (Fig-
ure 4).

The phylogenetic analysis of HCoVs enhances our un-
derstanding of its origin and transmission. The phylo-
genetic tree results showed a close relationship between
NL63 and 229E, which share a common reservoir bat and
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both belong to the family of Alphacoronaviruses. The
branches of OC43 and HKU1 are Betacoronaviruses that
originate from the same reservoir rodent. MERS shows a
separate branch in the phylogenetic tree, and it was trans-
mitted from camels to humans. And the pandemic caused
by SARS-CoV-2 in 2019 shows a very close relationship
with SARS-CoV-1. They both originated from bats (Supp.
Figure 9).

When the individual nucleotides was checked , it
was found that the percentage of adenine (A) nucleotide

TABLE 2 Isoelectric point (pl) of all human coronaviruses.

Human Isoelectric point (pl)  Predicted scaled
Coronaviruses solubility

229E 6.14 0.291

0cC43 6.21 0.283
SARS-CoV-1 6.4 0.229

NL63 6.37 0.289

HKU1 6.22 0.287

MERS 6.41 0.25
SARS-CoV-2 6.44 0.233
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FIGURE 4 Viral tree of ssRNA represented in the circular view. The tree was constructed by the ViPTree. The cladogram tree includes 224
virus families (Inner ring) and 200 host groups (outer ring). For reference, Human coronaviruses were highlighted in red stars.
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in SARS-CoV-2 was higher, followed by SARS-CoV-1.
HCoV-HKU1 contained the highest amount of thymine
(T) nucleotide, i.e. 40.10%, followed by HCoV-NL63, i.e.
39.21% (Figure 5).

3.3. Discussion

Coronaviruses were first identified in animals in the 1920s
and later in humans in the 1960s. Till date, seven HCoVs
have been discovered and some of which are seasonal and
cause epidemics while some caused pandemics. Within
the genome, the RdRp is a key enzyme involved in viral
replication. When the sequence alignment of RdRp of all
7 HCoV's was done, significant mutations were observed;
171 mutations in Alphacoronaviruses (HCoV-229E and
HCoV-NL63), and varying degrees of mutations in Beta-
coronaviruses, including 283 mutations, 4 insertions & 5
deletions in SARS-CoV-1, 103 in HCoV-HKU1, 293 mu-
tations, with 6 insertions and 1 deletion in MERS-CoV and
312 mutations with 5 insertions in SARS-CoV-2 (the high-
est) all compared to HCoV-OC43. These mutations may
not only lead to structural diversity but may also affect
replication efficiency and the viral evolution.

The core RARp of viruses have three subdomains,
i.e., finger (nucleoside triphosphate entry), palm (poly-
merization), thumb (template binding) subdomains resem-
bling a right-handed cup. The palm subdomain is the
most conserved and catalytically active region, while the
thumb subdomain is the most variable (Wolf et al. 2018;
Venkataraman et al. 2018). The RdRp subdomains exhibit
sequence similarity rates of 49% in the finger, 52% in the
palm, and 42.3% in the thumb region. Among the five

conserved regions in the core RdRp, the palm subdomain
contains the most conserved regions, while the thumb sub-
domain is the most variable and has one conserved re-
gion. Unlike eukaryotic DNA polymerases, which possess
proofreading mechanisms to correct replication errors, vi-
ral polymerases such as RdRp generally lack this func-
tion. This absence may contribute to higher mutation rates
and drives the evolution observed in human coronaviruses
HCoVs. The palm subdomain which has three conserved
regions (residues ranges from 582-620, 680-815) could
also be considered for a drug target.

The evaluation of the hydrophobicity, solubility, and
isoelectric nature of these 7 RdRps revealed some impor-
tant observations. RARp of less pathogenic coronaviruses
(e.g. 229E, OC43, NL63, HKU1) had balanced hydropho-
bicity, moderate solubility and a pI of 6.2—6.3, supporting
stable but slower replication which contributes to mild in-
fections. RdRp of MERS-CoV showed strong hydropho-
bicity and low solubility, potentially leading to protein ag-
gregation or membrane interactions, which may contribute
to its higher pathogenicity. RdRp of SARS-CoV-2 showed
distinct hydrophobic peaks, lowest solubility and highest
pI (~6.4). This indicates stronger binding with the RNA,
efficient replication and greater interaction with cofactors
further contributing to rapid replication and high transmis-
sion potential among all the 7HCoVs.

Hydrophobicity helps a protein remain stable and
physiologically active by enabling it to have a smaller sur-
face area and fewer unwanted interactions with water. In
the study done by Matyasek et al. (2021) , they analysed
that mutation in amino acids gives the exceptional trend
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of increasing and decreasing hydrophobic amino acids in
a broad range of SARS-CoV-2. High number of substitu-
tions in amino acid leads to increase in hydrophobicity of
the protein. Hydrophobic amino acids have the potential
to enhance viral replication by altering the protein folding
and interact inside RNA polymerase complexes. This may
assist in faster replication. In Hepatitis C Virus (HCV), the
RNA-dependent RNA polymerase (NS5B) contains a C-
terminal hydrophobic domain essential for anchoring the
polymerase to intracellular membranes and helps in facil-
itating effective replication complex formation (Lee et al.
2006). Another study done by Smertina et al. (2019) on
calicivirus RNA-dependent RNA polymerase have indi-
cated hydrophobic motifs that interact with intracellular
membranes, thus promoting the formation of replication
complexes. Mutations disrupting these hydrophobic inter-
actions have been shown to impair viral replication, under-
scoring the importance of hydrophobic amino acids in the
replication process. The occurrence of higher percentage
of adenine (A) nucleotide in RdRp of SARS-CoV-2 and
SARS-CoV-1 predicts their increased mutability, facilitat-
ing faster evolution but potentially reducing stability.

Mutations in the RdRp protein can also lead to an in-
crease in the virus replication rate which is directly propor-
tional to the pathogenicity. The rapid rate of replication
and mutation facilitates the emergence of novel antigenic
variations and the virus’s ability to adapt to the host cell. A
mutation can also cause change in specificity of enzyme,
which in turn can affect the synthesis of enzymatic viral
proteins (Wang et al. 2020). In our previous study, we re-
ported the drug targets against RARp and repurposed those
drugs to develop a new drug molecule to inhibit its enzyme
activity (Sharma et al. 2023).

Limitations of this study is that this is purely an in
silico study. Further in vitro and in vivo studies may
be required to validate our findings for an in-depth un-
derstanding of pathogenicity of HCoVs. Based on the
present findings, RARp emerged as the major enzymatic
proteins of SARS-CoV-2, which can be responsible for se-
vere pathogenicity based on the increased number of muta-
tions and decreased hydrophobicity. Future in silico stud-
ies could be required to understand the mechanism in neu-
tralizing RdRp protein and especially in infected lung cell
lines for suggesting an effective anti-viral molecule.

Present study reported the transition of mutation trend
of RdRp viral proteins in mild (HCOV229E; HCOVNLG63)
and severe (SARS-CoV-2) coronaviruses. In addition, the
hydrophobicity trend of coronaviruses has also been stud-
ied. It is suggested that the study can be focused on RdRp
viral protein and also focused on the event of outbreaks
of coronaviruses for developing the RdRp-based effective
drug target by appropriate anti-viral molecule.

4. Conclusions

The study of mutation pattern of RdRp protein in differ-
ent HCoV's showed that mutation in this proteins can lead
to enhanced viral replication, increased pathogenicity and
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immune evasion by HCoVs. Present study of mutation
analysis represents a useful approach to predict the pan-
demic potential of HCoVs.
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