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1 | INTRODUCTION

Abstract

The recent coronavirus disease 2019 (COVID-19), causing a global pandemic with de-
vastating effects on healthcare and social-economic systems, has no special antiviral
therapies available for human coronaviruses (CoVs). The severe acute respiratory syn-
drome coronavirus 2 (SARS-Cov-2) possesses a nonstructural protein (nsp14), with
amino-terminal domain coding for proofreading exoribonuclease (ExoN) that is required
for high-fidelity replication. The ability of CoVs during genome replication and tran-
scription to proofread and exclude mismatched nucleotides has long hindered the de-
velopment of anti-CoV drugs. The resistance of SARS-CoV-2 to antivirals, especially
nucleoside analogs (NAs), shows the need to identify new CoV inhibition targets.
Therefore, this review highlights the importance of nsp14-ExoN as a target for inhibition.
Also, nucleoside analogs could be used in combination with existing anti-CoV ther-

apeutics to target the proofreading mechanism.
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The SARS-CoV polycistronic RNA genome encodes 14 open
reading frames (ORFs), some of which overlap.! The genomes 5’

Coronaviruses (CoVs) are enveloped, single-stranded positive-sense RNA
viruses with some of the largest identified RNA viral genomes, about
30kb. CoVs are a set of related viruses that belong to the Coronaviridae
family in the order Nidovirales.> Severe acute respiratory syndrome cor-
onavirus 2 (SARS-CoV-2) is the causative agent of coronavirus disease
2019 (COVID-19) and belongs to the genus Betacoronavirus along with
the severe acute respiratory syndrome coronavirus (SARS-CoV) and the
Middle East Respiratory Syndrome coronavirus (MERS-CoV). All three of
these viruses raised as novel coronaviruses, are causing respiratory dis-
eases and transmitted from animals to humans (zoonotic viruses), and
cause respiratory diseases.” SARS-CoV-2 is closest (88%) to two SARS-
like bat-derived CoVs (bat-SL-CoVZC45 and bat-SL-CoVZXC21), with
(79%) overall SARS-CoV sequence identity and (50%) MERS-CoV
identity”

end is capped and has a 3’ poly(A) tail with short 5" and 3’ un-

translated region sequences forming regulatory stem-loop
structures and a single leader sequence proximal to the 5’ end.
Two-thirds of the genome encodes two large polyproteins, ppla
and pplab, that are cleaved into 16 nonstructural proteins. The
last one-third of the genome encodes structure and additional
proteins (Figure 1). The bifunctional nsp14 contains an
N-terminal 3’-to-5’ exoribonuclease (ExoN) and a C-terminal
N7-methyltransferase (N7-MTase) domain. In the 3’-to-5’ direc-
tion, nsp14 catalyzes nucleoside monophosphate excision from
nucleic acids, using a mechanism that relies on two divalent metal
ions and a reactive water molecule. This exonucleolytic activity is
crucial for the Coronavirus replication proofreading activity, a

property lacking in other RNA viruses that improve its fidelity

Abbreviations: COVID-19, coronavirus disease 2019; CoVs, coronaviruses; ExoN, exoribonuclease; MERS-CoV, Middle East Respiratory Syndrome coronavirus; MHV, murine hepatitis virus;

N7-MTase, N7-methyltransferase; NAs, nucleoside analogs; nsp14, nonstructural protein; ORFs, open reading frames; RdRp, RNA-dependent RNA polymerase; RTC, replication-transcription

complex; SARS-CoV, severe acute respiratory syndrome coronavirus; SARS-Cov-2, severe acute respiratory syndrome coronavirus 2; sgmRNAs, subgenomic mRNAs; TRSs, transcription

regulatory sequences.
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FIGURE 1 Single-stranded RNA genome of severe acute respiratory syndrome coronavirus 2. Two-thirds of the genome encodes two major
polyproteins, ppla and pplab, which are divided into 16 nonstructural proteins*®

replication and has played an essential role in nidoviral evolution
and genome expansion.” The first proofreading protein identified
in an RNA virus is the coronavirus ExoN, and targeting ExoN is a
promising strategy to develop new coronavirus inhibitors and
antiviral sensitizers.” The development of anti-CoV drugs has
long been hampered by the ability of CoVs during genome re-
plication and transcription to proofread and eliminate mis-

matched nucleotides (Table 1).

2 | CORONAVIRUS PROOFREADING
MECHANISM

The replication of RNA virus has a high error rate (or low viral fidelity),
resulting in the virus living as diverse genome mutant populations or
“quasispecies.” RNA viruses can adapt to various replicative environ-
ments and selective stresses due to low replicative fidelity, however, a

disastrous error could lead to viral extinction. This factor threatens the

TABLE 1 Role of nonstructural proteins of SARS-CoV-2

Protein  Function

Nsp1 It plays a role in host-range restriction, countering the innate antiviral response of the
host, and suppressing apoptosis induction during the early stages of infection to
promote viral growth.

Nsp2 It is involved in disrupting intracellular host signaling.

Nsp3 It is suggested that it facilitates mMRNA transcript translation while suppressing host
protein synthesis.

Nsp4 Vital role is replication and the assembly of the replicative structures.

Nsp5 Protease activity

Nspé Autophagosome formation for immunomodulatory protein degradation

Nsp7 Primer-Independent RNA polymerase Activity

Nsp8 Primase activity
Nsp9 It has been suggested that it works as a single-stranded RNA binding protein.
Nsp10 It serves as a cofactor for both nsp16's 2'O-methyltransferase and nsp14's N7-

guaninemethyltransferase/exoribonuclease activities.

Nsp11 Necessary for replication.

Nsp12 RNA-dependent RNA polymerase.

Nsp13 RTPase activity hydrolyzes the RNA strand's at 5’ end.

Nsp14 Exoribonuclease activity and Methyl transferase.

Nsp15 Endoribonuclease

Nsp16 2'-O-methyltransferase methylates the RNA strand at position 2.

Abbreviation: SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.
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development of antivirals against CoVs and other RNA viruses as they
can easily establish drug resistance while preserving viral replicative fit-
ness.”” The distinctive 3’ to 5’ exoribonuclease (ExoN) proofreading
feature is an additional obstacle to the production of nucleoside analogs
(NAs) as antivirals against CoVs. Proofreading activities that protect the
virus from mutagenesis are provided by nonstructural protein 14.°
Within the family Coronaviridae, nsp14 is strongly conserved.?® In Group
2 coronaviruses and possibly all coronaviruses, nsp14-ExoN is involved in
RNA proofreading, and the acquisition of ExoN function is necessary for

the achievement and preservation of broad genomes of coronaviruses.?”

3 | BIFUNCTIONAL NSP14 PROTEIN

Nsp14 is a 60kDa bifunctional enzyme involved in replication fidelity
with an N-terminal ExoN domain and N7-methyltransferase (N7-MTase)
C-terminal domain that is involved in messenger RNA (mRNA) capping.®
SARS-CoV-2 and SARS-CoV nsp14 share more than 95% similarity in
amino acid sequence.®° Also, nsp14 is involved in many other virus life
cycles and pathogenicity processes, including recombination of the viral
genome and control of innate immune responses.>* The exoribonucleo-
lytic activity of nsp14 3'-5’ relies on metal ions, preferably Mg?* over
Mn2*, Co?*, and Zn?" promote residual activity, while catalysis was not
supported by Ca®*, Ni?*, and Cu?**?

3.1 | N7-Methyltransferase domain

The C-terminal N7-MTase domain contains a DxG S-adenosyl-L-
methionine (SAM)-a binding motif conserved among CoVs and is
involved in mRNA capping and host immune response evasion.>® In
pre-mRNA splicing, mRNA export, RNA stability, this cap structure
plays essential roles by blocking degradation by the 5-3’ exoribo-
nuclease. Translational initiation by promoting the 4E (elF4E) binding
initiation factor of eukaryotic translation,>* and escapes from the
cellular innate immune system recognition.®® In cytoplasmic granular
compartments, host and viral RNA molecules missing the 5’ cap
structure are degraded.*® In SARS-CoV nsp14, mutations in the DxG
motif specifically eliminate the activity of N7-MTase that is essential
for the formation of mRNA caps, and they have an exact detrimental
effect on replication without disrupting the activity of ExoN, de-
monstrating the importance of this enzymatic function of nsp14.>°

3.2 | Exoribonuclease domain

The activity of nsp14 exoribonuclease resides in the N terminal.®” By
removing mismatched nucleotides from the 3’ end of the rising RNA
strand, the ExoN domain is proposed to correct errors produced by
the RdRp.>® CoV nsp14-ExoN is a member of the DEDD superfamily
of DNA and RNA exonucleases, similar to the proofreading subunit

|.23

(€) of Escherichia coli DNA polymerase |l This superfamily contains

four preserved D-E-D-D acidic residues necessary for enzymatic

action, and mutation in these residues within CoV ExoN significantly
decreases the activity or ablates the ExoN.>®> A recent study found
that the ExoN domain plays a role in the frequency of subgenomic
microRNA (sgmRNA) recombination and recombination patterns in
virally infected cells and virions in nsp14. Inactivating nsp14-ExoN in
murine hepatitis virus (MHV-CoV), significantly altered recombina-
tion patterns and decreased recombination frequency compared
with wild-type MHV-CoV.%* In both MHV-CoV model and SARS-CoV

model, ExoN activity is vital for high-fidelity replication.?’

4 | DEDDH SUPERFAMILY

The protein's ExoN domain was first described by comparative se-
quence analysis that demonstrated a distant association between the
N-terminal portion of the protein and the cellular exonuclease DEDD
protein superfamily." DEDD refers to four preserved catalytic as-
partic acid (D)/glutamic acid (E) (Asp/Glu) amino acids that are
needed by the protein to form two metal-binding sites that drive
nucleotide excision through a two-metal ion-assisted process.*’
X-ray crystallography of the nsp14/nsp10 complex and its functional
ligands were able to identify a range of main factors that highlighted
distinct differences between nspl4 and its DEDD superfamily
homologs and shed light on several characteristics of the structure
and function of the protein.?®

Ma et al.?® compared the nsp14 ExoN active sites with proofreading
homologs of E. coli DNA polymerase | Klenow fragment and the poly-
merase Il subunit €. They reported that Asp90, Glu92, Glu191, His268,
and Asp2733 were the catalytic residues in nsp14. Glu191 replaced the
Asp424 of the Klenow fragment and Asp103 of the ¢ subunit. This makes
nsp14 a “DEED outlier.” Furthermore, Asp243, a catalytic center, is highly
preserved and mutating it inhibit nsp14 activity, although its function has
yet to be deciphered.*° nsp14 has exoribonuclease activity and is capable
of degrading ssSRNA in 3’-5’ directions.”® The nsp14 activity requires
divalent metal ions as a cofactor and it is essential to have a secondary
structure of the RNA substrate. Furthermore, mutating the conserved
D/E residues showed severe defects in viral RNA synthesis, and no viable
virus could be recovered.?® Two Mg?* ions are expected to coordinate
the five catalytic DEEDh residues that aid in removing misincorporated
nucleotides. To activate a nucleophilic attack on the phosphate of the
substrate nucleotide, MgA must activate a water molecule, and MgB
would then promote the product's exit.*’

5 | THE INTERACTION BETWEEN
NSP14-EXON AND THE NSP10

In many processes during the viral infection cycle, interactions be-
tween viral proteins play crucial roles. A yeast two-hybrid screen of
intraviral protein-protein interactions revealed nsp10 as an inter-
acting partner of nsp14.** Experiments in vitro in E. coli has identified
that dsRNA with a 30 mismatch is the preferred substrate of the
nsp10-bound nsp14 that mimics a faulty replication product.
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Although nsp14 alone has exoribonuclease activity, this study also
showed more than a 35-fold increase in nsp14 activity when bound
to nsp10, indicating that nsp10 has a role in stabilizing the active site
of ExoN in the correct conformation for catalysis of the substrate.'®
The interaction between nsp10 and nsp14 is figuratively equivalent
to a hand (nsp14) over a fist (nsp10) (Figure 2). During exoribonu-
clease assays, the addition of nsp10 to the complex increased the
ExoN activity, indicating that nsp10 improves ExoN activity in situ in
the active complex.*? In the presence of nsp10, ExoN active site
residues are adequately positioned and form a highly active ExoN, as
determined by the distance observed between catalytic residues.®®
Mutations in the nsp10 domain that interact with nsp14 resulted in a
decrease in viral replication fidelity. The complexed protein structure
showed that nsp10 confers structural integrity and stability to
nsp14's ExoN domain.’® In the absence of nsp10, the ExoN catalytic
pocket partly collapses, accounting for the poor ExoN behavior of
nsp14 alone.®®

6 | THE ROLE OF ZINC FINGER MOTIFS
DURING VIRAL REPLICATION

A study revealed significant differences between nsp14 ExoN and
other members of the DEDD exonuclease superfamily in addition to
the revised catalytic motif.>? Although the core structural elements
are similar, nsp14 ExoN has two zinc fingers essential for exoribo-
nuclease activity and a site of interaction with nsp10. Zinc finger 2 is
located near the catalytic core, and the domain is disrupted by the
action of the enzyme via C261A or H264R mutations, meaning that it
has a role in catalysis. On the other hand, zinc finger 1 mutation
result in insoluble proteins of nsp14 when expressed in E. coli, and
this, together with its composition, indicated the role for SARS-CoV
nsp14 in structural stability.*°

The proximity of zinc finger 1 to the interaction site of nsp10
could influence the interaction between nsp10 and nsp14 and thus

MEDICAL VIROLOGY

decrease the catalytic activity of ExoN. Zinc finger 2 mutations have
eliminated viral viability, consistent with previous studies.*° The in-
duction of a particular mutation in zinc finger 1 of the nsp14-ExoN
domain alphacoronavirus created a viable virus that induced a de-
crease in dsRNA intermediate aggregation and decreased antiviral
response and apoptosis compared with the wild-type virus.*®

7 | THE ACTIVITY OF SARS-COV-2 NSP14
EXON IS METAL DEPENDENT

It is also recognized that the nsp14 ExoN domain activity relies on
divalent cations.’” In the presence of both Mg?* and Mn?*, SARS-
CoV-2 ExoN nspl4 is active, with more noticeable activity in the
presence of Mg?" In agreement with the data obtained for SARS-
CoV nsp14 and other proteins from the DEDD family, Ca%*, Ni?*, and
Cu*? did not help catalysis.'” nsp14 residual activity also depends on
the presence of Zn?* ion.®? However, the addition of the chelating
agent EDTA to the reaction entirely blocks nsp14 ExoN activity,
confirming the significance for this activity of divalent ions, namely
Mg?* and Mn?*, close to that described for the SARS-CoV

counterpart.*?

8 | THE ROLE OF NSP14 IN RNA
RECOMBINATION

Studies comparing CoV strains closely related to SARS-CoV-2 have
indicated that SARS-CoV-2 has acquired the capacity to infect hu-
man cells by recombining within the spike protein series.** CoV re-
combination has been reported to be associated with the increase in
spread and severe illness, resulting in multiple livestock CoVs vac-
cine failures.*”> On virus-specific transcription regulatory sequences
(TRSs), the CoV replication-transcription complex (RTC) performs
intramolecular recombination to produce a set of subgenomic

FIGURE 2 Structure model of severe acute respiratory syndrome coronavirus nsp10/nsp14 complex. From a side view and 90° rotation
concerning the side view, ribbon structures of nsp10 (green) and nsp14 (purple) Each protein's amino-terminal and carboxyl-terminal
extremities are indicated by the letters N and C with their respective colors>®
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mRNAs (sgmRNAs) with typical ends of 5" and 3'.%¢ Therefore, as a
natural part of their replication, CoVs, perform recombination,
creating complex populations of recombined RNA molecules.®*
Gribble et al.>* reveal that the CoVs nsp14-ExoN is necessary
for native recombination, and inactivation of ExoN results in de-
creased recombination frequency and altered recombination
products. The viral genome, notably DNA viruses, had shown that
exonucleases are essential for recombination. To test this hy-
pothesis, Gribble et al.>* infected Murine DBT cells with wild-type
(Exon™) or ExoN-deleted (ExoN~) murine hepatitis virus (MHV).
Indeed, infected cells (MHV-ExoN~) had significantly decreased
unique recombination junctions compared to wild-type (MHV-
Exon*). Thus, relative to (MHV-Exon*), (MHV-ExoN~ had reduced
recombination junction frequency and number of specific junc-
tions, suggesting that lack of operation of nsp14-ExoN resulted in
considerably less recombination throughout infection. Further
research requires to clarify the function of SARS-CoV-2 nsp14-
ExoN interaction in RNA recombination. The role of nsp14-ExoN
in recombination, combined with the several essential integrated
functions, make it vulnerable, and highly selective target for an-

tiviral treatment inhibition and viral attenuation.

No ExoN proofreading
eg. Hepatitis C virus

Nucleoside Analog
anti-virals effective

Nascent strand
A

Nucleoside Analog
anti-virals ineffective

9 | NSP14-EXON AS A TARGET FOR
COMBINATION COV INHIBITORS

Since the beginning of the COVID-19 trials, the class of antivirals
that are RNA-dependent RNA polymerase (RdRp) inhibitors such as
Favirpiravir, Remdesivir, Ribavirin, and Galidesivir have been of high
importance. These drugs, which are nucleoside analogs, work either
by introducing viral RNA mutations or terminating the chain during
replication. These medications had a strong effect on viruses that do
not have proofreading enzymes.*” However, in SARS-CoV-2, Due to
its 3'-5" exoribonuclease proofreading operation, ExoN is capable of
excising integrated nucleoside analogs. This results in negating these
medicines' function to varying extents, depending on the kind of
nucleoside analog chemistry (Ribavirin, 5FU, and Remdesivir). Com-
pounds with affinity to the catalytic subunit nsp14-ExoN or those
with allosteric effects at critical sites with retained residues cause
the entire viral RNA repair to alter conformationally. Therefore,
finding an inhibitor for this viral nuclease should be the researchers'
priority.*® ExoN inactivation was shown to create a “mutator phe-
notype,” which was apparent from a 15- to 21-fold rise in the in-

cidence of mutation during replication and passage in cell culture

ExoN with proofreading activity
eg. SARS-CoV-2

Nucleoside Analog anti-virals
effective with ExoN inhibitors

a proofreading
sites in ExoN

-—TTT ™o el - _TTT i
Nucleotides Nucleoside analog; l Inhibitor of ExoN
Mismatch as:\nti-vlrals proofreading
A

-Synthesis error prone
No ExoN l -Nucleoside analogs ExoN with
incorporated proofreadmg

x@w

-Very few errors
-Removal of nucleoside Proofreading
analogs by ExoN

- Nucleoside analogs
not removed
- Synthesis error prone

inhibited

w@w

* Strand extension halted
* Viral replication arrested
* Mutations incorporated

* Nucleoside analogs and errors
removed by ExoN proofreading
* Strand extension continues

* Deleterious mutation
* Strand extension halted
* Viral replication arrested

* Viral replication continues

FIGURE 3 Schematic describing ExoN proofreading activity and mode of action of inhibitors. (Left Panel) Replication in viruses like
Hepatitis C Virus (HCV), with no proofreading mechanism. (Mid panel) Replication in viruses like SARS-CoV with proofreading Exoribonuclease.

(Right panel) It is the same as a mid-panel but in an ExoN inhibitor>?



TAHIR

compared to the wild-type control.?’ There is evidence that
Remdesivir has 4.5 times more efficacy in the ExoN mutant back-
ground, and Ribavirin has 200 times higher efficacy relative to the
wild-type ExoN viral genome.**® This provides a clear justification
for a mixture of Favirpiravir/Remdesivir/Ribavirin/Galidesivir and
SARS-CoV-2 ExoN inhibitor combinations to be used. There is
currently no available drug for inhibiting nsp14. To identify small
molecules/peptides/natural molecules that have the potential to in-
hibit nsp14 ExoN, comprehensive molecular docking studies are ur-
gently needed.”® The crystal structure of SARS-CoV nsp14-nsp10
offers the possibility of molecular docking of the nsp14 ExoN domain
to various available drugs. Three known antivirals, Conivaptan, He-
speridin, and Glycyrrhizic acid, show promise based on docking results
and their known inhibitory effects on in vitro beta coronaviruses*’
and in patients.’® As potential proofreading inhibitors of ExoN
(nsp14), dexamethasone metasulfobenzoate, conivaptan, hesperidin,
and glycyrrhizic acid, and their use in combination with RdRp in-
hibitors could lead to potentially high levels of antiviral activity and
promising COVID-19 therapy”® (Figure 3). According to Smith et al.’
while inhibitors of ExoN alone might be useful, Combining it with an
RNA mutagen would increase the ExoN inhibition's intrinsic fidelity
defect and drive high-level mutagenesis. A possible benefit of such an
approach would be to quickly drive the virus to extinction while lim-

iting or preventing the virus's ability to resolve reversion inhibition.

10 | CONCLUSION

There have been many outbreaks of major zoonotic CoV diseases
in the 21st century: SARS-CoV in 2002/3, the ongoing MERS-CoV
that began in 2012, and the current worldwide SARS-CoV-2
pandemic. However, the SARS-CoV-2 outbreak has emerged when
postgenomics technologies are increasingly evolving in molecular
biology in terms of sophistication and target specificity. CoVs
have an nsp14, bifunctional enzyme with an amino-terminal
domain coding for proofreading exoribonuclease and N7-
methyltransferase domain to methylate the viral RNA cap. The
exoribonuclease function of ExoN 3’-5" is a central player in a
variety of essential life-cycle processes for coronaviruses and has
made many previously active antiviral compounds ineffective
against CoVs. ExoN is a logical therapeutic target for new tech-
nologies in genomics.
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