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ARTICLE INFO ABSTRACT

Keywords: Coronaviruses (CoVs) are causing a number of human and animal diseases because of their zoonotic nature such
Coronaviruses as Middle East respiratory syndrome (MERS), severe acute respiratory syndrome (SARS) and coronavirus disease
H“ma‘f‘ 2019 (COVID-19). These viruses can infect respiratory, gastrointestinal, hepatic and central nervous systems of
EI:netrrfln J human, livestock, birds, bat, mouse, and many wild animals. The severe acute respiratory syndrome coronavirus
Replication 2 (SARS-CoV-2) is a newly emerging respiratory virus and is causing CoVID-19 with high morbidity and

considerable mortality. All CoVs belong to the order Nidovirales, family Coronaviridae, are enveloped positive-
sense RNA viruses, characterised by club-like spikes on their surfaces and large RNA genome with a distinc-
tive replication strategy. Coronavirus have the largest RNA genomes (~26-32 kilobases) and their expansion was
likely enabled by acquiring enzyme functions that counter the commonly high error frequency of viral RNA
polymerases. Non-structural proteins (nsp) 7-16 are cleaved from two large replicase polyproteins and guide the
replication and processing of coronavirus RNA. Coronavirus replicase has more or less universal activities, such
as RNA polymerase (nsp 12) and helicase (nsp 13), as well as a variety of unusual or even special mRNA capping
(nsp 14, nsp 16) and fidelity regulation (nsp 14) domains. Besides that, several smaller subunits (nsp 7— nsp 10)
serve as essential cofactors for these enzymes and contribute to the emerging “nsp interactome.” In spite of the
significant progress in studying coronaviruses structural and functional properties, there is an urgent need to
understand the coronaviruses evolutionary success that will be helpful to develop enhanced control strategies.
Therefore, it is crucial to understand the structure, function, and interactions of coronaviruses RNA synthesizing
machinery and their replication strategies.

1. Introduction

Coronaviruses (CoVs) are major threats to humans and vertebrate
species. They can infect human, livestock, birds, bat, mouse and many
other wild animals with the respiratory, gastrointestinal, hepatic and
central nervous system infections [1-3]. The current classification of
coronaviruses recognizes 39 species in 27 subgenera, five genera and
two subfamilies that belong to the family Coronaviridae, suborder Cor-
nidovirineae, order Nidovirales and realm Riboviria [4,5]. Alternatively,
coronaviruses are divided into four genera on the basis of genetic and
serologic properties; Alphacoronavirus, Betacoronavirus, Gammacor-
onavirus, and Deltacoronavirus in the subfamily Coronavirinae [6-9].
While CoVs can infect many hosts [10], the coronaviruses infecting
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humans are all belonging to either alpha- or beta- CoVs. The outbreaks
of severe acute respiratory syndrome (SARS), Middle East respiratory
syndrome (MERS) and coronavirus disease 2019 (COVID-19) have
shown the potential for transmission of newly emerging CoVs from an-
imal to human and human to human [5,11,12]. The SARS-CoV proteins
consist of two large polyproteins: ORFla and ORFlab (which cleavage
proteolytically to shape 16 non-structural proteins) (Table 1). While
accessory proteins have been found to be dispensable for in vitro viral
replication, others have been shown to play a significant role in in vivo
virus-host interactions [13]. Comparatively, the SARS-CoV-2 lacks the
hemagglutinin esterase gene found in other human coronavirus (hCoV)
HKU1, a lineage A betacoronavirus [14,15]. It has been suggested that
spike protein, envelope protein, membrane protein, nucleocapsid
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Table 1
Nonstructural proteins of coronaviruses and their functions [10,12].

Nonstructural Protein Function

(nsp)

nsp 1 Promotes cellular mRNA degradation and blocks host cell
translation, results in blocking innate immune response

nsp 2 No known function, binds to prohibitin proteins

nsp 3 Large, multi-domain transmembrane protein, activities
include:
e Ubll and Ac domains, interact with N protein
o ADRP activity, promotes cytokine expression
o PLPro/Deubiquitinase domain, cleaves viral polyprotein
and blocks host innate immune response
e Ubl2, NAB, G2M, SUD, Y domains, unknown functions

nsp 4 Potential transmembrane scaffold protein, important for
proper structure of DMVs

nsp 5 Mpro, cleaves viral polyprotein

nsp 6 Potential transmembrane scaffold protein

nsp 7 Forms hexadecameric complex with nsp8, may act as
processivity clamp for RNA polymerase

nsp 8 Forms hexadecameric complex with nsp7, may act as
processivity clamp for RNA polymerase; may act as primase

nsp 9 RNA binding protein phosphatase

nsp 10 Cofactor for nsp16 and nsp14, forms heterodimer with both
and stimulates ExoN and 2-O-MT activity

nsp 12 Replication enzyme (RNA-dependent RNA polymerase)

nsp 13 RNA helicase, 5' triphosphatase

nsp 14 N7 MTase and 3'-5' exoribonuclease, ExoN; N7 MTase adds
5’ cap to viral RNAs, ExoN activity is important for
proofreading of viral genome

nsp 15 Viral endoribonuclease, NendoU

nsp 16 2/-0-MT; shields viral RNA from MDAS recognition

protein, 3CL protease, papain such as protease, RNA polymerase [16],
and helicase protein are viable antiviral drug targets. The CoV outbreaks
are highly likely to be unavoidable in the future due to climate and
ecology changes, and increased human-animal interactions. Thus, the
development of effective therapies and vaccines against CoVs is urgently
needed.

2. Virion properties and genome organization (with main focus
on the nsps)

Coronaviruses are enveloped, 80-220 nm in size, pleomorphic but
mostly spherical, and carry characteristic and large (20 nm long) club-
shaped spikes (trimers spike protein). The combination of nucleo-
capsid (N) protein with the genomic RNA forms the helical nucleocapsid
that is surrounded by a viral membrane (M) proteins which are
composed of icosahedral structures. Some coronaviruses often have a
second peripheral short (5 nm long) spikes (hemagglutinin-esterase (HE)
protein), which is a peculiar feature of certain betacoronaviruses.
Coronaviruses genome is linear positive-sense, infectious, single-
stranded RNA 5’ capped and 3' polyadenylated, the biggest known
non-segmented RNA viral genomes (27.6-31 kb). However, the overall
organization of the genomes is similar [6]. Maintaining such a large CoV
genome may be linked to the unique features of the CoV replication
transcription complex (RTC), which contains many RNA processing
enzymes such as the non-structural protein 14’s (nsp14’s) 3'-5’ exori-
bonuclease. The 3'-5' exoribonuclease is unique to CoVs in all RNA vi-
ruses and is likely to provide an RTC proofreading function [16-18]. The
major virion proteins include a nucleocapsid protein (N, 50-60 kDa) and
several envelope proteins; the spike glycoprotein trimer (S, 180-220
kDa per monomer), a triple-spanning transmembrane protein (M, 23-35
kDa) and a minor transmembrane protein (E, 9-12 kDa), which together
with the M protein is essential for coronavirus virion assembly and
budding. Cellular immune responses are generated primarily against the
S and N proteins. The 5'-terminal two thirds of the genome include two
open reading frames (ORFs), la and 1b, that together encode all
non-structural proteins for the formation of the RTC, whereas the 3'-
proximal third encodes the structural and accessory proteins [19].
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ORF1la encodes polyprotein (pp) la containing nspl-11, while ORFla
and ORF1b together produce pplab containing nsp1l-16 through a (—1)
ribosomal frameshift overreading the stop codon of ORFla [20]. In
general, SARS-CoV-2 has a total of 11 genes with 11 open reading frames
(ORFs); ORFlab, ORF2 (Spike protein), ORF3a, ORF4 (Envelope pro-
tein), ORF5 (Membrane protein), ORF6, ORF7a, ORF7b, ORF8, ORF9
(Nucleocapsid protein), and ORF10 [14]. Coronaviruses are unique
among Nidoviruses because their genomes encode variable numbers of
accessory proteins (four or five in majority; eight in the SARS corona-
viruses) that are valueless during virus replication in vitro, but they
improve the virus fitness in vivo.

3. Non-structural proteins (nsps) of coronaviruses

The enzymatic activities and functional domains of CoVs nsps are
expected to be conserved between the various genera of CoVs, sug-
gesting their significance in viral replication [6,21]. Apart from these
nsps with established functions, there are other nsps whose biological
functions and roles remain to be explored throughout the CoV life cycle.
This review considers comprehensive analysis of the nsp of CoVs and to
critically assess their functionalities among well-known coronaviruses.

3.1. Coronavirus nspl

CoV nspl’s cumulative knowledge has confirmed the symmetric
features and disparate mechanisms among various CoVs to block
expression of the host gene and antagonise innate immune responses
that can provide perspective into the expanding repertoire of new viral
immune evasion strategies. Furthermore, despite the lack of obvious
primary sequence homology within CoVs, there was also a significant
correlation between the nspl of various CoVs belonging to different
genera, inferring their evolutionary linkage and role in the adaptation of
CoVs to different host species. Previous studies reported that the nspl
proteins of SARS-CoV can promote host mRNA degradation, suppress
host gene expression [22-24] and block host translational machinery
function by binding to the ribosome small subunit [22]. Likewise,
SARS-CoV nspl has a novel b-barrel structure mixed with helixes based
on Nuclear magnetic resonance (NMR) analysis [25]. These studies
suggest that coronavirus nspl is a major virulence and pathogenicity
factor [22,23,26]. Overall, CoV nsp1, with its intriguing properties and
characteristics, is an exciting avenue for future research that could
potentially lead to the discovery of novel players and pathways of host
gene regulation. The fact that nspl of various CoVs share a similar
biological role to inhibit host gene expression using different modes of
action has also posed some important questions about the effect of these
functions and divergent mechanisms on the virulence and pathogenesis
of emerging human CoVs.

3.2. Coronavirus nsp2

The nsp2 protein is an interesting target for genetic studies, as it has
been reported that engineered mutations that eliminate cleavage at CS1
between nspl and nsp2 produce infectious virus [27], suggesting that
nsp2 either maintains role in un-cleaved form or has a viral replication
feature that can be dispensed with. Still, it is not known whether nsp2, as
a mature protein or as a component of the polyprotein coronavirus, is
essential for viral replication. Reverse genetic deletion of the MHV and
SARS-CoV polyprotein nsp2 domains enabled the recovery of infectious
mutants with growth deficiencies and RNA synthesis, and demonstrated
intact polyprotein processing, including cleavage at engineered
chimeric nsp1/3 cleavage sites. SARS-CoV holds the most similar gen-
eral structure and sizes of nsps 1, 2, and 3 to betacoronaviruses [6,21].
However, there are also major variations between the MHV and
SARS-CoV nsps 1, 2, and 3. The identification or resemblance between
MHYV and SARS-CoV nspl and nsp2 is very minimal [28,29]. Previous
studies showed that nsp2 and nsp3 potentially originated as precursor
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proteins until they are transformed into mature nsp2 and nsp3 products.
Because of the large size of this nsp2-3 precursor, previous studies
identified it as 290-kDa [30] or 250-kDa [31] based on sodium dodecyl
sulphate (SDS) polyacrylamide gel electrophoresis (PAGE). In addition,
subsequent studies showed that the MHV and SARS-CoV replicase pol-
yproteins nsp2 domains are not required for viral replication [32]. These
findings indicate that the coronavirus polyprotein has significant
structural and functional flexibility and that ORF1 encodes at least one
and perhaps number of protein domains, which may be devoted to
functions other than those of the product [32]. Reverse genetics studies
were carried out to establish mutant MHV and SARS-CoV nsp2
knockout, the rescue viruses did not replicate, yet processed other
replicase proteins correctly [32]. These findings put the basis for studies
of replicase protein involvement in host pathogenesis, virus-cell in-
teractions, and virus complementation and approaches to the develop-
ment of stably attenuated animal and human coronaviruses [32].

3.3. Coronavirus nsp3

Nsp3 is the biggest multi-domain protein produced by coronaviruses,
with different domain structure and organization in CoV genera. The
individual coronaviruses may have 10 to 16 domains, 8 domains and
two conserved transmembrane regions [33]. The nsp3 multidomain
plays various roles in CoV infection; it releases nspl, nsp2, and itself
from the polyproteins and binds to form the replication/transcription
complex with other viral nsps as well as RNA. Nsp3 acts on host protein
post-translation modifications to antagonise the host’s innate immune
response (by de-MARylation, de-PARylation (possibly), deubiquitina-
tion, or deISGylation). Recent studies have shown that the biochemical
characterization of SARS-CoV-2’s deubiquitinating and deISGylating
behaviours are closer to that of its counterpart in MERS-CoV than that of
SARS-CoV. SARS-CoV-2 papain-like protease (PLpro) deISGylating ac-
tivity appeared to be the most dominant of its diverse proteolytic
functions and appeared to be species-specific [34]. Additionally, in host
cells, nsp3 itself is changed, namely by N-glycosylation of the domain
3Ecto. Nsp3 may also interact with host proteins (such as RCHY1) to
promote survival of viruses. Nsp3 was also identified as the largest
non-structural protein of CoVs based on a high rate of positively selected
mutation sites as the major selective target for driving evolution in CoVs
[35]. The papain-like protease domain(s) releases nsp3 from poly-
protein, which is (are) part of nsp3 itself [36]. Nsp3 plays major roles in
the CoV life cycle; it can act as a scaffold protein to interact with itself
and to bind to other viral nsps or host proteins [37-40]. Nsp3 is essential
for the formation of RTC, which in association with modified host ER
membranes may result in formation of convoluted membranes (CMs)
and double-membrane (DMVs) [41-46]. Speculating why coronaviruses
retain many essential functions in one protein is interesting, while nsp3
protein shows high-rate genetic diversity during CoV evolution. Ulti-
mately, increased research into the structure and function of nsp3 is
required to get a more complete understanding of this protein.

3.4. Coronavirus nsp4

Nsp4 is a transmembrane protein, 500 amino acid residues in length,
and is the only protein of the viral polyprotein produced by both PLpro
and Mpro after processing. Nsp4 has four transmembrane helices and a
conserved cytosolic C-terminal domain throughout the Nidovirales [47],
but only the nsp4 part of the C-terminal appears to be retained in the
Nidovirales however, deletion of the C-terminal domain resulted in
slightly reduction in growth [48]. It was also shown that nsp4 interacts
with nsp2 in a two-hybrid yeast system [37] and in cells with other nsp4
molecules [45]. SARS-CoV nsp4 is an important component for viral
double-membrane vesicle formation [43]. Studies on intracellular
expression have shown a biological interaction between the
carboxyl-terminal region of MHV (betacoronavirus) nsp3 and nsp4 [45],
and full-length co-expression of SARS-CoV nsp3 and nsp4 results in
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comprehensive membrane pairing, where the paired membranes are
kept at the same distance as the authentic DMVs [43].

3.5. Coronavirus nsp5

Coronavirus nsp5 is one of three parts of the coronavirus replicase
machinery, together with the nsp12 polymerase and nsp13 helicase re-
gions, that is preserved all over the Nidovirales [49]. Nsp5 is regarded as
the main protease (Mpro), a protease similar to chymotrypsin related to
the enteroviral 3C protease. It belongs to the endopeptidase’s family C30
and is responsible for cleavage within polyprotein la/1 ab at 11
sequence specific sites. The resultant "mature" protein products (nsp4-
16) are assembled into replication complex components [36,50]. Nsp5
can be divided into three domains based on both structure and sequence
characteristics that are conserved in all coronaviruses, Nidovirales and
several other RNA viruses that share a similar processing scheme for
polyproteins; a two-domain active region (I and II) and a third domain
(II1) play a role in nsp5 dimerization [36]. Previous study based on
interactome analysis revealed that nsp12 and nsp14 can interact directly
with nsp5 [51], and nsp14 and 16 can also interact indirectly with nsp5
as part of nsp10-14-16 complex [38,51-53]. Overall, this indicates that
nsp5 plays a critical role in both RNA replication and in the formation of
DMV, possibly by releasing nsp4 and nsp6 proteolytically. To date, nsp3,
nsp5, nspl0, nspl2, nspl4 and nspl6 are the only proteins where
temperature sensitive mutations have been discovered [54-56]. Nsp10
can interact directly with nsp5 [38], and paradoxically, both nsp10 and
nsp3 mutations inhibit Mpro activity [56,57].

3.6. Coronavirus nsp6

While most nsp6 coronavirus proteins are predicted to contain seven
transmembrane regions by TMHMMZ2.0 [58], only six of these functions
as membrane-spanning helices. Nsp6 has six regions of transmembrane,
with both termini on the cytosolic side of the membrane [59,60]. Nsp6
over-expression disturbs intracellular membrane trafficking [59,60],
resulting in an accumulation of single membrane vesicles around the
complex of microtubules [43]. It has also been demonstrated that
SARS-CoV nsp6 interacts with nsp2, nsp8, nsp9 and accessory protein 9b
by two-hybrid yeast assays [37]. It is interesting that both the 4Endo and
6Endo domains are just as well conserved in coronaviruses, as is the
Mpro catalytic domain. Mapping the structural variations of the
SARS-CoV-2 genome and selection trends, there were two mutations
affecting non-structural protein 6 (nsp6) and Open Reading FramelO
(ORF 10) and associated with virus-host interaction, mainly cellular
autophagy induced by viruses [61].

3.7. Coronavirus nsp7

The SARS-CoV (betacoronavirus) nsp7 protein structure (83-amino
acid) was determined using both NMR [62] and X-ray crystallography
with a hexadecameric supercomplex consisting of recombinant nsp7 and
nsp8 [63]. Reverse-genetic studies aimed at particular residues within
SARS-CoV nsp7 verified the significance of this protein for the virus
replication [64], even though the effect of single point mutations was
less than predicted based on the in vitro biochemical characterization of
the RNA-binding properties of protein complexes containing nsp7. The
nsp7-fold includes four helices with quiet different position and spatial
orientation, suggesting that the protein’s configuration is mainly
affected by the interaction with nsp8 [65].

3.8. Coronavirus nsp8 and nsp7— nsp8 complexes

Initially, the 200-amino-acid-long nsp8 subunit took centre stage due
to two reports, the first describing a fascinating hexadecameric structure
consisting of eight copies of each of nsp7 and nsp8 [63], and the second
revealing a nsp8-specific "secondary" RNA polymerase activity [66]
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involved in the CoV RNA synthesis process. Although the structures of
feline coronavirus (FCoV; alphacoronavirus 1) nsp7 and nsp8 were
found to mimic their SARS-CoV (betacoronavirus) counterparts, two
copies of nsp7 and one copy of nsp8 forming a heterotrimer were found
to be assembled into a very different higher-order complex [67].
SARS-CoV nsp8 was found to adopt two different conformations inside
the nsp7- nsp8 hexadecamer. The phylogenetic relationship and simi-
larity percentage of SARS-CoV-2 in relation with other human corona-
viruses is shown in Fig. 1a and b, respectively. These have been named
"golf club" and "bent shaft golf club" [63], with the golf club’s globular
head considered a new fold. Biochemistry and reverse genetics studies
pointed to an important role in RNA synthesis for SARS-CoV nsp8 resi-
dues K58, P183, and R190 (Fig. 1c), replacing which was lethal to
SARS-CoV whereas P183 and R190 residues were presumed to be
involved in interactions with nsp12, while K58 may be critical for in-
teractions with nsp8-RNA [64]. The amino acid sequence alignment for
nsp8 of SARS-CoV-2 compared to other human coronaviruses is shown
in Fig. 1d. It has been reported that SARS-CoV nsp8 is an interaction
partner of many other viral proteins (including nsp2, nsp3 and nsp5 to
nspl6) based on yeast two-hybrid and glutathione S-transferase (GST)
pull-down assays, although most of these interactions remain to be
verified in the infected cell [68].
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3.9. Coronavirus nsp9

CoV nsp9 subunit is the second replicase cleavage product after nsp5
based on obtaining crystal structures, is approximately 110 amino acids
long [69,70]. The dimerization of the nsp9’s biologically active form
may be capable of binding nucleic acids in a non-sequential manner,
with an apparent preference for single-stranded RNA [69-71]. The nsp9
protein function still so far unknown however, site directed mutagenesis
studies within nsp9 revealed that point mutations within nsp9 can block
CoV replication [72,73] that suppose its role during viral pathogenesis.
Mutations in nsp9 were also found to lead to increase the pathogenesis of
SARS-CoV (betacoronavirus) in mice model infected with a
mouse-adapted strain of virus (MA-15) [74]. Further studies are
required to describe how the nsp9 dimerization and mutagenesis may
affect interactions with other replicase subunits, such as nsp8 and
nspl2-RdRp. Nsp8 and nspl2 have been identified as interaction part-
ners for nsp9 [68,70,75] and colocalize on membranous replication
organelles with nsp9 [76].

3.10. Coronavirus nspl10

The nsp10 subunit protein (139 residues; SARS-CoV) is one of the
most conserved CoV proteins and is believed to serve as an essential
multifunctional replication factor. Nsp10 was shown to be dimerized, as
well as interact with nspl, nsp7, nspl4, and nspl6 using yeast two-

Fig. 1. SARS-CoV-2 nsp8 evolutionary changes in
compared to other human coronaviruses. (a) Phylo-
genetic tree construction by the neighbour joining
method was performed using MEGA X software, with
bootstrap values being calculated from 1000 trees
using amino acid sequences of nsp8 (b) Pairwise
identity % plot of nsp8 CoVs amino acid sequences
performed using SDT program, (c¢) 3D crystal struc-
ture of the nsp7- nsp8 complex of SARS-CoV-2 (PDB
ID: 6YHU) and (d) Multiple amino acid sequence
alignment for nsp8 of SARS-CoV-2 compared to other
human coronaviruses.
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hybrid assay. These interactions were confirmed by coimmunoprecipi-
tation and/or GST pull-down assays [37,38,51,77]. NsplO ’s in-
teractions with nsp14 and nsp16 and possibly other subunits of the viral
replication complex can be a target for the development of antiviral
compounds against pathogenic coronaviruses [78]. The significant role
of nspl0 in replication was asserted from the MHV (betacoronavirus)
temperature-sensitive mutant phenotype in which a nsp10 mutation was
responsible for a deficiency in the synthesis of minus-strand RNA [54].
Moreover, the protein was involved in the regulation of polyprotein
processing [57]. Based on biochemical and structural tests, nsp10 pro-
tein has been found to bind two strongly affinated Zn>" ions, indicating
the presence of two zinc finger motifs [79]. Similarly, nsp10 exhibited a
weak affinity for single- and double-stranded RNA and DNA, proposing
that protein might act as part of a larger RNA-binding complex. Nsp10
interacts with nspl4 and nsp16 and controls their respective activities
ExoN and ribose-2 ’-O-MTase (2/-O-MTase) based on the recent
biochemical studies [52,80].

3.11. Coronavirus nsp11

Inside the polyprotein, coronavirus nsp10 is accompanied by a short
peptide of highly variable sequence mapping the genomic RNA region
where the ribosomal frameshift signal leading to the replicase enzyme
cluster being translated into open reading frame 1b is located.
Depending on the CoV species, nspll consists of 13-23 residues. In
SARS-CoV (betacoronavirus), nspll is a 13-residue peptide which is
very small cleavage product processed from the C-terminus of poly-
protein 1a (ppla) at the nsp10/11junction, however processing of nsp11
has not been demonstrated in infected cells. The structure of the un-
cleaved nsp10-11 polypeptide showed some differences in oligomeri-
zation and crystal packing, but little difference in the core nspl0
structure [81]. Thus, nspll more likely forms part of an essential
translation reading frame shift mechanism and is unlikely to signifi-
cantly influence the function of nspl0. The N-terminal sequence of
nspll (encoded between the nspl0/11 junction and the ORFla/1b
frameshift site) in the pplab frameshift component is equivalent to the
N-terminal portion of nsp12 subunit.

3.12. Coronavirus nsp12

Nspl2 has at least two domains, the recently described, "nidovirus-
wide conserved domain with nucleotidyl transferase activity" (nidovirus
RdRp-associated nucleotidyltransferase (NiRAN)) [82] and the canoni-
cal RdRp domain C-terminal [83]. The nsp12-coding sequence contains
the ribosomal frameshift site ORFla/1b, and a programmed —1 frame-
shifting event drives the translation of ORF1b to produce the poly-
protein pplab that contains nsp12. CoVs’ nsp12-RdRp is a primary drug
target, which can be inhibited within the host cell without any toxic side
effects. Nucleoside analogues are an important class of antiviral drug
candidates able to target the viral RdRps but attempts to use them to
inhibit CoV replication have so far not been very successful [1,84].
Ribavirin, a guanosine analogue with a wide range of antiviral activity
commonly used against various RNA viruses due to its mechanism in the
induction of lethal mutagenesis by increasing the RdRp error rate, in-
hibition of viral mRNA capping and reduction of viral RNA synthesis by
cellular enzyme inhibition (inosine monophosphate dehydrogenase
(IMPDH)), which decreases the availability of intracellular GTP [17,85,
86]. In spite of ribavirin was used to treat small numbers of SARS and
MERS infected patients [87], in vitro and vivo studies with different
CoVs and infected cell cultures [84,88-90] established its poor activity
and strongly suggested that ribavirin does not target the CoV RdRp
directly or is targeted (itself) by the nsp14-ExoN activity [17]. It will be
important to better understand the structure and function of
nspl12-RdRp that will be helpful to develop new strategies that will
reduce the impact of drug resistance-inducing mutations, which are a
common problem when targeting rapidly evolving RNA viruses.
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3.13. Coronavirus nspl13

The CoV genome encodes two replicase polyproteins ppla and pplab
to support effective replication, which is processed proteolytically into
16 non-structural proteins (nsps) [21,91,92] that assemble into the
membrane-associated replication-transcription complexes (RTCs), to
drive viral genome replication and translation. The RNA-dependent
RNA polymerase (nspl2) and the helicase (nsp13) are main compo-
nents of RTC [28,29,64]. Positive stranded RNA viruses with a genome
greater than 7 kb have been shown to encode helicases [93,94] that are
classified into six super-families (SF1-SF6) and participate in almost
every aspect of nucleic acid metabolism [95]. Whatever their functional
diversity, all helicases contain core domains which hydrolyse NTPs and
have accessory domains or inserts of different functions, such as assist-
ing in the catalytic activity or interacting with other protein partners
[93,94]. Bioinformatic analysis revealed that CoV nsp13 belongs to the
superfamily SF1, including Rep, UvrD, PcrA, RecD, Pifl, Dda, Upfl-like
helicases and various + RNA virus helicases [83] and exhibits multiple
enzymatic activities, which include hydrolysis of NTPs and dNTPs, un-
winding of DNA and RNA duplexes with 5'-3' directionality and the RNA
5’'-triphosphatase activity [96-98]. CoV helicase is one of the three most
conserved evolutionary proteins in nidoviruses [99] and is thus an
important target for drug development [100]. Physically, CoV’s
RNA-dependent RNA polymerase (RARP, nsp12) might interacts with
nspl3 and improve its relaxing activity [101,102]. In silico prediction
for SARS-CoV-2, nsp13 is about 596 amino acids (located in polyprotein
orflab). SARS-CoV-2 nspl3’s overall structure adopted a triangular
pyramid shape and included five domains similar to SARS and MERS.
Among these, two “RecA-like” domains, 1A (261-441 a.a) and 2A
(442-596 a.a), and 1B domain (150-260 a.a) forming the triangular
base, while N-terminal Zinc binding domain (ZBD) (1-99 a.a) and stalk
domain (100-149 a.a), which connects ZBD and 1B domain, are ar-
ranged at the apex of the pyramid [103]. It has shown that small mol-
ecules capable of inhibiting the NTPase activity through interference
with ATP binding [103]. The phylogenetic relationship and similarity %
of SARS-CoV-2 nspl3 in relation with other human coronaviruses is
shown in Fig. 2a and b, respectively. The SARS-CoV-2 nsp13 identified
similar retained active site residues of the NTPase including Lys288,
Ser289, Asp374, Glu375, Gln404 and Arg567 similar to SARS-CoV
nspl3 [103] (Fig. 2c). All of these residues were clustered together in
the cleft between domain 1A and 2B at the base, while the docking grid
was formed by locating bound ADP of crystallised yeast Upfl and
identifying top hits [103].

3.14. Coronavirus nspl14

Coronavirus nspl4 plays a crucial role in viral RNA synthesis and has
a bifunctional through its N-terminal exonuclease (ExoN) domain and C-
terminal part [6,104]. The N-terminal exonuclease (ExoN) domain is
thought to promote the fidelity of CoV RNA synthesis while the C-ter-
minal part carries an AdoMet-dependent guanosine N7-MTase activity
[6,104]. The phylogenetic relationship and similarity percentage of
SARS-CoV-2 nsp14 compared to other human coronaviruses is shown in
Fig. 3a and b, respectively. X-ray structure for nspl4 demonstrated
functionally important interactions between the N-terminal (ExoN) and
C-terminal (N7-MTase) domains, with three ExoN a-helices maintaining
the core of the N7-MTase substrate-binding pocket [105]. Reverse ge-
netics studies confirmed that the specific role of N7-MTase activity
during virus replication whereas the SARS-CoV N7-MTase has been
shown to methylate 5’ cap structures sequentially independently using a
variety of RNAs and to be active on cap analogues and GTP [106].
Alanine scanning mutagenesis has identified a number of 10 primary
residues for enzymatic activity within the N7-MTase domain [105].
Similarly, two clusters of residues essential to MTase activity have been
identified; the first cluster (nsp14 residues 331-336) corresponds to the
AdoMet-binding site’s DXGXPXA motif and correlates to 3H-labeled



M.A. Rohaim et al.

(a)

Microbial Pathogenesis 150 (2021) 104641

(——NC_002645_1_HCoV_229E

100

L Ku521535_1_HCoV_NL63
KM210278_1_MERS-CoV_England
]NC_045512_2_SARS_CoV2_Wuhan-Hu-1

100

{DQ182595_1_SARS_CoV_zJ0301
(——KF530068_1_HCov_0C43_USA

100

KF530068.1_HCoV_OC43_USA
KF686344.1_HCoV_HKU1_USA
NC_045512.2_SARS_CoV2_WuhanHu1l
DQ182595.1_SARS_CoV_ZJ0301
KM210278.1_MERS-CoV_England
NC_002645.1_HCoV_229E
KU521535.1_HCoV_NL63

(c)

Arg567

 KF686344_1_HCoV_HKU1_USA

= Pairwise identity (26)
s 00
|| |
- T o9s
| |
— =
- | -
I
- - = .
— 79
= |}
= .
=
E_= -
< << S5 K = ]
o v = = [ S
= S =2 -
PN QI 5w 61
XS 3B |
O =2 8 0 o ~N = - 57
S T 1O D ol =
ST g2 32
I3=2E23
P2 — (=4
I\ II ‘\!‘ ek = !
— = N 5 5w =
5 T 28 oo B
EFT a5 =
S S odo B
S 9 3T I S S
S B S = O o
n O 5 & )¢ L0y
oo 99 =Y D
Ll A S~

Asp374

Ser289

GIn404

Fig. 2. SARS-CoV-2 nsp13 evolutionary changes in compared to other human coronaviruses. (a) Phylogenetic tree construction by the neighbour joining method was
performed using MEGA X software, with bootstrap values being calculated from 1000 trees using amino acid sequences of nsp13 (b) Pairwise identity % plot of nsp13
CoVs amino acid sequences performed using SDT program, (c) 3D crystal structure of the nsp13 of SARS-CoV-2 (PDB ID: 6JYT).

AdoMet binding. The second cluster (nsp14 residues 414 and 428) forms
a constricted pocket that holds the cap structure (GpppA) between two
B-strands (B1 and p2) and helix 1, placing the guanine’s N7 position close
to AdoMet based on the analysis of the X-ray structure of a complex
SARS-CoV nsplO/nspl4 [107] (Fig. 3c). Drugability of the nspl4
N7-MTase has been explored using a small set of MTase inhibitors pre-
viously documented [52,108,109]. The nspl4 N7-MTase is an obvious
prospect for antiviral strategies, particularly since it demonstrates a
variety of features distinctive from MTases host cell [110].

3.15. Coronavirus non-structural protein 15 (nsp15; endoribonuclease)

Coronavirus non-structural protein 15 (nsp15), a highly conserved

portion of nidovirus with endoribonuclease activity, acts in combination
with the viral replication complex to restrict the access of viral dsSRNA to
host dsRNA sensors that means nspl5 is not required for viral RNA
synthesis but acts to mediate evasion of host dsRNA sensors [111].
Nspl5 is a key component of coronavirus pathogenesis that highlighted
in nsp15 mutant viruses; CoVs that include a mutation in nsp15, whether
render nspl5 unstable or deactivate endoribonuclease function,
enhance the IFN production dependent on MDAS, and activate host
dsRNA sensors. Therefore, mutant nsp15 viruses can elicit cell apoptosis
and demonstrate lower macrophage replication [111]. The phylogenetic
relationship and similarity percentage of SARS-CoV-2 nsp15 in relation
with other human coronaviruses is shown in Fig. 4a and b, respectively.
Functional genomics analysis showed that nsp15 comprises a cellular
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endoribonucleases domain with distant similarity. Nsp15, called Nen-
doU, endoribonuclease is highly preserved among vertebrate nidovi-
ruses (coronaviruses and arteriviruses) [6]. Structural and functional
studies revealed that the SARS-CoV nspl5 create oligomers to cleave
RNA molecules with a preference for uridylates at the 3’-end [112-115].
Previous studies reported that coronavirus nspl5 overexpression can
antagonise the innate immune responses, but there was no direct evi-
dence to suggest that in case of viral infection it can counteracts the
innate immunity [116]. 3D crystal structure of the nsp15 of SARS-CoV-2
(PDB ID: 6VWW) and the amino acid sequence alignment for nsp8 of
SARS-CoV-2 compared to other human coronaviruses (HCoVs) is shown
in Fig. 4d and c, respectively. Nspl5 can act as a "gatekeeper" for
sequestration of viral dsSRNA within complex replication and away from
host dsRNA sensors. Previous reports suggested that nsp15 could be part

of a viral RNA decay pathway due to increased accumulation of viral
dsRNA in cells infected with nsp15 mutant viruses [117]. Further studies
are needed to fully elucidate the mechanisms used by nspl5 to poten-
tially hide or degrade viral RNA and ultimately prevent host dsRNA
sensors from activating and evaluate the nspl5-mediated dsRNA
cleavage in the virus infection context.

3.16. Coronavirus nsp16 2'-O-methyl transferase

The existence of the 2'-O-methyl transferase (2'-O-MTase) domain in
CoV nspl6 was identified using bioinformatics tools [6,118] that illus-
trated a model containing a conserved K-D-K-E catalytic tetrad char-
acteristic of AdoMet-dependent 2'-O-MTases and conserved
AdoMet-binding site [118]. The FCoV (alphacoronavirus 1) nspl6
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protein showed specific interaction with cap-0-containing RNAs and
responsible for the transfer of a methyl group from AdoMet to the 2'-O
position of the first N7-methylated substrate nucleotide [119]. The
phylogenetic relationship and similarity % of SARS-CoV2 nspl5 in
relation with other human coronaviruses is shown in Fig. 5a and b. The
nspl6 amino acid sequence is highly conserved throughout the entire
CoV family and suggests similar structural domains and functional ac-
tivities that illustrated in the structural similarities between SARS-CoV
and MERS-CoV nspl6/nsp 10 complexes, suggest mutations that
would maintain or modify activity in the viral family, leading to similar
phenotypic mutants [120,121]. Therefore, antiviral therapies that target
nspl6/nspl0’s behaviour and function may also be successful against
SARS-CoV and HCoV 229E, as well as emerging viruses such as
MERS-CoV, PEDV [120,121]. RNA-cap methyltransferase (nspl6) may
be regarded as key for antiviral drug development against SARS-CoV-2
[122], while no effective inhibitors or licenced medicines currently
exist that can be used as targets for the production of antivirals.
Surprisingly, the nsp10 residues included in the nsp10/nsp16 inter-
action are highly conserved within the CoV family and it has recently
been shown that nsp10 of various CoVs (FCoV, MHV, SARS-CoV, MERS-
CoV) are functionally compatible in stimulating activity of nsp16 2'-O-
MTase [123]. Thereby, compounds or peptides that block such

Q
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mechanism can have broad-spectrum anti-CoV effects, a hypothesis that
has been explored and supported using synthetic peptides that imitate
the nsp10 interface and in vitro suppress nspl6 2'-O-MTase activity
[123,124]. Previous studies stated that deleting the nspl6 coding
sequence can ablate RNA synthesis and viral replication; similar to de-
leting up stream components (Exonuclease- nspl4 and N-terminal zinc
binding domain endoribonuclease- nspl5) [125]. While the nspl6
exhibited an increased type I IFN sensitivity as in case of MHV (beta-
coronavirus) and 229E mutants [126], the SARS-CoV mutant virus failed
to induce further type IFN either in vitro or in vivo [120]. 3D crystal
structure of the nspl6 of SARS-CoV-2 (PDB ID: 6VWW) and the amino
acid sequence alignment for nsp8 of SARS-CoV-2 compared to other
human coronaviruses (HCoVs) is shown in Fig. 5¢ and d, respectively.
Similarly, following the nsp16 mutant virus challenge compared to
wild type virus; there was no significant change in the induction
magnitude or kinetics of interferon stimulated genes (ISGs) including
IFIT1 and MDAS5 [120]. Without functional nsp16, both in vitro and in
vivo infections for SARS-CoV (betacoronavirus), HCoV 229E (alpha-
coronavirus), and MHV (betacoronavirus) are significantly attenuated as
aresult of increasing the viral RNA recognition by host sensor molecules
as well as the effector responses of the IFIT family of ISGs [120]. Iden-
tifying these viral/host interactions allows the development of new
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Fig. 5. SARS-CoV-2 nspl6 evolutionary changes in compared to other human coronaviruses. (a) Phylogenetic tree construction by the neighbour joining method was
performed using MEGA X software, with bootstrap values being calculated from 1000 trees using amino acid sequences of nsp16, (b) Pairwise identity % plot of
nspl6 CoVs amino acid sequences performed using SDT program and (c¢) 3D crystal structure of the nsp16 of SARS-CoV-2 (PDB ID: 7BQ7).

therapies against the virus, while also enhancing the effectiveness of the
existing immune response [120].

4. Conclusions

Accumulated knowledge around CoV nsps’ has revealed conserved
functions and divergent mechanisms among various CoVs to block
expression of the host gene and antagonise innate immune responses
that provide insight into the expanding repertoire of new immune
evasion virus strategies. Furthermore, given the lack of apparent pri-
mary sequence homology between nsps of CoVs, it is important to
highlight the functional similarities between them that will help to un-
derstand their evolutionary association and the adaptation of CoVs to
specific host species. There is no doubt that further characterization of
the "nsp interactome" within the CoV-infected cell will provide more
clues about how specific functions are switched on and off or modulated.

Understanding these mechanisms will not only highlight their critical
roles in the virus replication cycle but may also exposed some key
druggable targets to propose novel therapeutics.
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