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Abstract

The outbreak of a novel coronavirus associated with acute respiratory disease,
called COVID-19, marked the introduction of the third spillover of an animal
coronavirus (CoV) to humans in the last two decades. The genome analysis with
various bioinformatics tools revealed that the causative pathogen (SARS-CoV-2)
belongs to the subgenus Sarbecovirus of the genus Betacoronavirus, with highly
similar genome as bat coronavirus and receptor-binding domain (RBD) of spike
glycoprotein as Malayan pangolin coronavirus. Based on its genetic proximity,
SARS-CoV-2 is likely to have originated from bat-derived CoV and transmitted
to humans via an unknown intermediate mammalian host, probably Malayan
pangolin. Further, spike protein S1/S2 cleavage site of SARS-CoV-2 has acquired
polybasic furin cleavage site which is absent in bat and pangolin suggesting
natural selection either in an animal host before zoonotic transfer or in humans
following zoonotic transfer. In the current review, we recapitulate a preliminary
opinion about the disease, origin and life cycle of SARS-CoV-2, roles of virus
proteins in pathogenesis, commonalities, and differences between different
corona viruses. Moreover, the crystal structures of SARS-CoV-2 proteins with
unique characteristics differentiating it from other CoVs are discussed. Our
review also provides comprehensive information on the molecular aspects of
SARS-CoV-2 including secondary structures in the genome and protein-protein
interactions which can be useful to understand the aggressive spread of the
SARS-CoV-2. The mutations and the haplotypes reported in the SARS-CoV-2
genome are summarized to understand the virus evolution.
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Orthocoronavirinae, in the family Coronaviridae, order
Nidovirales, and realm Riboviria. They are enveloped viruses

Coronaviruses (CoVs) are the positive-stranded RNA viruses
which taxonomically come under the family Coronaviridae
and subfamily Coronavirinae. Coronaviruses are a group of
related RNA viruses. Coronaviruses constitute the subfamily

with a positive-sense single-stranded RNA genome having
spherical, oval or pleomorphic shape. The diameter
ranges between 60 and 140 nm [1]. The subfamily can be
divided into four genera: Alpha-, Beta-, Gamma-, and

180 | © 2021 Wiley-VCH GmbH

www.jbm-journal.com

J Basic Microbiol. 2021;61:180-202.


https://orcid.org/0000-0003-4009-5924
mailto:bvitthal@unipune.ac.in
mailto:vbarvkar@gmail.com

KADAM ET AL.

Deltacoronavirus [2]. The CoVs are not new to human being
and most of them produce mild respiratory diseases in
human and are known to infect domesticated animals from
decades [3]. But, since the beginning of 21st century, they
emerged as a big threat to human population and warrant
immediate and researchful remedies. There were six CoVs
known, out of which severe acute respiratory syndrome CoV
(SARS-CoV) and Middle East respiratory syndrome CoV
(MERS-CoV) outbreak took a wide toll of human life in 2002
and 2012, respectively. In 2002, SARS-CoV emerged in
China and infected 8422 persons leading to the death of 916
individuals. Later, MERS-CoV appeared in the Arabian
countries and infected around 1800 humans. Recently in
2019, seventh CoV caused large-scale epidemic affecting
almost all countries across the globe. Being a close relative
of SARS-CoV the novel coronavirus was named as
SARS-CoV-2 (details discussed in Section 1.1). As compared
with SARS-CoV and MERS-CoV, SARS-CoV-2 is spreading
faster and number of deaths are multifold higher [4].

1.1 | Historical background

In December 2019, patients with pneumonia-like symp-
toms were reported from several local health facilities in
the Wuhan city of China. The cause was unknown and
most of the patients were from sea/wet food market in
Wuhan, China. The pathogen was confirmed as virus by
polymerase chain reaction (PCR), real-time polymerase
chain reaction and sequenced rapidly by next-generation
sequencing. The virus was considered as novel because
its genome did not completely match with any previously
sequenced virus genome. Also, the clinical symptoms
were distinguishable from that of the other known viral
infections. Hence, the virus was named as 2019-nCov
where “n” stands for “novel” [4] and the disease caused
by this virus was named as COVID-19. On the basis of
the highest conserved protein-encoding open reading
frame (ORF) 1a/1b sequence, the new virus clustered
with SARS-CoV under genus Betacoronavirus. Thus, the
name was changed to SARS-CoV-2 by International
Committee on Taxonomy of Viruses [5].

2 | GENOMIC ORGANIZATION

Genome sequencing of the SARS-CoV-2 started at an
early stage of the outbreak in Wuhan. The bronch-
oalveolar lavage fluid samples were collected from the
initial patients. The quantitative PCR assays with pan-
CoV primers, including nonstructural protein (nsp)
RNA-dependent RNA polymerase (RARP) primers con-
firmed CoV as a causative pathogen. Zhu et al. [4]
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reported the early genome sequences of SARS-CoV-2 of
approximate size 29,891bp using next-generation se-
quencing technology [6]. After these initial submissions
of SARS-CoV-2 genome sequences, multiple entries from
different parts of world are continuously appearing in
GISAID. By the cut-off date of this article, more than
84,000 complete genome sequences (>29 kb) were sub-
mitted to GISAID. This large volume of sequencing data
provides great opportunity to identify the variations in
virus strain, the trend of virus evolution/mutations, and
their impact on pathogenic potential of SARS-CoV-2.
The SARS-CoV-2 contains a positive-sense single-
stranded RNA genome packed in the protein envelope.
The spherical envelope possesses spike-like projections of
surface glycoprotein [6,7]. The GC content of the geno-
mic RNA (gRNA) is very low, that is, 38% as compared
with other CoVs. The gRNA consists of 5-cap and
3’-poly-A tail structure. The number of ORFs varies
across the CoVs. In SARS-CoV-2, ORFla is the longest
ORF and occupies almost two-third portion of the gen-
ome. Further, ORF1b overlaps with ORFla following
which shorter sub-gRNAs (sgRNA) encoding four struc-
tural proteins namely, spike (S), membrane (M), envel-
ope (E), and nucleocapsid (N) proteins along with other
accessory proteins encoding sequences are present. The
SARS-CoV-2 genome (Figure 1la) displays the archi-
tectural feature of leader and transcription-regulatory
sequence (TRS) commonly possessed by the CoVs. The
leader sequence of 70 bases is present at 5’ end of RNA of
which 7-10 bases are transcription-regulatory sequences
known as TRS-L. Similarly, adjacent to each ORF (body
sequence) TRS-B motifs are present. The TRS-L and
TRS-B regulate discontinuous synthesis of intermediate
negative strands of sgRNA [8]. The genome of SARS-
CoV-2, like other CoVs, represents suppression of CpG
islands. This is essential as the host vertebrates possess
zinc-finger antiviral protein (ZAP) which identifies the
CpG motifs of the viral genome and process them for
degradation. Across the genome, ORF encoding E pro-
tein displays the highest content of CpG island motifs [9].

2.1 | Secondary structures (SS) of gRNA
The genomes of CoVs are known to form SS. They act as
a regulatory elements, hence are essential for the virus
life cycle. It has also been proposed that the evolution in
RNA viruses is more aggressive in RNA structures than
that of coding sequences [10]. Thus, it becomes equally
essential to study the SS in SARS-COV-2 RNA genome.

Once the viral RNA is released in the host cell after
N protein dissociation, RNA adopts various SS. Such SS
includes  hairpin-forming inverted repeats (IR),



KADAM ET AL.

® | ournal of Basic Microbiology

(a) 1. SARS-CoV2 m
- NSP-70%aa — » « 427370 —»| 32 | E | 6 l 72| T 29.9 kb
2. SARS-CoV 9b

«—————— NSP-7073aa ————————» <«——1255aa —» 3a 6| 7a 8a

3. Bat-SL-CoVZXC21

o |
o I | [+
wle] o

«———— NSP-7070)aa —— > <«—— 1245aa —|

4. MERS-CoV

«———————— NSP-7078aa —————————» «—1255aa ——>

5. Pangolin CoV GX/P2V

oo S - |

= 30.1 kb

+——————— NSP-708828 ——+——» «—1265aa —> | 3

6. Ro-BatCoV HKU9

5'UTR

[ s

NSP - 6923aa

——»<+«—126%9aa—>

S1/s2 s2'

S1 subunit

S2 subunit

FIGURE 1 (a) Genome structure of SARS-CoV-2 and other coronaviruses. The genome of CoVs comprises of 5’ and 3’ untranslated region
(UTR) and open reading frame (ORF) 1a/b (blue boxes). The structural genes present at 3’ terminus encodes for the structural proteins
including spike (S; white boxes), envelope (E; yellow boxes), membrane (M; red boxes), and nucleocapsid (N; green boxes) which are common
features to all CoVs. In addition, the accessory genes interspaced between the structural genes encodes for accessory proteins. The comparison of
coding regions of SARS-CoV-2 with different CoVs showed a similar genome organization to SARS-CoV, bat SL-CoVZXC21, and pangolin CoV GX/
P2V. There is no remarkable difference in the ORF1 of different CoVs but it encodes for NSPs of variable lengths and there is a distinction

in the accessory genes. The red dotted line shows a notable variation between SARS-CoV-2 and SARS-CoV. Red dotted line: notable variation
between SARS-CoV-2 and SARS-CoV. (b) SARS-CoV-2 spike (S) glycoprotein. The S1 region of spike protein contains a N-terminal domain
(NTD; red box) and a C-domain or receptor-binding domain (RBD; yellow box). The S2 subunit contains the fusion peptide (FP; gray box), heptad
repeat 1 (HR1; white box), central helix (CH; green), connector domain (CD; blue box), heptad repeat 2 (HR2; brown box), and transmembrane
domain (TM). Black arrows: cleavage sites at S1/S2 boundary (R685) and S2’ (R815)

quadruplex sites, and slippery sequence with downstream
pseudoknot, the last one is extensively reported from dif-
ferent DNA/RNA viruses and is frequently observed
across the CoVs. These SS are essential for virus replica-
tion and, hence, are potential therapeutic targets [11,12].
The scanning of virus genome predicted higher number of
genome-scale ordered RNA structures (GORS) in SARS-
CoV-2 than other viruses like hepatitis C virus. The GORS
protects viral RNA genome from getting recognized by the
host vigilance system. The contour plotting method has
been used to analyze GORS in the viral genome [10]. This
relatively new method is a promising technique for a deep
study of the structural features and positions of the
RNA SS.

The SARS-CoV-2 possesses the highest frequency of
IR per 1000 nucleotides (nt) across the nidoviruses. The
majority of the IRs in 5 untranslated region (UTR)
region are of length 12+ nucleotides while 3’-UTR IRs
are <12 nt. This difference in length of IRs may indicate
the differential regulatory roles of these two UTRs [13].
There are five stem-loop structures (SL) predicted in
5-UTR region of SARS-CoV-2 and designated as
SL1-SL5. The inline and RNase V1 probing has provided
the experimental evidence for the stability of SS in 5’
region. These structures are found to be conserved across
the variants of SARS-CoV-2 [14]. SL2 is essential for
sgRNA synthesis. TRS-L belongs to SL3 while SL5 con-
tains the start codon for the ORFla. A pseudoknot
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structure is predicted to be present in ORFlab which
controls the frame shifting during the overlapped trans-
lation of ORF1a and ORF1ab and known as programmed
—1 ribosomal frameshift (—1 PRF) signal. Apart from the
pseudoknot, the —1 PRF signal is also composed of slip-
pery sequence and linker region [15]. At 3’-UTR SL2-like
motif is present, crystal structure of which shows
homology with ribosomal RNA (rRNA) loop indicating
its role in the initiation of protein translation [16].
Another important SS possessed by SARS-CoV-2 is
G-quadruplex. The four guanine bases forms a square
planer structure known as guanine tetrad, stacking of
which builds G-quadruplex. In comparison to IR, oc-
currence of putative quadruplex sites like G-quadruplex
(G-PQS) is meager, which is obvious as quadruplex sites
in virus genome can easily expose the virus to the host
immune system. But on the contrary, they are critical
elements for virus replication, assembly, and for mod-
ulation of host immune response as well [17]. There are
25 G-PQS in SARS-CoV-2 predicted specifically in
ORF1lab, ORF3a, S, M, and N genes. Out of these in silico
predicted G-PQS, multiple in vitro spectroscopic assays
have confirmed G-PQS at positions 13385 and 24268.
Their interaction with nsp13, a helicase, may provide
efficient therapeutic target [18,19]. The accessory
protein-encoding ORFS is also predicted to possess SS,
functions of which are yet to be elucidated [20].

3 | VIRUS PROTEINS

Inside the host cell, ORFla and ORFlab translate
into polyproteins ppla and ppla/b. From these
polyproteins, 16 nsps are generated through proteolytic
cleavage carried out by nsp3, that is, papain-like
protease (PLP™) and nsp5, that is, main protease
(MP™/3CLP™). PLP™, MP™/3CLP", and nspl2 (RARP)
with its cofactors nsp7 and nsp8 forms a replication-
transcription complex (RTC) for further synthesis of
genomic and sgRNA from which structural and ac-
cessory proteins are translated. Figure la represents
the arrangement of RNA genome and proteins encoded
by it. Details about viral nsps, structural, and accessory
proteins are discussed below.

31 | NSPS

The nsps performs multiple functions in the life cycle of
virus. The section below provides the functional and
structural details of the nsps. We have broadly grouped
these nsps according to their functions, though many
nsps perform multiple and overlapping roles.
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3.1.1 | The nsps modulating host
immunity

The 5’ region of gRNA encodes the host immune re-
sponse modulating proteins nspl and nsp2. The ca-
tRAPID (computational tool which calculates RNA-
binding capacity of the proteins) analysis of more than
10,000 interactions revealed that the 5’ region exhibits
strong tendency to interact with human proteins corre-
lated to the virus infection [21].

The nspl interacts with host ribosomal small subunit
to stop the antiviral protein synthesis by switching off the
host protein synthesis in infected cells [22]. The amino
acid sequence of nspl of SARS-CoV and that of SARS-
CoV-2 is 84% identical which indicates common functions
carried out by nsp1 in both the viruses. Crystal structure of
SARS-CoV-2 nspl interacting with human 40S ribosomal
subunits suggests that its monomer constitutes 180 amino
acid residues comprising of first short a-helix followed by
a short loop and second larger a-helix. The hydrophobic
interaction between the two helices stabilizes the protein
structure. The residues K164 and H165 belonging to short
loop are essential for the functionality of the protein. The
C-terminal domain of nspl makes tight interactions with
uS3, uS5, and rRNA helix 18 on the 40S ribosomal small
subunit and blocks the messenger (mRNA) entry tunnel
(Figure 2) [23]. The nsp2 interacts with signals involved in
host cell cycle. In SARS-CoV, nsp2 specifically interacts
with human proteins prohibitin 1 and prohibitin 2 which
are involved in mitochondrial function and morphology,
and cell proliferation (Figure 2) [24].

The nsp3 is a multifunctional largest protein encoded
by SARS-CoV-2 genome. It shows multiple domains in-
cluding Ubiquitin-like domain 1 (Ubl1)—a RNA-binding
domain, highly variable N-terminal, ADP-ribose phos-
phatase domain (ADRP; also known as macrodomain and
X domain), SARS-unique domain (SUD), RNA-binding
domain, and transmembrane domain. ADRP possesses
ADP-ribose (ADPr) binding site which interacts with host
immune signaling, specifically nuclear factor kappa B
(NF-xB) signaling and hence, plays a major role in the
generation of cytokine storm in the host tissue [25,26].
Very interestingly, the viral ADPr-binding site shows sig-
nificant identity only with human ADP-ribose binding
modules across the complete human proteome. This
suggests that viral ADPr-binding site can participate
functionally in the host protein deMARylation/MARyla-
tion. ADRP deMARylates the transcription factor “signal
transducer and activator of transcription 1” (STAT1). The
STAT1 works as an important switch in innate immune
signaling mediated through interferon receptors. The de-
MARylation of STAT1 produces IFN-y-activated macro-
phages and expression of interferon-stimulated genes.
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FIGURE 2 SARS-CoV-2 nonstructural proteins (nps), replication cycle, and host pathogenesis. The multiple interactions or the

complexes which acts as activators are essential for the virus replication. Numbers on polypeptide ppla/b labels the nsps; white dots:

cleavage made by nsp3; orange dots: nsp5 (Mpro/3CLpro) cleave sites. Brown arrow: nsp-nsp interactions. The portion of the figure with
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As a consequence, cytokine storm is generated which is
the fundamental cause for the severity associated with
SARS-CoV-2 infection. Moreover, angiotensin-converting
enzyme 2 (ACE2), a receptor of SARS-CoV-2, is also under
the control of interferon and its promoter shows STAT1-
binding site, thus deMARylation of STAT1 probably sets a
circuit which may also stimulate the expression of ACE2
accelerating the multiplication of SARS-CoV-2 inside the
host (Figure 2).

Crystal structure of ADRP in apo form as well as with
ADPr substrate has been solved. It comprises of central
seven-stranded {-sheet, of which, both sides are occupied
by o helices. The C-terminal edges of the central 8 strands
(B3, B5, B6, B7) forms the substrate-binding pocket. In
presence of ADPr, substrate-binding pocket undergoes

major conformational changes [27]. The SUD is observed
in human CoVs only. The SUD constitutes three macro-
domains; SUD-N, SUD-M, and SUD-C [28]. SUD-M in-
teracts with genomic SS specifically G-quadruplex in viral
RNA and host RNA as well, with interacting residues
K565, K568, and E571 [13]. As mentioned earlier, virus
genome possesses much less numbers of G-quadruplexes;
hence, it is possible that major activity of domain M is
associated with the host genome.

3.1.2 | The nsps with proteolytic activity

Among these 16 nsps, PLP™, and MP™/3CLP™ received
special attention as therapeutic targets as they perform
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the first protein cleavage inside the host cell. Crystal
structure of MP™ has been revealed recently which is
made up of protomers A and B; each protomer consists
three domains designated as I, II, and III. These proto-
mers dimerizes to form MP™° dimer. The substrate-
binding site is present between six-stranded antiparallel
beta barrels of domain I (chymotrypsin-like domain) and
IT (picornavirus 3C protease-like domain). Domain III is
a globular cluster of five helices, regulating dimerization
of the MP™ through the salt-bridge interaction between
two protomers. The two protomers show tight binding
with contact interface of 1394 A2. Serine (S1) of protomer
B and glutamine (Q166) of protomer A interacts to as-
certain S1 pocket shape and confirmation for substrate
binding. The SARS-CoV-2 MP™ is distinguishable from
SARS-CoV MP™ as it exhibits replacement of threonine
by alanine at position 285 which enhances the catalytic
activity of SARS-CoV-2 MP™ [29]. PLP* cleaves the nsps
residing toward the N-terminal of the polyprotein chain,
that is, nspl, nsp2, and itself from the long polypeptide
chain. As nsp3 possesses transmembrane domain, it
anchors the host membrane and provides stability for
assembling of viron particles. Later, it forms double-
membrane vesicle in coordination with nsp4.

3.1.3 | The nsps involved in RNA
synthesis, proofreading, and modification

The nspl2 occupies the major portion of RTC. Cryo-
electron microscopy of nspl2 exhibits nidovirus RdRp-
associated nucleotidyltransferase (NiRAN), a nidoviral
signature domain present at N-terminal of the RdRp. The
NiRAN is thought to contribute in nucleic acid ligation
and mRNA capping [30]. An interface domain connects
NiRAN with “right-handed” RdRp domain. The RdRp
domain constitutes finger, palm, and thumb domain.
Notable feature of the SARS-CoV-2 polymerase is that it
possesses additional N-terminal {-hairpin inserted into
the groove clamped by the NiRAN and the palm sub-
domain stabilizing the overall polymerase structure. As
seen in other COVs, the active site of RdRp is comprised
of seven motifs (A-G) in palm subdomain. A hetero-
dimer nsp7-nsp8 and individual nsp8 are bonded with
RdRp similar to the RdRp complex observed in other
CoVs [31].

Although nspl2 can synthesize the RNA in-
dependently, binding of nsp7 and nsp8 to nsp12 increases
the efficiency of the enzyme. As revealed by crystal
structure, two nsp7-nsp8 dimers further dimerizes in 2:2
proportion to form heterotetrameric primase complex.
Dimerization (i.e., nsp7-nsp8) and tetramerization (i.e.,
nsp7-nsp8 X 2) occurs mainly via hydrophobic interac-
tion and stabilized by a disulfide bridge between the
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symmetric cysteine residues of nsp7 [32,33]. As proposed
by Wang et al., primase complex dissociates into two
equal units from which one unit further contributes to
RdRp complex. Binding of nsp7-nsp8 dimer to the RdRp
is mainly mediated by nsp7 and takes place above the
thumb subdomain of RdRp. The nsp7-nsp8 heterodimer
also sandwiches the finger extension loops of the RdRp to
make it more stable, while the tip of the finger sub-
domain is clamped by another nsp8 co-factor. Interest-
ingly, both nsp8 cofactors show different confirmations
in the complex. In presence of template RNA, RdRp and
nsp8 exhibit conformational changes which are further
discussed in Section 6.

Recently, the crystal structure of nspl5, a nidoviral
RNA uridylate-specific endoribonuclease (NendoU) has
been solved. It plays an important role in protecting virus
from the host immune response. It is composed of dimers
of trimer forming double ring hexamer. Each monomer
is composed of N-terminal oligomerization domain, a
middle domain, and catalytic C terminal domain. Middle
domain of each monomer gives concave shape to the
surface allowing multiple interactions with other pro-
teins and RNA [34].

The nspl4 is another interesting nsp which performs
two distinct roles. Its N-terminal domain exhibits exori-
bonuclease activity, hence, named as ExoN while
C-terminal mediates N7 guanine-methyl transferase ac-
tivity in mRNA cap synthesis. The N- and C-terminals
are connected through hinge region made up of one loop
and three strands providing flexibility to the protein es-
sential to perform these two activities. The nsp10 acts as
an activator of the nspl4 and forms dimer in 1:1 ratio
[35]. The nsp13, a helicase of SARS-CoV-2, shows 100%
similarity with that of SARS-CoV. It performs helicase
activity during synthesis of RNA and also contributes in
5’-RNA capping. It unwinds double-stranded RNA in
5'-3’ direction and presents single-stranded template to
polymerase for further elongation. It exhibits five do-
mains forming pyramidal-shaped structure. The zinc
binding domain with two zinc fingers and one stalk do-
main are critical for the activity [36]. The nspl16, a 2'-O-
methyltransferase, is one of the conserved proteins
among CoVs forming complex with nspl0. Crystal
structure of nspl6 and nspl0 heterodimer suggests that
catalytic core adopts typical Rossmann-like 3-sheet fold
which is composed of 11 a-helices, 7 p-strands, and
loops. It uses S-adenosyl-L-methionine (SAM) as the
methyl group donor and shows two SAM-binding sites,
first near 1 and 32 strands of Rossmann-like $-sheet and
second, a SAM-binding pocket formed by three loops.
The nspl0 displays central anti-parallel pair of $-strands
which are surrounded by a large loop and two zinc fin-
gers. The hydrophobic and positively charged surface of
nspl0 stabilizes binding of nspl6é and SAM [37].
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The nsp9 is one of the essential proteins for virus am-
plification. It is thought to be involved in RNA replica-
tion as single-stranded RNA-binding protein, although
the exact mechanism is not clearly understood [38]. The
apo structure of nsp9 consists of CoV-specific unusual
fold of B-strand barrel. A series of extended loops projects
from these strands. The N-terminal (-strand and C-
terminal o1 helix forms the dimer interface. The -strand
2, 3, and 4 protrudes two loops which are positively
charged and proposed as a site of RNA binding [39].

The interactions between nsps are needed for
efficiently carrying different molecular mechanisms.
For example, binding of nspl2 to nspl3 increases
helicase activity of nspl3. Figure 2 represents these
nsp-nsp interactions, their independent functions
and their mode of action in pathogenesis. Table 1
summarizes the roles of nsps in the life cycle of
SARS-CoV-2 as well as in the host pathogenesis; either
based on the reports from SARS-CoV-2 or from pre-
viously studied other CoVs.

3.2 | Accessory proteins

Accessory protein coding genes are present in between
the structural genes but dominantly clustered at 3’ end of
the genome. They are thought to be replaceable but they
must conduct essential role in virus life cycle as they
have retained their position in the genome very well
across the CoVs. Specific functions of some accessory
proteins are experimentally reported and their possible
role to counter attack host immune response is getting
wider acceptance. Most of the CoVs contains eight ac-
cessory proteins out of which some accessory proteins
are expressed selectively in few CoVs only [40]. There are
at least six accessory protein-encoding ORFs annotated
in SARS-CoV-2 including 3a, 6, 7a, 7b, 8 (8b), and 9b [8].
The SARS-CoV and SARS-CoV-2 shows variations in
accessory proteins (Figure 1a). For example, 8a protein is
absent in SARS-CoV-2 and 8b is 37 amino acid longer as
compared with SARS-CoV [1,41]. The effect of these
variations on the SARS-CoV-2 infectivity and

TABLE 1 Significance of the nonstructural proteins in virus replication cycle and host pathogenesis

Protein Role in virus life cycle

nspl

nsp2

nsp3 (PLP™) Protease, sSRNA binding

nsp4

nsp5 (MP™/3CLP™) Protease

nsp6 Induction of autophagosomes

nsp7 Primer synthesis and RNA replication
nsp8 Primer synthesis and RNA replication
nsp9 Putative role as sSRNA binding

nsp10 mRNA cap methylation

nspl2 (RdRp) RNA replication, mRNA capping

nsp13 (Helicase) Helicase activity during RNA replication, 5'-

triphosphatase activity for mRNA capping

nspl4 (ExoN) Proof reading during RNA synthesis, N7-

methyltransferase during mRNA capping
nspl5 (NendoU)

nsplé

Assembling the viral double-membrane vesicles

Role in host pathogenesis

Inhibits host protein translation by the interaction with 40S
ribosomal subunit and host mRNA

Disturbs cell cycle by binding to prohibitin 1 and prohibitin 2
proteins

Interacts with host RNA G-quadruplex to inhibit host
translation, suppresses host innate immune responses by
deubiquitination, deISGylation, and ADPr binding

Interacts with DEAD-box RNA helicase 5 (DDXS5) cellular
protein to facilitate virus replication

Endoribonuclease cleaves RNA at polyuridylate sites

2’-O-ribose methyltransferase during mRNA capping

Note: Information is based on SARS-CoV-2 nsps or identical nsps from other previously studied coronaviruses.

Abbreviations: mRNA, messenger RNA; ssSRNA, single-stranded RNA.



KADAM ET AL.

PPC/furin recognition motif RRAR
$1/S2 cleavage site R685

Human_SARS-CoV_NL63_Q6Q1S2
Human MERS-CoV_AOA140AYZS5

Human_ SARS-CoV_Urbani_ AAP13441

Civet CoV_007/2004_O3ZTF3

Human SARS-CoV2 USA-WA-UW289 QIS30595
China_ Pangolin_ CoV_GX-P5E_QIA48641
Malayan_ Pangolin_ CoV_MP789_MT084071
Human SARS-CoV2 Wuhan-Hu-1_YP_ 009724390
Bat_SARS-CoV_RaTG13_QHR63300

Human_SARS-CoV_NL63_Q6Q1S2
Human_MERS-CoV_AOA140AYZS5
Human_SARS-CoV_Urbani_AAP13441

civet CoV_007/2004_Q3ZTF3
Human_SARS-CoV2_USA-WA-UW289_ QIS30595
China Pangolin_ CoV_GX-P5E_QIA48641
Malayan_ Pangolin_CoV_MP785_MT084071 2
Human_SARS-CoV2_ Wuhan-Hu-1_YP 009724390 L
Bat_SARS-CoV_RaTG13_QHR63300

Journal of Basic Mic*robiology—Iﬂ

FIGURE 3 The multiple sequence alignment of spike (S) glycoprotein along with S1/S2 and S2’ cleavage sites. The proprotein
convertase (PPC) or furin motif RRAR with leading proline insertion is unique to SARS-CoV-2 (PRRA insertion highlighted in red box)
although NL63 and MERS have proline without downstream additional basic residues. Such polybasic cleavage site is absent in other beta
CoVs including bat, Chinese as well as Malayan pangolin, and even previous human SARS-CoV. The S2’ cleavage site at R815 is conserved
across all the sequences analyzed; however, SARS-CoV-2, bat, and pangolin has KPSKR and civet and hSARS-CoV has KPTKR

pathogenicity have not been fully understood. Previous
studies on other CoVs have identified the roles of ac-
cessories protein. For example, 3a and 7a are known to
have functions like ion-channel activity, upregulation of
host inflammation regulators like NF-xB and induction
of host cell apoptosis [42]. Thus, further study may
provide a connection between variations in accessory
proteins and high degree of virulence shown by SARS-
CoV-2. It may also highlight the ability of CoV to cross
the species barriers [20,43].

3.3 | Structure proteins

3.31 | S protein

The CoVs make entry in the host cell by engaging their S
protein with host receptors. The S proteins are Class 1
transmembrane proteins which protrude extensively
from the virus envelope. There are 15-30 freely rotating S
proteins reported on the envelope of the virus [44,45].
These trimeric proteins are composed of three regions,
namely, ectodomain region, transmembrane region, and
intracellular domain. Recently cryo-electron microscopy
revealed the structure of S protein suggesting it can make
hinge-like movement resulting into transitions between
“up” and “down” confirmations [44,46,47]. The in-
tracellular domain shows a short intracellular tail. The
ectodomain region has S1 and S2 subdomains. The S1
domain of spike protein acts as a major surface antigen.
It contains two subunits, N-terminal domain (NTD) and
C-terminal domain (CTD) [47]. The S1-CTD acts as a
receptor-binding domain (RBD). The RBD interacts with

the 18 residues of ACE-2 [48]. RBDs are shielded by
glycosylation which is commonly observed in viral gly-
coproteins including S proteins from SARS-CoV and
HIV-1. But glycosylation percentage of SARS-CoV-2 S
protein is low as compared with HIV-1 S protein [49].
The three RBDs form a trimer and rotate up to give re-
ceptor accessible confirmation [50]. The S2 domain is a
membrane fusion subunit. It contains the fusion peptide
(FP), heptad repeat 1 (HR1), central helix (CH), con-
nector domain (CD), heptad repeat 2 (HR2), and trans-
membrane domain (TM). There are two cleavage sites,
one at S1/S2 boundary (R685) and second at S2’ (R815;
Figure 1b) [47,51]. The HRs trimerises to form a coiled-
coil structure and drags virus envelope as well as the host
cell bilayer to close proximity, facilitating their fusion
[52]. At the boundary of S1 and S2 subunits, a furin
cleavage site (RRAR) is present. This site distinguishes
SARS-CoV-2 from SARS-CoV and other CoVs. Another
remarkable feature of SARS-CoV-2 is the addition of
proline residue at the start of furin cleavage site
(Figure 3) [53,54]. This inserted proline creates a turn
which is predicted to result into O-linked glycosylation at
positions S673, T678, and S686. Moreover, O-linked gly-
can may contribute to strong shielding of SARS-CoV-2
epitopes [53,55]. But, contradictory to this, recent liquid
chromatography with tandem mass spectrometry (LC-
MS/MS) study reported the absence of such O-linked
glycosylation at the abovementioned position [56]. In-
stead of O-linked glycosylation site, the role of N-glycans
neighboring (N61 and N603) to furin cleavage site, spe-
cifically in regulation of furin cleavage site accessibility
has been strongly proposed. The S1/S2 protease cleavage
site loop apex makes strong and stable interaction with
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N-glycans at N61 and N603 making furin cleavage site
more accessible [57]. Apart from the extensively studied
furin cleavage site, GTNGTKR motif is also present in S1-
NTD domain which is thought to bind other receptors
like protein or sugar receptor. A more thorough study is
required to experimentally evidence the role of
GTNGTKR motif in viral pathogenesis [58].

Amino acid sequence of S protein of SARS-CoV-2 is
76% identical with SARS-CoV while it shows more
identity, that is, 97% with bat CoV RaTG13. The ACE2-
interacting region (460-520 amino acid) is highly con-
served among CoVs [21]. Interestingly, identity between
SARS-CoV and SARS-CoV-2 decreases in the RBD region
(Figure 4). Only 74% identical RBD possibly explains why
they bind to two different receptors on the host cells [59].
In case of SARS-CoV, it has been observed that muta-
tions in RBD can occur to adopt with host cells during
passage in cell culture [2,60]. Thus, theoretically it is
possible that SARS-CoV-2 gained the mutations in RBD
as an adaptation during cross-species transmission. Mu-
tations in RBD not only enhance the structural stability
of S protein but it can also weaken the binding of the
antibody raised against the other strains [60,61]. After
the initial interaction between the S1 domain and the
host receptor ACE2, S2 segment mediates membrane
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fusion of the host and the viral membrane that allows the
virus RNA genome to enter inside the host cells [48].
Steps involved in virus entry are discussed in Section 6.

3.3.2 | E protein

The E protein is a small polypeptide, ranging from 8.4 to
12kDa. It comprises two distinct domains: the hydro-
phobic transmembrane domain and the charged cyto-
plasmic tail. Recently, topology of the E protein in
eukaryotic membrane has been revealed. It represents E
protein as single-spanning membrane protein. Its
N-terminus being translocated across the membrane and
the C-terminus is exposed to the cytoplasmic side [64].
The E protein is the most conserved protein across the
studied CoVs, and hence, displays common characteristic
features and functions. For instance, SARS-CoV E pro-
tein is identical to SARS-CoV-2 except for four variations
(which are not expected to affect any feature or function
of E protein). Thus, features shown by SARS-CoV E
protein including ion channel activity are also thought to
be exhibited by SARS-CoV-2 E protein [65,66]. E protein
of CoV possesses another unique function of “oligomer-
ization” resulting into formation of viroporin [67].

FIGURE 4 Multiple sequence alignment of SARS-CoV-2 receptor-binding domain (RBD) of spike glycoprotein (S). The contact amino
acid residues of RBD that interacts with ACE2 receptor are marked with red boxes. All six amino acid residues exactly matches with
Malayan pangolin CoV strains MP789 (NCBI acc no: MT084071) [62] and GD/P2S (GISAID acc no: EPI_ISL_410544) [63]; both the samples
originated from the Guangdong Wildlife Rescue Center. These Malayan pangolins were rescued by the Anti-Smuggling Customs Bureau
in March 2019. This suggests that ancestral strain of SARS-CoV-2 might have infected Malayan pangolins
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The viroporins are capable to selectively transport ions
like Ca®* and participate in assembling and release of
virus particles from host cells [68-70]. The CoV E protein
is also known to contribute in pathogenesis. It partici-
pates in increasing the protein folding load on en-
doplasmic reticulum (ER). This results in incorrect
protein folding emerging into a condition known as
unfolded-protein response (UPR). UPR may ultimately
lead to apoptosis [71]. Such pathogenesis by SARS-CoV E
protein is experimentally evidenced in cells infected with
mutated strains rSARS-CoV and rSARS-CoVAE, and can
be explored for SARS-CoV-2 as well [72]. Further, E
protein participates in the formation of specialized
structure ER-Golgi intermediate compartment (ERGIC)
facilitating release of matured virus [73].

3.3.3 | M protein

The M glycoprotein is the most abundant constituent of
the CoVs. The interaction of M protein with S and E re-
conciles the characteristic shape of the viron envelope.
The M protein is a multispanning membrane protein
which is characterized by three transmembrane domains
having C-terminal inside and N-terminal outside. The
third transmembrane domain contains amphipathic re-
gion at the end. This region is found to be highly con-
served across Coronaviridae members. Apart from this
region, other regions of M protein show variability in
protein sequences, but interestingly, these variations does
not impact SS of CoV M proteins [74]. When SARS-CoV-2
M protein sequence was compared with that of bat CoV
RaTG13 and Malayan pangolin CoV MP789, unique in-
sertion of a serine residue is observed at the N-terminal.
Moreover, alignment also showed substitutions at position
70, which is predicted to be a part of transmembrane
domain. It has been proposed that such mutations in
N-terminal and transmembrane domain, which are ex-
posed to the surface, may have contributed to cross-
species transfer of the SARS-CoV-2 [75]. Through various
protein—protein interactions, M protein plays a major role
in viral assembly and its internal homeostasis [48].
Transmembrane as well as endodomain of M protein
participate in protein-protein interaction [76]. It has also
been known that CoV M proteins can interact with RNAs
which encodes information about genome-packing signals
[77]. These findings support their central role in the as-
sembly of the virion particles. As one of the major proteins
of the CoVs, it is hypothesized to be involved in the reg-
ulation of replication and packing of RNA into matured
virus particles [78]. It has been evidenced that M proteins
can endorse two structural confirmations, compact and
elongated. Compact M proteins are frequently associated

with low density of S proteins as compared with the
elongated one [79]. Such confirmation needs to be studied
in SARS-CoV-2. The M protein from SARS-CoV is re-
ported to interact with NF-xB of host cell, lowering the
gene expression of cyclooxygenase 2 (Cox 2). Moreover, M
protein may contribute to pathogenesis by hijacking
NF-xB- and Cox-2-mediated host inflammatory response
[80]. Being highly similar to that of SARS-CoV, SARS-
CoV-2 M protein may have a similar role in pathogenesis.
In a very interesting report, in silico analyses showed that
the M protein of SARS-CoV-2 is homologous to the pro-
karyotic sugar transport protein semiSWEET (sugar
transporter); it is appealing to understand role of M pro-
tein in virus energy metabolism [81].

3.3.4 | N protein

The N protein ranges from 43 to 50kDa and binds to
gRNA. In all, it is divided into three conserved domains,
namely, N arm, central linker (CL), and C tail. The NTD
and CTD are the important structural and functional
domains. The function of the NTD is RNA binding and
its major portion is occupied by positively charged amino
acids. X-ray crystallography of NTD displays four NTD
monomers packed in asymmetric orthorhombic crystal.
The complete structure of NTD can be divided into three
regions: a protruded basic finger, a basic palm, and an
acidic wrist. The monomers show right-handed sandwich
of loop-B-sheet core and loop. $-sheet core is made up of
five antiparallel {-strands with functionally essential
B-hairpin protruded in between {32 and 35 strand. Across
the CoVs, most conserved residues are present in basic
palm regions as compared with fingers and acidic wrist.
Although the NTD of CoVs shows highly similar struc-
ture, the SARS-CoV-2 NTD possesses distinguished sur-
face charge distributions, the significance of which is not
yet understood, but probably adapted for more efficient
binding to its RNA genome [82]. The CTD mediates di-
merization of N protein by self-association and contains
nuclear localization signal. It plays important role in
nucleocapsid protein oligomerization and N-M protein-
protein interactions. The CL region is thought to interact
specifically with M protein [83]. Amino acid sequence of
SARS-CoV-2 N protein is approximately 90% identical
with SARS-CoV N protein [82]. The functions of N pro-
tein include replication and transcription of viral RNA,
formation, and maintenance of the ribonucleoprotein
(RNP) complex [48]. Moreover, it is also reported that N
proteins are involved in host-virus interaction. They
regulate host cell cycle including apoptosis to facilitate
virus multiplication and spread [84]. Very recently, three
nuclear localization signals (NLS1-NLS3) and two
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FIGURE 5 Phylogenetic relationship of various coronavirus spike (S) glycoproteins. The sequences downloaded from UniprotKB and

GenBank website were clustered according to generas, namely, Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and

Deltacoronavirus. Multiple sequence alignment (MSA) was build using the MUSCLE tool of MEGAX software and phylogeny was inferred

using maximum likelihood method with model of substitution: WAG + F + I+ G4 and 1000 bootstraps employing IQ-Tree webserver

(http://igtree.cibiv.univie.ac.at/)

nuclear export signals (NES1 and NLS2) are reported in
the N protein of SARS-CoV-2 which are supposed to play
crucial role in viral protein assembling [85].

4 | PHYLOGENETICS

To understand genome characteristics of SARS-CoV-2
structural, phylogenetic, and mutational studies are
being carried out intensively [86]. As discussed in
Section 2, RBD of S protein plays important role in the
selection of the host for pathogenesis and variations in
RBD distinguishes SARS-CoV-2 from other CoVs. Thus,
for aforesaid reasons, we selected S protein from different
hosts and performed multiple sequence alignment
(MSA). The full-length spike glycoprotein sequences
were retrieved from UniProtKB, Genbank, and GISAID
website.

MSA was performed using MUSCLE program and
IQ-Tree web server was used for tree building [87]. To
understand the best fit model of spike glycoprotein evo-
lution, Modelfinder tool was employed that evaluated
more than 200 models. For the full-length spike glyco-
protein, model WAG + F + I+ G4 was found to be the
best fit. We constructed the phylogenetic tree of spike
glycoprotein sequences from various genera using
maximum likelihood method with 1000 bootstraps.

The consensus tree was visualized using FigTree software
(http://tree.bio.ed.ac.uk/software/figtree/). As evident
from the phylogenetic tree, spike glycoprotein of CoVs
could cluster the various genera into Alpha-, Beta-,
Gamma-, and Deltacoronaviruses (Figure 5). SARS-CoV-2
is being clustered with betaCoV genera and having most
similar taxa as CoV from pangolin isolate GX-P5E,
indicating possible intermediary host for SARS-CoV-2.
Moreover, SARS-CoV-2 is forming separate clade from
other CoVs having hosts such as bat, mouse, bovine,
civet, porcine, and human including MERS-CoVs with
significant bootstrap value suggesting convergent evolu-
tion (Figure 5).

The SARS-CoV-2 spike glycoprotein consists of S1
and S2 subunits. RBD of approximately 230 amino acids
recognizes the host ACE2 as its receptor. Therefore, RBD
is the critical determinant of virus receptor interaction
and reflects host selectivity, virus tropism, and infectivity
[88,89]. The RBD of S glycoprotein is responsible for
initiating the viral attachment and viral entry and any
mutation to RBD may have significant impact on re-
ceptor binding. Thus, it was earlier believed that the RBD
should be highly conserved [89]. To investigate this hy-
pothesis, we performed the MSA for the analysis of the
mutational dynamics of RBD of SARS-CoV-2 against the
RBD of most closely related CoVs using Clustal X2. Based
on our results of MSA and as shown in recent reports
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[28,53,54], we confirmed that six amino acids of RBD
those which are involved in interaction with ACE2, have
been changed, possibly altering the host range. The
SARS-CoV-2 S protein may bind to ACE2 through 1455,
F486, Q493, S494, N501, Y505 residues whereas in the
case of SARS-CoV Y422, L472, N479, D480, T487, and
Y4911 are the interfacing positions for binding [55]. The
red boxes in the Figure 4 indicate that five out of the six
residues those which are crucial for interaction with
human ACE2 differ between SARS-CoV-2 and SARS-
CoV. Interestingly, all these six residues are exactly the
same in Malayan pangolin CoVs (MP789 and GD/P2S)
and differ in Chinese pangolin CoV (GX/P5E) indicating
Malayan pangolins as a possible intermediate host for
SARS-CoV-2 (Figure 4). These mutations in RBD have
altered the receptor binding affinities. Sequence and
structural comparisons of RBD and ACE2 suggest that
SARS-CoV-2 RBD is well suited for binding to ACE2
from humans and other species with high receptor
homology [50,62,90].

5 | RESERVOIR AND ZOONOTIC
ORIGIN

As mentioned earlier in Section 1, CoVs are subdivided
into four genera. Out of these, alpha CoVs and beta CoVs
infect mammals while other two can infect birds mostly.
The two alpha CoVs infecting humans (hCoVs) are
hCoV-NL63 and hCoV-229E, and four beta hCoVs are
hCoV-0C43, hCoV-HKU1, SARS-CoV, and MERS-CoV
[55]. The SARS-CoV-2 is the fifth beta hCoV recently
added to the list. As the initial pieces of evidence of
SARS-CoV-2 infection were obtained from sea/wet food
market, the link between seafood and the disease was
hypothesized. Later, supportive pieces of evidence were
lacking to link the origin of SARS-CoV-2 to seafood
market as human-to-human spread of SARS-CoV-2 was
substantiated [90,91]. Meanwhile, genome sequence
confirmed the virus as CoV, for which bats act as a major
reservoir [8,92]. The genome sequence of SARS-CoV-2 is
found to be 96.1% identical with bat CoV (SARS-CoV-
RaTG13). The CoV from Chinese pangolin (SARS-CoV-
P4LGuangxi-2017) was found to be 85.3% identical. The
other CoVs were found to be similar at genome level in
the range of 73.8%-78.6% with SARS-CoV-2 [93]. High
similarity between bat CoV and SARS-CoV-2 indicates a
common ancestor for them. Previously also, bats were
extensively reported as major reservoirs of CoVs
[2,94,95]. Thus, it is more likely that SARS-CoV-2 also
originated from bats [96]. But interestingly, no bats were
reported in the seafood market in Wuhan from where
COVID-19 emerged [92]. Hence, similar to the
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Himalayan palm civet and dromedary camel as inter-
mediate hosts for SARS-CoV and MERS-CoV, respec-
tively, a prima facie “unknown” intermediate host was
considered for spreading SARS-CoV-2 from bats to
human. The time to the most recent common ancestor
(TMRCA) is estimated to be November 12, 2019 [97].

Another approach tried to understand the origin and
intermediate host for SARS-CoV-2 was protein sequence
alignment. Spike proteins of CoVs binds to receptors on
host cells by their RBD. The ACE2 act as receptor for
SARS-CoV-2 [98,99]. By analyzing host receptor and viral
spike proteins interaction, species which can act as host/
intermediate host can be identified. Pangolin, turtle, and
snakes were the species which also possess and express
ACE2 receptors and hence, proposed as probable inter-
mediate host for SARS-CoV-2 [56].

It has been known that viruses shows flexibility for
codons according to their host genome to facilitate their
interaction [100]. Relative synonymous codon usage
(RSCU) provides possibility of viruses and their host in-
teraction on the basis of “codon usage bias” shown by the
viruses. By using RSCU, Ji et al. [99] reported that snake
served as intermediate host for SARS-CoV-2. But later,
Zhang et al. [101] proved that the findings of the ex-
periment were inconsistent due to small size of sequence
data analyzed and inclusion of outdated database. Their
further study also provided strong pieces of evidence for
Malayan pangolin as an intermediate host for SARS-CoV-
2 through metagenomics. SARS-CoV-2-like virus is also
identified from Malayan pangolin which shows high
similarity with SARS-CoV-2 at the amino acid level. The
RBD of S protein from Malayan pangolin CoV showed
single amino acid variation when compared with
SARS-CoV-2 S protein, indicating Malayan pangolin as
an intermediate host for SARS-CoV-2 [102]. Similar
findings were also reported by Wahba et al. [103]. In a
strong support of the Malayan pangolin as an inter-
mediate host, they reported homology between the reads
from lungs samples of dead pangolin and SARS-CoV-2.
The RBD of Guangdong (Malayan origin) pangolin CoVs
were closely related to SARS-CoV-2 RBD. Including
present study and previous metagenomics analysis have
consistently identified Malayan pangolin as an inter-
mediate host for SARS-CoV-2 [63,104,105].

The RBD, which is important for binding with hu-
man ACE2 receptor, is an ancestral trait from bat viruses
rather than recent recombination [106]. It has also been
proposed that recombination in SARS-CoV-2 genome
might have occurred in intermediate hosts. The genome
of SARS-CoV-2 is 96.1% identical with bat CoV RaTG13.
However, RBD domain of both viruses shows divergence.
Strikingly, RBD residues of pangolin, specifically Mala-
yan pangolin CoV and SARS-CoV-2 are 98% identical.
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Moreover, Malayan pangolin CoV RBD possessed all six
key amino acids which are also present in SARS-CoV-2,
whereas RaTG13 RBD could present only single key
amino acid (Figure 4). These pieces of evidence ad-
vocated that recombination event between bat and pan-
golin CoV materialized in Malayan pangolin through
which a new strain of virus might have emerged. But
interestingly, insertion of polybasic furin cleavage motif
(RRAR) at S1/S2 (Figure 3), which plays significant role
in membrane fusion, is present only in SARS-CoV-2 and
absent in other two CoVs. Thus, altogether, the study
proposed that the recombination events occurred are
complex and needs more detail experimentation to un-
derstand the intermediate host of SARS-CoV-2 [106].

6 | VIRUS REPLICATION

6.1 | Attachment and entry

Viral infections are initiated with the binding of viral
particle, that is, glycoprotein spikes on the outer surface
to the host surface receptor. The RBD domain of S1 re-
gion of the S protein interacts with the host receptor
ACE2 [98]. The ACE2 receptor is present on the cell
membranes of multiple organs including lungs, arteries,
kidney, heart, and intestines. Cell types and the organs at
risk of SARS-CoV-2 infection inside the human body can
be predicted on the basis of ACE2 gene-expressing cells.
The expression of ACE2 is enhanced by interferons
which are one of the body's main defenses when host
detects the virus. The single-cell RNA sequencing study
revealed that Type II alveolar cells of lungs, myocardial
cells, esophagus upper and stratified epithelial cells, and
digestive system (specifically absorptive enterocytes from
ileum and colon) shows high expression ACE2 mRNA
[107-109]. Further, high expression of ACE2 in mucosa
transcriptome of the oral cavity probably emphasizes the
entry routes of SARS-CoV-2 [110]. Interestingly, 14 ACE2
orthologs from a broad range of animal species were
predicted which may also be used by S protein of SARS-
CoV-2 [111].

The SARS-CoV-2 RBD shows higher affinity to ACE2
compared with SARS-CoV RBD. Apart from the amino
acid sequence variations in RBD domain of these viruses,
the presence of variability in glycosylation pattern may
also have contributed to differential affinity shown by
these two viruses [53]. The RBD can possess two con-
firmations, that is, “up” and “down.” However, RBD with
up-confirmation binds more efficiently compared with
the other one.

In addition, the entry requires S protein activation
mediated by host type II transmembrane serine protease

2 (TMPRSS2). Human TMPRSS2 protein is chymotrypsin
family serine proteases (492 aa) possess three functional
domains. It has been shown that TMPRSS?2 is expressed
in prostate, salivary gland, colon, and stomach [112]. It
mediates first cleavage of S protein at the S1-S2 boundary
(R685) and second cleavage at S2’ (R815) sites. The S1/S2
cleavage site of SARS-CoV-2 S protein contains repeated
basic arginine residues generating high cleavability [113].
Essentialness of TMPRSS2 is evidenced by recent multi-
ple experiments, thus, the co-expression of ACE2 and
TMPRESS2 protein is a prerequisite for the initiation of
pathogenesis. The co-expression analysis for ACE2 and
TMPRSS2 proteins using single-cell transcriptome ana-
lysis of various human cells has identified three cells
types: nasal goblet epithelial cells, type II pneumocytes,
and enterocytes, thus, possible host cells for SARS-CoV-2
[114]. Further polybasic furin cleavage site in S protein
efficiently increases priming of the S protein. Recently, in
a meticulous study, ACE2, TMPRSS2, and FURIN are
shown to co-express in human lung tissue probably due
to which multiplication of SARS-CoV-2 is higher in the
lungs [114,115]. After the cleavage at S2’ site, the fusion
peptide is inserted into the host membrane. The two HR
regions, that is, HR1 and HR2 in S2 domain form anti-
parallel six-helix bundles (6-HB). The HR1 region of
SARS-CoV-2 shows mutations when compared with
SARS-CoV. These variations are expected to provide
stability to 6-HB [116]. The 6-HB bundle brings about the
fusion of two membranes and releases viral genome in
the host cell.

6.2 | Genome multiplication

In many CoVs, it has been reported that 5" and 3" UTRs
of viral gRNA possesses cis-acting elements. Host factors
interact with viral RNA at these sites and participates in
viral RNA synthesis [117]. There are many host factors
which includes heterogeneous nuclear ribonucleoprotein
Al and Q, polypyrimidine tract-binding protein, and poly
(A)-binding protein, for which experimental pieces of
evidence are available to confirm their role in CoV RNA
synthesis [118]. Further, viral RNA being positive-
stranded is translated into a polypeptide chain by using
host cell machinery. A programmed frameshift in
translation of ORF1a synthesizes ppla and ppla/b from
the 5’ end of ORF. Viral proteases, main protease (MP*°/
3CLP™), and papain-like protease cleave these ppla/b
chains to generate various nsps. Thus MP™ is one of the
targets for drug discovery against SARS-CoV-2. These
nsps then assemble to form RTC. The RARP with its
cofactors nsp7 and nsp8 forms the RNA replication unit
of the RTC. The RNA template enters to motifs A and C
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though a groove fastens by motifs F and G, while the
primer stand is supported by motif E and thumb subunit.
Motif G initiates RNA synthesis by interacting with the
primer strand. Additionally, 5° RNA hook is required to
bind motif F which activates RNA synthesis. The nu-
cleotide triphosphate (NTP) substrate reaches the cata-
lytic site through a channel formed at the rear side of
RdRp palm subdomain. RNA exit channel is formed at
the front side of RdRp through which product-template
hybrids exits [119,120]. Crystal structures of catalytic
complex of nsp12-nsp7-nsp8 in the presence of template
RNA, and nsp7-nsp8 primase complex have been
recently explored. These structures provide in-depth
knowledge of the steps involved in viral RNA synthesis.
A transition model has been proposed according to
which RNA template first binds to primase complex to
synthesize primer strand. Later, half portion of primase
dissociates to form RdRp complex with nsp12 and nsp8.
This hypothesis is also supported by the crystal structure
of primase complex. In any primase, dense positively
charged surface is required to facilitate RNA binding.
Such positively charged surface is observed in hetero-
tetramers and not in dimers of nsp7-nsp8 [32]. Thus,
probably, primase synthesizes primer and transfer it to
newly assembling RdRp complex.

Two states of RdRp catalytic complexes have been ob-
served, called as pre-translocation and post-translocation
states. In pre-translocation complex, N-terminal extension
of nsp8 (binding independently to nsp12) shows either 45°
bend (confirmation I) or the two copies of nsp8 interacts
with exiting RNA from the opposite sides providing stable
platform for the replication of large RNA genome (con-
firmation II). Confirmation II is thought to be more rigid
and preferred by the virus. Template-product RNA hybrid
and nsp12 active motif interacts in a non-sequence-specific
manner. A loop region of the motif B (present in the palm
subdomain) is pushed backward to accommodate this hy-
brid. Motif G of the finger also goes under conformational
changes to interact with the template-product complex in
such way that it controls the rate of translocation [119,120].
The extension of nsp8 forms sliding pole along which ex-
iting RNA slides which indeed prevents premature RdRp
dissociation during replication of long RNA genome
[119,121]. Interestingly, the exiting RNA is double-stranded
(ds) hybrid of template-product RNA while for translation,
single-stranded RNA is required. It is thus proposed that
dsRNA hybrid is processed by other nsp cofactors, for
which studies are lacking at present [121].

Different sgRNAs as well as gRNAs are then synthe-
sized by the RTC complex [8]. From the gRNA, inter-
mediate negative-strand RNAs are synthesized which are
used to generate positive strands of genomic and sgRNAs.
The synthesis of sgRNA is discontinuous. The polymerase
pauses when it reaches TRS-B and shifts the newly
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synthesized fragment to TRS-L, fusing leader sequence to
the body sequence. Apart from the earlier-mentioned ca-
nonical RNAs, a population of noncanonical RNA has
been observed in the transcriptome which indicates
polymerase jumping events. The 5’ capping of mRNA,
which is common in nidoviruses, plays an important role
in protecting viral mRNA from degradation by host fac-
tors. It is made up of triphosphate bridge linking methy-
lated GTP, that is, 7-methylguanosine to the 5’ nucleoside.
The nsp13 hydrolyzes the first NTP making it available for
capping. The C-terminal N7-MTase domain of nspl4
methylates the N7 position of the guanosine. In the next
step, nspl6 adds methyl group to the 2’-O-ribose of the
NTP and nsp10 act as an activator of the complete process.
The crystal structure of heterodimer nsp16-nsp10 also has
been recently revealed. Interestingly, this complex from
SARS-CoV-2 is 98% identical with that of SARS-CoV and
all variations found outside of the catalytic site, substrate-
binding site, and interface between nsp10 and nsp16 [122].

Although, RNA modifications other than 5’ capping
and 3’ tailing are reported from different viruses, their
details in SARS-CoV-2 are not yet extensively reported.
But, on the basis of difference in the ionic current be-
tween negative control and viral transcripts observed in
nanopore DRS data, 41 potential RNA modification sites
have been recently identified [8]. The CoVs recruits
NendoU for cleavage of viral polyuridine sequences so as
to hide virus from host immune sensing system. The role
and importance of NendoU activity has been experi-
mentally evidenced in SARS-CoV. The SARS-CoV Nen-
doU mutant could activate strong MDA5-dependent
interferon response in the host [122]. In the presence of
manganese ion, NendoU cuts the viral RNA at 3’ of the
polyuridine site [34].

6.3 | Viral assembly and release

In the next step, SARS-CoV-2 uses host transfer RNA for
the translation of its own proteins. Thus, it is obligatory
for the virus to adopt its codon usage according to host
cells. The RSCU and CAI (codon adaptation index) pro-
files indicate that SARS-CoV-2 has adapted its codon
usage and GC content according to the genes expressed
in human lungs [123]. The codons ending with either A
or U represents the major pool of the virus codons.
Though the codon usage bias is very low for SARS-CoV-2,
geolocation-wise there are slight variations in codon
usage pattern [124]. The high level of viral transcripts
facilitates the virus translation and suppresses the host
transcript translation [125]. The translated structural and
accessory proteins are released in ER. A specialized
smooth-walled  Golgi intermediate = compartment
(ERGIC) carries these viral particles across the secretary
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pathways. The ERGIC is a characteristic feature of CoVs
[126,127]. For assembling virion-like particles, viral
protein—protein interaction is required and mediated by
M protein. One constrain in this assembly is that the
membrane proteins through secretory pathway reaches
plasma membrane but they are required to be retained
near ERGIC for efficient assembling [77]. For this
purpose, viral protein possesses intrinsic intracellular
retention signals. One of such properly studied signal is
ER retrieval signal retained by the cytoplasmic tail of
S proteins [128,129]. In between, gRNA translated earlier,
forms RNP complex by interacting with N protein. The
N protein forms a complex with RNA which resembles
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the interaction with negatively charged RNA backbone
while serine-arginine-rich motif probably facilitates the
phase separation. This complex then attaches to M pro-
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then released by exocytosis [92,129,131]. The protein
encoded by ORF3a, a dimer with six transmembrane
helices, forms ion channel which participates in virus
release [132]. The schematic representation of patho-
genesis is shown in Figure 6.
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7 | MUTATIONS AND
HAPLOTYPE STUDIES

Viruses are prone to rapid mutations which enables them
to evade host immunity [133]. Although Coronaviridae
possesses unique (distinct from other viruses) proof-
reading activity for RNA synthesis, a function attributed
to nspl4, however, they too mutate but at a low rate
[134]. For instance, SARS-CoV is reported to be mutated
at the rate of 9.0x107’ substitutions/nucleotide/
replication cycle [135]. Genome sequence of the SARS-
CoV-2 is now available from the different parts of the
world. Several mutations in viral genome have been
identified using these whole genome sequences. The
phylogeny of SARS-CoV-2 genome sequences shows
geographical structuring arisen due to local evolutions
after the geographically long-distance dispersal of the
virus [136]. For example, 30% of proteomic sequence
from Wuhan-Hu-1 does not show any similarity with
that of Indian isolates [137]. There are no concrete cor-
relations derived between the reported mutations and
pathogenicity/spread of the virus yet. But the study of
these mutations will definitely be helpful to predict the
future path of virus outbreaks, and for the development
of antiviral treatments and vaccines as well. At an early
stage of the outbreak, the study of data set, including 32
genome assemblies, revealed incremental genetic diver-
gence in SARS-CoV-2 genome [138]. On the basis of
single-nucleotide polymorphisms (SNPs) at nucleotide
positions 8782 and 28144, Tang et al. divided the SARS-
CoV-2 strains in two lineages, that is, S and L lineage.
The S represents SNP at 28144 resulting into codon for
serine, while L accommodates codon for leucine. They
found that mutations at these two sites are closely linked.
A haplotype network established using all SNPs in stu-
died 103 genomes also supported the divergence of
SARS-CoV-2 genome in these two strains. The L lineage
was found to be more prone for mutation compared with
the S strain [139].

The D614G mutation in S protein is the most dom-
inating mutation reported increasingly with the spread of
the virus and its significance is functionally character-
ized. On human lung epithelial calu-3 cell line, this
mutation increases the virus infectivity compared with
non-mutant type of the virus. In the golden Syrian
hamster model, D614G mutant titer was higher in nasal
wash and different lobes of the lung indicating increased
efficiency for infection to the upper respiratory tract
which ultimately enhances the viral replication. The
mutation D614G do not affect the characteristic S1/S2
cleavage which is in favor of the virus again [140]. In
Europe, among all variants of SARS-CoV-2, a variant
with D614G mutation co-exhibiting A222V substitution

in S protein, has the fastest expansion [141]. Wang et al.
[142] reported 13 mutations in SARS-CoV-2 genome
from the genome sequences submitted till February 2020.
In another study, 93 mutations were identified across the
SARS-CoV-2 genome which includes three mutations in
RBD of S protein demanding further study to understand
the impact of these mutations on antigenicity of the
SARS-CoV-2 [143]. Dorp et al. studied 7666 public gen-
ome assemblies of SARS-CoV-2 and identified invariant
and diversified regions of the genome. They observed 198
recurrent mutations across the genome when compared
with reference genomes Wuhan-Hu-1 (accession IDs
NC_045512.2 and EPI_ISL_402125) [144]. These authors
found that most (80%) of the mutations were non-
synonymous at the protein level. They also identified
highly recurrent mutational sites in nsp6, nspl1, nspl3,
and S proteins. Further, they noted that the number of
mutations increased with the chronology of sampling
dates, suggesting progressive status of mutations. The
data set used by these authors also exhibited the highest
homoplasies in ORF1a at position 11083 which resides in
a region known for triggering CD4+ and CD8+ response
in host cells. Interestingly, homoplasy detected in
S protein across the data set was outside of the RBD and
N-terminal, thus not affecting virus-host cell receptor
interaction [144]. The tendency to acquire mutations
varies among the genomic region. The N protein displays
the strongest propensity for mutations. Analysis of 61,485
genome sequences of the N protein encoding ORF
revealed 1034 mutations resulting in 684 amino acid
substitutions. The high-frequency non-synonymous sub-
stitutions in NTD and CTD are predicted to impact their
SS. In-frame deletions are also reported globally in N
protein encoding ORF. Such deletions may impact the
functionality of the protein [145]. Pachetti et al. [146]
studied 220 genomic sequences across the world. They
categorized the process of mutation, geographical region-
wise and observed the highest mutations in genome from
North America while genomes sequenced from Asia
were the most invariable. In addition to the previously
reported mutations, they confirmed 12 most conserved
mutations in nsp2, nsp3, RdRP, nspl3, nspl4, S, and
ORF9a. They observed a silent and a missense mutation
(at nucleotide position 14408) in RARP from the United
Kingdom and Italy, respectively. Interestingly, accumu-
lation of this specific mutation in RdRP is followed by
large numbers of mutations in Europe and America
compared with genomic assemblies having non-mutant
RdARP from other geographical sites. Thus, the authors
have proposed that the mutation in RdRP at nucleotide
position 14408 might have affected its binding to nsp14
resulting into higher mutational rate in SARS-CoV-2
genomes from Europe and America [146]. In a different
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approach, based on the polymorphism displayed world-
wide in nucleotides encoding NSPs (3, 4, 6, 12, 13, 14), S,
N, and ORFS8 the virus population is divided into 6 well-
defined and 10 poorly defined subtypes [147]. Very re-
cently, mutations from the Indian isolates has been re-
ported, few of which are supposed to induce
conformational changes in viral proteins. In ORFlab,
substitution of C by T at position 1059 results in the
replacement of polar uncharged amino acid threonine by
hydrophobic isoleucine at the protein level, which may
disturb the hydrogen bonds made between threonine and
the surrounding amino acids. Another mutation in
nspl2, substituting proline by threonine, may result in
unusual turn in the alpha-helix where the cofactors, nsp7
and nsp8 binds to form RARP complex. Similarly, mu-
tation replacing threonine by methonine at position 644
in nspl2 may affect protein folding and stability [148].
Apart from the impact on protein coding, mutations also
exert effect on protein structure morphology, protein
stability, and protein-protein interaction. Four such
mutations (Q57H and G251V in ORF3a, R203K/G204R
in N proteins) have been reported. Q57H increases the
affinity of ORF3a for S and N proteins resulting in an
impact on virus budding and release [149]. On the con-
trary, some mutations (like P323L in NSP12 and D614G
in S protein) do not affect the protein biology of the virus
but play a role in RNA structures [150]. However, to
understand the impacts of observed mutations, more
systematic studies and in vitro evidences are required.

To sum up, there are multiple studies identifying
mutations in SARS-CoV-2 genome at the nucleotide and
protein level as well. The sites, number, and type (sy-
nonymous, non-synonynous) of mutation varies with the
data set used. Most of the mutations are synonymous,
which are also claimed as a responsible factor for the
evolution of recent SARS-CoV-2 virus from its ancestor
[151], and non-synonymous mutations faces strong ne-
gative selection pressure. But the process of mutation or
evolution of SARS-CoV-2 genome is in progress and a
genome-wide study indicates the haplotypes of viral
strains are getting established [152,153].

7.1 | Mechanisms driving mutations

There are multiple drivers behind the mutations in virus
genome which includes errors during replication, da-
mage to nucleic acid, and host-induced editing of virus
genome as an antiviral defense [154]. These factors may
work individually or in combination. Among the ob-
served mutations in SARS-CoV-2, C to U/T (most of the
literatures have used T in the nucleotide sequences in-
stead of U for the convenience) pyrimidine transition

outrightly dominates the other mutations [153]. Deami-
nation of cytosine and 5-methylcytocine brings about this
transitional mutation. The transversion of G to T is also
observed in ample data sets. This mutation may have
arisen due to the action of reactive oxygen species al-
tering guanine to 8-oxo-guanine ultimately replacing G
by T. Very recently, probable contribution of host RNA
editing mechanisms in SARS-CoV-2 genome mutation is
also reported. There are two deaminase families, adeno-
sine deaminase that acts on RNA and apolipoprotein B
mRNA editing enzyme, catalytic polypeptide-like (ADAR
and APOBEC, respectively), which are involved in
mammalian antiviral defense. ADAR edits double-
stranded RNA while APOBECS can edit single strands of
RNA or DNA. ADAR- and APOBEC-type RNA editing
(i.e., A toIand C to U, respectively) has been observed in
the sequences derived from bronchoalveolar lavage fluids
obtained from COVID-19 patients along with the detec-
tion of APOBEC in the transcriptome from the same
samples. APOBEC is otherwise undetectable in healthy
tissue; hence, its detection supports viral RNA editing
mediated by host machinery. Although these two en-
zymes act for the defense of host cells, their activity
possibly have contributed to the mutations and evolution
of viral genome [151,154,155].

8 | CONCLUSIONS

During the initial period of the outbreak of COVID-19,
several studies have been published highlighting the
characterization, genetic evolution, receptor binding,
pathogenesis, and clinical manifestation of SARS-CoV-2.
Many research groups are working vigorously on the
prevention and control of this novel coronavirus, as
studies in this area are of high priority to reduce the
impact of this outbreak. The sequence-based analysis
suggests horseshoe bat to be the natural reservoir and
primary pieces of evidence prompt Malayan pangolin as
an intermediate host. The spike protein plays a vital role
in determining the host range and the analysis of RBD of
spike protein established that SARS-CoV-2 and Malayan
pangolin CoV share identical binding residues to ACE2.
The RNA genome of SARS-CoV-2 acquires SS which are
crucial signals for translation. Once inside the host cell,
the nspl and nsp2 play important role in host immune
response modulation. Apart from the nsp-nsp stable
complexes, nsp—nsp interactions are essential for the life
cycle of virus. The ADRP domain of nsp3 is the key
regulator of cytokine storm in COVID-19. Although
SARS-CoV-2 possesses unique proofreading activity for
nascent RNA, mutations in the viral genome are reported
in multiple genomic regions. The human antiviral
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TABLE 2 SARS-CoV-2 proteins: Distinguishing features and significances

Region Distinguishing feature

RdRp complex
the NiRAN and the palm subdomain

Spike protein
subunits

Furin

cleavage site cleavage site

S1-NTD GTNGTKR motif

N protein

defense mechanisms such as ADAR and APOBEC are
also suspected to contribute in SARS-CoV-2 mutations.

Due to the medical emergency raised globally, most of
the initial review literatures have focused on the mode of
transmission, primary/intermediate host and possible ther-
apeutic targets, epidemiology and remedies for SARS-CoV-2
[1,156-158]. Astuti et al. reviewed the available structure,
origin and body response to SARS-CoV-2 infection based on
the available literature about SARS-CoV-2, MERS-related
CoV, and SARS-CoVs. They further explained possible rea-
sons for the hyper-immune response, that is, cytokine storm
generated after the infection of SARS-CoV-2 [131]. Ander-
son et al. [55] reviewed the notable features of SARS-CoV-2
to identify the proximal origin of the virus. In a very inter-
esting review, Mousavizadeh et al. [157] compared the
genotype and phenotype of the novel virus with other CoVs
in the family to shed light on the pathogenesis of SARS-
CoV-2. Romano et al. thoroughly reviewed the structure of
SARS-CoV-2 replication machinery. They further utilized
the data from other CoVs to understand the protein—protein
interactions essential for efficient working of SARS-CoV-2
RNA polymerase machinery [159].

As the SARS CoV-2 is a novel virus, data from pre-
viously well studied CoVs like SARS-CoV were optimally
used in published reviews. These reviews have served as
an excellent information platform to the scientific com-
munity and sufficed the need of situation. The present
article reviews the updated information available about
the molecular biology of this novel virus with major
emphasis on molecular and structural aspects of the
SARS-CoV-2 genome. The crystal structures of different
proteins, their interaction and their proposed roles in
pathogenesis are discussed with special attention on the
distinguishable components of SARS-CoV-2 possibly re-
sponsible for the wide spread of the virus (Table 2). The
reported mutations and haplotypes are discussed with
putative factors driving these mutations to provide in-
sights on the current status of the virus evolution.

N-terminal $-hairpin inserted into the groove clamped by

Furin cleavage site (RRAR) at the boundary of S1 and S2

The insertion of proline residue at the start of furin

NTD possesses distinguished surface charge distributions

Significance

Stabilizes the polymerase structure

Priming of the S protein increases the affinity for
receptor

O-linked glycosylation at S673, T678, and S686 resulting
in strong shielding of SARS-CoV-2 epitopes

May assist to bind multiple receptors

Efficient binding between N protein and RNA genome
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