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The COVID-19 virus is a single-stranded virus from the Coronaviridae family and

has a genome of about 29881 bp, which causes acute respiratory disease. One

way of transmission of the COVID-19 virus is respiratory, which is the reason for

the significant transmission of the disease. The COVID-19 virus causes

mutagenesis in different parts of the virus genome with its mechanisms,

including -1 ribosomal frameshifting. Various parts that have undergone the

most severe mutations include the spike protein, which leads to the emergence

of new variants. Most of the mutations observed in the COVID-19 virus are

located in the S protein and a region known as the RBD (Receptor-Binding

Domain), which binds to the ACE2 (Angiotensin-converting enzyme 2) receptor

in human cells. The variations in the RBD region will determine how it binds to the

ACE2 receptor. Essentially, the changes created because of the mutation

determine the affinity of the RBD to ACE2. On the other hand, the COVID-19

virus, because of its NSP13, NSP14, and NSP16 proteins, helps themutation of the

virus by consuming magnesium ions (Mg2+). Since the ribosome is stable with

Mg2+, the COVID-19 virus, by consuming Mg2+, causes the ribosome to convert

from the polysome to the monosome state, which causes a break in translation

and finally leads to the formation of -1 ribosomal frameshifting.
KEYWORDS

COVID-19 virus, proteins s (Spike), RBD, ACE2, -1 ribosomal frameshifting, magnesium
1 Background

The COVID-19 virus has emerged as a significant pathogen in recent years, causing a

global pandemic of unprecedented proportions. The disease first appeared on December

8th, 2019, in Wuhan, China. This report pertained to patients afflicted with severe

pneumonia symptoms (1). Researchers identified the virus in China on January 7th,
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2020 (2). The World Health Organization subsequently classified it

as nCoV-2019. Ultimately, they named this disease COVID-19 (3).

Coronaviruses, such as COVID-19 (SARS-CoV-2), pertain to the

category of ssRNA viruses that possess an envelope and display a

size variation between 80 and 120 nanometers. The distinguishing

feature of the virus is its positive-sense ssRNA (4), which means the

virus genome is being directly translated within the cellular

environment of the host (Figure 1). The fundamental nature of

the virus’s genetic material is such that it comprises a single-

stranded ribonucleotide chain. This chain encodes four distinct

structural proteins, including N, M, E, and S. Alongside these,

encoding sixteen non-structural proteins that are identified as NSP

1–16 (5–7). Researchers acknowledge that coronaviruses, on the

whole, are pathogenic microorganisms capable of infecting both

human and animal hosts. The classification of these viruses is based

on the order Nidovirales, which include Coronaviridae, Roniviridae,

and Arteriviridae families (8).

The Coronaviridae family has two subfamilies, Coronavirinae

and Torovirinae. The Coronavirinae subfamily causes respiratory

infections, while the Torovirinae subfamily in animals leads to

intestinal infections (9). The Coronavirinae family includes four

genera: Alpha, Beta, Gamma, and Delta (10). In terms of

pathogenicity in humans, the two genera of Alpha and Beta play

a crucial role. The Alpha genus includes 229E and NL-63, and the

Beta genus includes HKU-1, MERS, SARS, and OC43. Scientists

have placed the SARS-CoV-2 virus in the Beta genus after

identifying its genome sequence. In this way, the number of

human coronaviruses reached seven, of which two are in the

Alpha genus and five are in the Beta genus (11). The coronavirus

genome has a cap at the 5’ end and a poly(A) tail at the 3’ end. After

the COVID-19 virus enters the cell and releases its genome, the

replication process begins by translating ORF1a and ORF1b (12).

The Long Replicase Gene (ORF1ab Gene) is over 21 Kb in size and

encodes sixteen unstructured proteins (NSP 1 -> 16), which

translates as Pp1ab polyprotein. In addition, next to this gene

(late genes) are four structural proteins S, E, M, N, and 6 non-

structural proteins that are also encoded by subgenomic mRNAs

(NS 3a -> 14). ORF1a encodes the immediate early genes, while

ORF1b can encode the early genes. However, ORF1a must repress
Abbreviations: CoV, Coronavirus; HCoV, Human coronavirus; ACE2,

Angiotensin-converting enzyme 2; RBD, Receptor Binding Domain; RBM,

Receptor-Binding Motif; HE, Hemagglutininesterase; NSP, Non-structural

protein; TMPRSS2, Transmembrane protease serine 2; NSP, Non-structural

protein; ssRNA, single-stranded RNA; ssDNA, single-stranded DNA; TRS,

Transcriptional regulating sequence; NiRAN, Nidovirus RdRp-associated

nucleotidyltransferase; -1 PRF, −1 programmed ribosomal frameshifting; ZBD,

Zinc binding domain; RDRP, RNA polymerase dependent-RNA; EVA, Equine

Viral Arteritis; PRRS, Porcine reproductive and respiratory syndrome virus; ORF,

Open Reading Frame; PTC, Protein Translocating Channel; TC, Termination

Codon; PHB 1, Prohibitin 1; PHB 2, Prohibitin 2; ADRP, Adipose differentiation-

related protein; VOI, Variant Of Interest; VOC, Variant Of Concern; eIF4E,

Eukaryotic translation initiation factor 4E; SARS‐CoV, severe acute respiratory

syndrome coronavirus; SARS‐Cov‐2, severe acute respiratory syndrome

coronavirus 2.
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the native immune response of the host, whereas ORF1b has a duty

to replication and synthesis of RNA (13, 14). Virus NSPs use the

target cell membrane to collect transcription and replication

complexes which take part in negative-strand RNA synthesis (15).

The NSP1 protein binds to the 40S subunit of the ribosome in the

cell, inhibiting translation in the host cell. This complex induces

endonucleolytic cleavage of the 5’UTR region in host mRNAs,

eventually degrading them. The presence of an end-conductor

sequence in the 5 ’ region protects viral mRNAs from

endonucleolytic cleavage. By suppressing gene expression in the

host cell, the NSP1 protein facilitates viral gene expression and

evades the host immune response (16). The NSP2 protein interacts

with host PHB1 and PHB2 molecules to regulate the cell survival

transmission pathway. These two proteins play a crucial role in

stabilizing mitochondrial function and protecting cells from stress

(17). The NSP3 protein is involved in the N-terminal cleavage of

polyproteins. Additionally, this protein, PL-PRO, exhibits

deubiquitinating or DeISGylating activity that inhibits the

immune response and targets lys63 and 48Lys polyubiquitin

chains on cellular substrates (18). Alongside the NSP4 protein, it

participates in forming membrane vesicles essential for virus

replication. Moreover, it inhibits induction of type I interferon

innate immunity by blocking phosphorylation, dimerization, and

translocation between cell nuclei while also suppressing NF-kappa-

B signaling (19, 20). In its coding gene region resides a SUD domain

sequence unique to SARS-type coronaviruses which binds to G4

mRNA to inhibit apoptotic signaling and promote cell survival (21).

NSP5 (Proteinase 3 CL) is responsible for cleaving the C-terminal

end sequence of replicase polyprotein at eleven different regions.

Known substrates for this enzyme contain [ILMVF]-Q-|-[SGACN]

sequences. It also interacts with ADRP (22). The NSP6 protein

initiates host endoplasmic reticulum autophagosome formation but

limits their expansion while facilitating transmission of virus

components to lysosomes (23). The NSP7 protein forms a

hexadecamer with NSP8 acting as a primase during virus

replication (24). As an ssRNA binding protein, the NSP9 protein

is also involved in virus replication (25). Finally, the NSP10 protein

plays a crucial role in the viral translation system by synchronizing

the 3’-5’ exoribonuclease activities of the NSP14 protein and the 2’-

O-methyltransferase activity of the NSP16 protein. It is also

involved in the cap methylation of viral mRNAs sequences (26).

The NSP12 comprises 932 amino acids. The NSP12 form consists of
FIGURE 1

COVID-19 virus.
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a NiRAN domain and an RNA-dependent RNA polymerase

(RDRP) domain, which are connected by a connector domain

(27). NSP12 functions as an RDRP. NSP12 proteins, together

with NSP7 and NSP8 cofactors, participate in the replication and

translation of the RNA virus genome (28). NSP13 (helicase or Hel)

is a multifunctional protein with a binding domain located at the N-

terminal region. This protein is responsible for unwinding the

double helix structure of RNA and DNA from the 5’ to 3’

direction. The helicase activity of this protein relies on

magnesium ions (Mg2+) (29, 30). The E (envelope) protein plays

a central role in virus morphogenesis and formation. Acting as a

viroporin, this protein facilitates ion passage through protein-lipid

pentameric pores. Additionally, it contributes to apoptosis

induction. Comparative alignment studies have identified

genomic sequences of this coronavirus protein in bats and scaly

anteaters. Structural modifications observed in the E protein

include substitutions at position 69 (R69N/D/E), deletion at

position 70 (70G/C), and substitutions at positions 55 and 56 (T,

V -> S, F). These alterations highlight the significant role played by

this small but crucial protein during virus infection and replication

stages (31). The glycoprotein M (Membrane) helps orchestrate virus

morphogenesis by facilitating proper juxtapositioning of different

viral components while also playing an important role in

virus germination.

HE is involved in a component of envelope proteins in some

(but not all) coronaviruses. Some coronaviruses, such as human

coronavirus OC43, contain the glycoprotein HE, which has

hemagglutination and acetyl esterase activity. HE has a similar

function to both the influenza virus receptor-binding protein (HA)

and receptor-destructive enzyme (NA). The virus binds to the

mucous membranes of the respiratory tract by HE. Type C

influenza also contains this enzyme.

The protein on the surface of the virion is called HE. Scientists

do not consider this protein an essential structural component of

the virus because not all Coronaviruses express HE. However, HE

may play an important role in binding coronaviruses to the target

cell and facilitating the release of the virus from the cell surface.

The S region of the virus genome encodes the glycoprotein

spike, which is located on the surface of the virus and plays an

important role in binding to host cells and determining

pathogenicity. The S protein is responsible for infection and

transmission in patients (32, 33). Spike stimulates the immune
Frontiers in Virology 03
system and stands as one of the crucial immunogenic antigens for

this virus. By triggering antibody production, it effectively

neutralizes viral activity (34). The total length of glycoprotein S is

1273 amino acids and includes a guide peptide (amino acids 1–13)

in the part of the N-terminus. This part has two sub-groups, one S1

(14–685) and the other S2 (686–1273). S1 is responsible for receptor

binding, and S2 is responsible for the fusion of the virus membrane

with the host cell membrane. On the other hand, Spike is a

homotrimeric glycoprotein that binds to the type I integral

membrane in ACE2. The glycoprotein S at the furin cleavage site

contains several base amino acids (PRRA) at the junction of the S1

and S2 subunits, which increase the infectivity of the virus. The S1

protein has a receptor-binding domain (RBD) that is involved in

binding to the ACE2 receptor and virus entry into the host cell and

induces structural changes in glycoprotein S (35), while the S2

domain mainly contains the HR (Heptad Repeat). However, HR1

and HR2, which are closely related to them, have virus membrane

fusion (34, 36) (Figure 2). This protein causes the virus to enter

human lung cells using TMPRSS2. The acidic pH of lysosomes and

endosomes activates the enzymes cathepsin B and L. The virus also

requires an acidic environment with a pH of about 3 to enter the cell

cytosol. Proteolysis of glycoprotein S by CatB/L cathepsin activates

the S2 fusion peptide and activates virus membrane integration into

endosomes. Also, host cells express the spike protein at their

surface, causing membrane attachment of adjacent cells to each

other and forming syncytium. Syncytium formation, besides

disrupting the function of the organ involved, also allows the

virus to spread further and escape the immune system. By

creating double-layered vesicles, coronaviruses block the

expression of the Pattern Recognition Receptor, and as a result,

the innate immune system does not recognize them and continues

to multiply within the vesicle. They disrupt the production of type I

interferons as one of the most important anti-viral factors.

Coronaviruses disrupt the process of presenting antigens by the

immune cells. Investigations into changes in the RBD sequence

have indicated that mutation N501 remains stable and enhances the

interaction with Y41 through hydrogen bonding, resulting in

reinforcing the connection between RBD and the ACE2 receptor.

This particular region exhibits a complex role because of its

involvement in numerous binding mechanisms. In addition,

researchers have observed that mutations in residues N479, T487,

L455A, F456A, and Q493A weaken the binding to the ACE2
FIGURE 2

Positions of the S gene and RBD in terms of the number of amino acids and nucleotides.
frontiersin.org

https://doi.org/10.3389/fviro.2024.1405680
https://www.frontiersin.org/journals/virology
https://www.frontiersin.org


Khanifar et al. 10.3389/fviro.2024.1405680
receptor (34, 37–40). The NSP3a protein is involved in viroporin

formation and possibly virus release. This protein causes the

upstream expression of fibrinogen subunits FGA, FGB, and FGG

in host lung epithelial cells. It also induces apoptosis in cell culture.

NSP3a induces serine phosphorylation in interferon alpha receptor

subunit 1 (IFNAR1), causing low expression of type 1 interferon

receptor and increased ubiquitination in IFNAR1 (41–44).

Researchers believe that a mutation in the S1 protein may cause

a malfunction in the function of the virus. Researchers have found

that some mutations change the intensity of transmission and

contagion of the virus. This can affect the effectiveness of the

vaccine and the neutralization of the virus. Although the stem

portion of the S2 appendages has experienced fewer mutational

changes. However, the breaking of the S appendage into two parts,

S1 and S2, is very important in virus attachment and infection.

The study findings suggest that the COVID-19 virus uses ACE2

as a receptor to enter the target cell (45). Besides, the research

findings have determined that the S protein of the COVID-19 virus

underwent mutations and became glycosylated, resulting in an

increased virulence of the virus. However, the study of protein S

mutations at a biological level has revealed the existence of a region

known as the RBD within the virus’s glycoprotein S. This region

enables the virus to attach to its receptor (46). The RBD in protein S

comprises five beta strands, specifically b1, b2, b3, b4, and b7,
organized in an antiparallel manner and linked by brief spirals and

loops in the central protein region (core). The protein’s center

contains b4 and b7 strands, as well as short segments of b5 and b6
strands, which attach to a4 and a5 helices and loops. This section

contains the RBM and includes amino acid residues that attach to

the ACE2 enzyme in the virus. Among these 4 pairs, 3 bonds

(Cys336-Cys361, Cys379-Cys432, Cys391-Cys525) in the center

help stabilize the structure of b-sheets. While the other (Cys480-

Cys488) binds the loops at the distal end of RBM (47).

Protein modeling experiments on glycoprotein S show that the

SARS-CoV-2 virus has a sufficient affinity to attach to the ACE2

enzyme in human cells. This enzyme, on the outer surface of the

membrane of cells of tissues such as lungs, arteries, heart, kidney, and

intestine, is also present. This virus uses this enzyme as a mediator to

enter the cell (48). Several research groups have shown this enzyme as

the cell surface receptor of SARS-CoV-2 (47, 49–53). Researchers

have even observed that HeLa cells expressing ACE2 are susceptible
Frontiers in Virology 04
to infection by this virus, while cells lacking ACE2 show no response

to this virus (54). Therefore, binding to the ACE2 receptor is an

important initial step for SARS-CoV-2 to enter target cells (38, 48). In

vitro binding measurements show that the RBD in SARS-CoV-2

binds to ACE2 with an affinity in the nanomolar range. This indicates

that the RBD is a key component in the S1 subunit responsible for the

binding of SARS-CoV-2 to ACE2 (34, 37). Two repeating regions of

heptad peptides 1 and 2, named Membrane-distal Heptad Repeat 1

(HR1) and Membrane-proximal Heptad Repeat 2 (HR2) on S

protein, are important for binding to the receptor. After binding of

the RBD in the S1 subunit of the S protein to the ACE2 receptor on

the target cell, the heptad repeat domains 1 and 2 in the S2 subunit of

the S protein interact with each other and form a six-helix bundle.

This bundle has a length of 115 Å (angstroms) and a diameter of 25

Å. The three helices in HR1 form a central entangled twist, and the

three strands of HR2 join it in an antiparallel shape. This sextuplet

complex is not very stable and is likely to form after the initial fusion

of the HR1 segment in the receptor membrane (55, 56).
2 Effective mutations in the COVID-19
virus pandemic

In early January 2020, scientists sequenced the entire genome of

the new coronavirus for the first time, which they had isolated from

thousands of infected patients worldwide, and they reported the

resulting genomic changes. This caused a turning point in the

disease control process. Researchers then showed that the rapid

spread was because of a slight change in the amino acid or spike

proteins on the virus’s surface (Figure 3).

The virus strengthens its ability to attach to its receptor and

performs this step faster and with a stronger connection. In this

way, by making these changes, it escapes from the patient’s immune

system and remains safe; therefore, there is always the possibility

that a more effective virus will emerge as a locally or regionally

dominant variant. However, the quick transmission doesn’t always

indicate a connection to more severe COVID-19 variants or

increased mortality rates. This mutation does not always affect

the course of the disease, and it can affect the speed of the disease.

The mutated type of COVID-19 occurs because of the

replacement of the amino acid phenylalanine (F) with tyrosine
FIGURE 3

Key mutations in RBD are shown. Mutation data from January 1, 2020, to December 26, 2020, were obtained from the GISAID database, and the
structure of protein S was designed and presented with bioinformatics software. The numbers below the protein S structure indicate the location
and complete amino acid sequence.
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(Y). According to the study, the Y453F mutant glycoprotein has a

weaker spike binding property to human ACE2 compared to the

COVID-19 glycoprotein, which is attributed to the substitution of

tyrosine at position 453 with phenylalanine (57). Y453F has

occurred in the Netherlands and Denmark in associated with the

transmission of disease through mink and humans and in RBD. The

existing report shows that Y453F, named mutation B.1.1.298, has

infected about 214 humans until November 5, 2020 (58). The N439K

mutation increases the affinity of the RBD for ACE2 (59). There are

reports in England and later in South Africa of N501Y mutations

(60). The N501Y mutation in treated subjects led to alterations in

amino acids, resulting in heightened binding affinity to ACE2 (61,

62). The Alpha variant (B.1.1.7) is one of the most dangerous

mutations in the UK, the N501Y mutation, and it is very

worrying; because it contains one of the six key amino acids that

cause the RBD to bind tightly to the ACE2 receptor (Table 1).

Modeling analysis suggests that the mutation N501Y has enabled the

potential for an aromatic ring connection via an extra hydrogen

bond between RBD and ACE2 (63). Therefore, the mutation N501Y

has increased the binding affinity of protein S for the ACE2 receptor

(64). The Beta variant (B.1.351), an important mutation of concern

in the Republic of South Africa, proved that besides N501Y, two

mutations K417N and E484K strengthen the binding of RBD in the S

region to ACE2 receptor, causing escape from the immune system

and increasing speed of virus transmission (65). The Gamma variant
Frontiers in Virology 05
(P.1/B.1.1.28) is another worry that was introduced to Japan from

Brazil, particularly because of the E484K mutation, which boosts the

evasion capability of the immune system, underscoring its

significance (66). The Delta variant (B.1.617.2) contains ten

mutations, including T19R, del156, del157, R158G, L452R, T478K,

D614G, P681R, and D950N, which occurred in the spike protein

coding region. Plus Delta variant (B.1.617.2.1), which is the latest

mutated variant of corona and the difference is K417N compared to

the Delta variant. However, mutations of Alpha (B.1.1.7), Beta

(B.1.351); Mutations Gamma (P.1/B.1.1.28), and Delta (B.1.617.2)

occur in the RBD and NTD (N-terminal domain) regions. The

N501Y mutation found in the RBD is present in all variants except

Delta, leading to heightened spike affinity. Together with NTD, the

RBD acts as the primary target for neutralization and facilitates an

antibody production response to antiserum or vaccine. The N501Y

single mutation alone increases affinity between RBD and ACE2

tenfold higher than the ancestral strain (N501- RBD) has increased

(67). According to the announcement of the World Health

Organization on June 14, 2021, the Lambda variant (B.1.1.1/C.37)

was introduced as a significant variant of interest (VOI). Some

analysts considered it worrying, and they even predicted that it

would probably replace the Delta variant. The spike protein of this

mutant strain has point mutations, such as G75V, T76I, del247/253,

L452Q, F490S, D614G, and T859N. These point mutations may

affect the ability of the mutant strain to transmit and escape the
TABLE 1 The most important mutations occurring in the S gene of the RBD region of the COVID-19 virus are presented.

Variant
type

WHO
nomenclature

417 439 452 477 478 484 490 494 501

ALPHA B.1.1.7 E -> K S -> P N -> Y

BETA B.1.351 K -> N E -> K N -> Y

GAMMA P.1/B1.1.28 K -> N E -> K N -> Y

DELTA B.1.617.2 L -> R T -> K

EPSILON B.1.427/B.1.429 L -> R

KAPPA B.1.427/B.1.429 L -> R E -> Q

LOTA B.1.526 S -> N E -> K

Un-named B.1.526.1 L -> R

ETA B.1.525 E -> K

ZETA P.2/B.1.128 E -> K

DELTA B.1.617 L -> R E -> K

Un-named B.1.617.3 L -> R E -> K

THETA P.3 E-> K N -> Y

Un-named B.1.258 N -> K Y -> F S -> R

Un-named B.1.141 N -> K

LAMBDA C.37/B.1.1.1 L -> Q F -> S

DELTA
PLUS

B.1.617.2.1 K -> N L -> R T -> K

Mu B.1621 K -> N E -> K
fro
Abbreviations of amino acids used in the table: E, glutamic acid; K, lysine; S, serine; P, proline; Y, tyrosine; N, asparagine; L, leucine; R, arginine; T, threonine; Q, glutamine; F, phenylalanine.
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immune system. Lambda and Delta randomly undergo mutations at

position L452, and these mutations in this position may have caused

the rapid spread of these two virus strains (68, 69). Another variant

that the World Health Organization has introduced in the category

of worrying cases because of its resistance to the vaccine is the Mu

variant (B.1.1.1/C.37), and because it has the same behavior as the

beta mutant variant (escape from the immune system), therefore,

they are among the cases being monitored, and the likelihood of its

widespread occurrence is not far from anticipated. This mutation in

P681H is associated with increased transmissibility, while E484K

and K417N mutations might aid the virus in evading the immune

system. The most recent report is of the C.1.2 variant mutation,

which was first identified in South Africa in May 2021 and contains

multiple mutations in all four VOCs (Alpha, Beta, Delta, and

Gamma) and three VOIs (Kappa, Eta, and Lambda). Additionally,

other mutations in NTD (C136F) and RBD (Y449H) have also been

discovered. The functional impact of these mutations probably

includes reduced antibody effectiveness and evasion of the

immune system (70). The latest variant classified by the World

Health Organization as a VOC is called the Omicron variant

(B.1.1.529), and the first sample was confirmed on November 9,

2021, from South Africa, the first sequence indicating 30 changes in

Spike protein that are similar to the Alpha and Delta variants, which

are associated with increased infection and the ability to escape

infection-inhibiting antibodies (71).
3 Role of the ribosome and NSP13,
NSP14, and NSP16 in the occurrence
of a mutation in -1
ribosomal frameshifting

3.1 Functions of NSP13, NSP14, and NSP16

The role played by RNA helicase NSP13 in viral replication is

critically significant, as it showcases the activity of 5′-RNA

triphosphatase, which triggers the elimination of the 5′-g-
phosphate from the developing ppp-RNA molecule (72).

Afterwards, NSP12 transfers a guanosine monophosphate to the

5′-end of the mRNA (73, 74), followed by methylation of the

guanosine residue by the NSP14-NSP10 heterodimer, leading to

the formation of N7-methylated Cap-0-RNA. The ultimate step in

the formation of Cap-1-RNA involves the transfer of a methyl

group from S-adenosylmethionine to the 2′-OH of the first

adenosine ribonucleotide. However, 2′-O-methyltransferase, a

heterodimeric complex that includes NSP16 and the activator

NSP10, plays a facilitating role in reaction to coronaviruses (72,

75, 76). The enzymatic processes play a pivotal role in the

replication of coronaviruses, as they promote the formation of

Cap-1-RNA. The creation of Cap-1-RNA is a crucial stage in the

existence of coronaviruses since it permits the virus to avoid the

host’s immune monitoring by assisting the processing of viral

mRNA in the cytoplasm of infected cells, resulting in enabling it

to replicate efficiently (77, 78) (Figure 4).
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3.2 Function of NSP13 in the pathogenicity
of the COVID-19 virus

The precise function of NSP13 in the COVID-19 virus remains

undefined. However, reports have suggested that NSP13 plays a crucial

role in the replication of the COVID-19 virus genome (79, 80). Based

on conserved sequence motifs, scientists have established the

classification of helicases, leading to the identification of six distinct

superfamilies labeled as SF1 to SF6 (79, 81, 82). NSP13 of the COVID-

19 virus belongs to the SF1 superfamily (79, 81, 83). NSP13 weighs 67

kDa and uses the energy released from the breakdown of nucleotide

triphosphates to aid in the unwinding of double-stranded DNA. This

biophysical process relies on a specific orientation, occurring from 5’ to

3’, essential for its successful execution (29). A virus’s successful

replication heavily depends on the complex interplay of the

replication-transcription mechanism, wherein the NSP13 protein

assumes a vital role within this intricate web of interactions. The

collaboration of NSP13 with the non-structural proteins 7,8 and 12

proteins manifests a synergistic effect that culminates in the creation of

the replication-transcription mechanism. The interaction between

these non-structural proteins is critical for the virus’s life cycle, and

understanding their mechanism can help in developing targeted

antiviral strategies. NSP13 plays a crucial role in starting the

replication process by unwinding the RNA helix. The synergistic

actions of NSP13 and other proteins, which ultimately culminate in

the generation of viral particles, guaranteed the efficient operation of

the replication-transcription mechanism (30, 80, 83–85). The NSP13

helicase protein of SARS-CoV-2 demonstrates an exceptionally high

sequence similarity index of 99.8% compared to the NSP13 helicase

protein of SARS-CoV. However, a distinctive change in the amino acid

sequence found at the I570V position is noticeable. Therefore, it is

likely that the complete range of functions remains intact in the helicase

component of SARS-CoV-2. The efficacy of helicase targeting in

impeding viral replication has been demonstrated by several viral

families, such as Picornaviruses, hepatitis C, Flaviviruses, and dengue

viruses (86–88). Hence, this underscores the prospective usefulness of

this approach.

The activities of NSP13 encompass helicase (29, 79, 83, 89),

ATPase, and RNA 5′-triphosphatase (79, 90). A class of enzymes

known as helicases are widespread types of enzymes that play a role

in the unwinding of nucleic acids. Biological motors use the energy

derived from the breakdown of nucleotide triphosphate to produce

mechanical energy, which is then transmitted through nucleic acids,

leading to the unwinding of the helical structure. As a result,

scientists use the term ‘heli case’ to describe the necessity of

utilizing ssDNA or ssRNA as a template for optimal genome

replication, recombination, and repair. This is because of their

minimal presence of secondary structures, which gives them a

significant edge in these processes (91). The NSP13 protein

comprises five unique domains, which include the N-terminal

ZBD, the helical stalk domain, the 1B domain that contains a

beta-barrel structure, and two subdomains namely 1 A and 2 A that

exhibit RecA-like helicase architecture (92, 93) (Figure 5).

Other helicases that pertain to the Nidovirus family, namely EVA

and PRRS, have, to a certain extent, preserved their fundamental 5-
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domain arrangement (93, 94). However, recent research has indicated

that NSP13 comprises two copies. The presence of two copies of the

helicase remains elusive in terms of its underlying reason; however, the

mutagenesis performed on specific residues implicated in discrete

domain contacts reveals the significance of both domains in the

complex’s augmented helicase activity (84). On the other hand, prior

investigations in SARS-CoV-1 have revealed the effect of adenosine

triphosphate (ATP) on the operation of the helicase of NSP13 (95). The

vital importance of the ZBD domain within the NSP13 of COVID-19 is

associated with its essential function in aiding the helicase activity of the

protein (80). NSP13 interacts with NSP8 through its N-terminal ZBD

(74, 83, 84). Furthermore, a research study has revealed that the

unwinding of dsRNA by NSP13 necessitates the presence of 1–2

mM of Mg2+ and 2 mM of ATP (96).

The NSP13 protein of SARS-CoV-2, also known as the helicase, is

crucial for the viral replication process. It unwinds double-stranded

RNA, a necessary step for the replication and transcription of the viral

genome. NSP13 belongs to the helicase super-family 1B and uses the

energy from nucleotide triphosphate hydrolysis to unwind double-

stranded DNA or RNA. Mg2+ ions are essential cofactors for the
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ATPase activity of NSP13 (97). They are required for the binding and

hydrolysis of ATP, which provides the energy needed for the helicase to

unwind RNA. The structure of NSP13 reveals that magnesium ions are

bound at specific sites that are crucial for enzymatic activity. These

highly conserved sites play an essential role in viral replication, making

them a prime target for antiviral drug development (97). Upon binding

of ATP and Mg2+ ions, NSP13 undergoes conformational changes that

are necessary for its helicase function. These changes allow NSP13 to

interact with the RNA substrate and perform the unwinding process. In

summary, NSP13 consumes Mg2+ ions as they play an integral role in

the ATPase activity of the protein, allowing it to perform its function in

the viral replication cycle by unwinding RNA strands necessary for the

synthesis of new viral components (97).
3.3 Function of NSP14 in the pathogenicity
of the COVID-19 virus

NSP14 is a 60 kDa protein that has undergone the least

mutations compared to other proteins. NSP14’s participation in
B

A

FIGURE 4

(A) Process of capping: The RNA capping process in SARS-CoV-2 involves three key non-structural proteins: NSP13, NSP14, and NSP16 play unique
roles in kick-starting and adjusting RNA caps crucial to translation and evading the immune system. (B) Function of NSP13, NSP14, NSP16 in capping.
NSP13 (RNA Triphosphatase): involved in early RNA capping stages, it hydrolyzes the nascent RNA (resulting in a pp-RNA product). NSP14 (Guanylyl-
Transferase and Exoribonuclease): 1) capping process: guanylyl-transferase (GTase) hydrolyzes GTP, transferring GMP to pp-RNA, creating Gppp-
RNA. 2) proofreading process: functions as an exoribonuclease, maintaining RNA integrity during replication. NSP16 (2’-O-Methyltransferase): critical
for RNA capping, requires cofactor NSP10, catalyzes the transfer of a methyl group from S-adenosyl methionine (SAM) to the 2’-OH group of the
first RNA nucleotide (N1), converts RNA cap from Cap-0 to Cap-1 (7-methylguanosine).
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the replication process necessitates its cooperation with other

proteins of SARS-CoV-2 (98). However, NSP14 plays a role in

the replication of the virus and escapes from the host immune

system (99). NSP14 is a protein with two enzyme functions:

Exonuclease (ExoN) and N7-methyltransferase (N7‐MTase).

NSP14 has Exonuclease activity in its N-terminal domain and

N7-methyltransferase activity in its C-terminal domain (100,

101). NSP14 increases its ExoN activity as much as 35-fold, by

forming a complex with NSP10 (102). ExoN plays the role of

proofreading the genome of a virus in a 3’ to 5’ direction by

removing mismatched nucleotides (26, 102, 103). ExoN uses

divalent cations (Mg2+, Zn2+) and one reactive water molecule to

remove nucleoside monophosphates from the genome (104–

106) (Figure 6).

The C-terminal Guanine-N7-methyltransferase (N7-MTase)

domain of the NSP14 protein, when interacting with the NSP10

protein, plays a crucial role in the RNA capping process, which is

essential for the stability and function of the viral mRNA. N7-

MTase Domain is responsible for the methylation of the guanine

base of the nascent RNA cap structure, which is a critical step in the

formation of the 5’ cap of the viral mRNA. This cap structure is vital

for mRNA stability and efficient translation (107). The interaction

with NSP10 enhances the methyltransferase activity of NSP14.

NSP10 acts as a cofactor and induces conformational changes in

NSP14 that are necessary for the activation of the N7-MTase

domain (108). Studies have shown that binding of NSP10 to

NSP14 leads to significant structural rearrangements within

NSP14, particularly in the ExoN domain. Researchers believe that

these changes facilitate the formation of the active site for the N7-

MTase domain. The N7-MTase activity of NSP14, enhanced by

NSP10, is part of the complex process of viral mRNA capping. This

process involves the addition of a methyl group to the N7 position
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of the guanine cap, which is crucial for the mRNA’s ability to be

recognized by the host cell’s translational machinery. In summary,

the interaction between NSP14’s N7-MTase domain and NSP10 is a

key step in the SARS-CoV-2 life cycle, facilitating the proper

capping of viral mRNA, which is essential for the virus’s

replication and translation processes (107).

The proofreading mechanism relies on the ExoN activity of

NSP14, which performs a critical role in retaining the CoV genome

by reducing the amount of mutation of the RDRP of the virus,

which is highly prone to error (26). ExoN Domain corrects errors

introduced during RNA synthesis by the viral RdRp. It does so by

removing mismatched nucleotides from the 3’ end of the nascent

RNA strand. Also, NSP14 forms a complex with NSP10, which

enhances the nuclease activity but not the methyltransferase activity

(107). This interaction induces significant conformational changes

within the ExoN domain of NSP14, facilitating the formation of the

active site and thus stimulating the nuclease activity. Both the

exonuclease and methyltransferase activities of NSP14 are

essential to the viral life cycle (107). The exonuclease activity

ensures the high fidelity of the viral genome by excising

incorrectly incorporated nucleotides, while the methyltransferase

activity is crucial for the proper capping of viral mRNA (107). The

proofreading function of NSP14 is a key factor in the high

replication fidelity of coronaviruses, which is unusual for RNA

viruses. Research has found that mutations in NSP14 disrupt

proofreading, severely limiting the virus’s function (99, 109–112).

Prominently, research has shown that NSP14’s catalytic activity

depends on Mg2+ (113).

The NSP14 protein of SARS-CoV-2, which possesses both

exoribonuclease and methyltransferase activities, requires Mg2+

for its function. The ExoN domain of NSP14 is a DEDDh-type

exonuclease that coordinates divalent Mg2+ at its catalytic center.

These Mg2+ ions are crucial for the exonuclease activity, as they are

involved in the hydrolysis of RNA, allowing NSP14 to remove

mismatched nucleotides during RNA replication (114). Five

residues, D90, E92, E191, H268, and D273, make up the catalytic

center of the ExoN domain. These residues, D90, E92, E191, H268,

and D273, conserve between SARS-CoV and SARS-CoV-2 and play
FIGURE 6

Structure of NSP14. NSP14 (RNA Helicase and Exoribonuclease)
includes the N-terminal exonuclease domain (ExoN) and a C-
terminal Guanine-N7-methyltransferase (N7-MTase) domain. NSP14
contains zinc fingers (Zn1,2,3) that contribute to the enzyme’s
structural integrity and exonuclease activity enhancement.
FIGURE 5

General structure of NSP13. NSP13 forms a triangular structure with
the 1A and 2A domains as the base. RecA-Like Domains 1A and 2A
contain residues responsible for nucleotide binding and hydrolysis.
Beta-Barrel (1B) Domain is a part of the helicase structure. Stalk
Domain links the zinc-binding domain to the rest of the helicase
and serves as an essential signal transduction mechanism.
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an essential role in coordinating magnesium ions, which are

necessary for catalytic activity (114). The magnesium-dependent

exonuclease activity of NSP14 is part of the virus’s proofreading

mechanism. This activity is critical for maintaining the integrity of

the viral genome by correcting errors introduced during RNA

synthesis by RdRp (107). In other words, the NSP14 protein

consumes Mg2+ because they are integral to the catalytic function

of the ExoN domain. This enables the protein to fulfill its role in the

viral replication process by ensuring the accuracy of the viral RNA

genome (107, 114).
3.4 Function of NSP16 in the pathogenicity
of the COVID-19 virus

Among the nonstructural proteins, Nsp16 holds great significance

within the viral replication cycle owing to its indispensable role in

coronavirus’ evasion of the immune system (76, 77, 115). Nsp16 is an

enzyme referred to as a 2′-O-methyltransferase (2′-O-MTase) that is

a component of the replication-transcription complex (116). The

NSP16 protein of SARS-CoV-2, in complex with NSP10, is a 2′-O-
methyltransferase that plays a crucial role in the modification of the

viral RNA cap structure. NSP16 is comprises twelve b-strands, seven
a-helices, and five 3–10 helices (117). These secondary structural

elements assemble into a compact fold. NSP16 forms a stable

heterodimer with NSP10, which is essent ia l for i t s

methyltransferase activity. NSP10 binds to NSP16 through a

significant surface area, enhancing the enzyme’s function (118). The

binding forms the active site of NSP16, where the methylation

reaction occurs S-adenosyl-L-methionine (SAM) in a highly

constricted pocket. This site plays a vital role in transferring a

methyl group to the ribose 2′-O position of the nascent RNA cap.

The methylation of the viral RNA cap by NSP16 helps the virus evade

the host’s immune system by mimicking cellular mRNA, thus

preventing recognition by the host innate immunity mechanisms

(119). The intricate design of NSP16 enables it to carry out the

essential function of RNA cap methylation, which is crucial for

ensuring the stability and immune evasion of viral mRNA (117).

The transformation of mRNA molecules from the Cap-0 state

to the Cap-1 state requires the creation of an intricate connection

between Nsp16 and nsp10. To accomplish this alteration, the ribose

2’-O of the initial nucleotide of the nascent mRNA is methylated

using SAM as the provider of methyl groups (72, 120). The

recruitment of the translation factor eIF4E is supported by both

Cap-0 and Cap-1 forms, but it is the Cap-0 form that specifically

promotes IFIT1 binding to viral RNAs (121). Hence, the Cap-1

form not only augments the process of translation but also acts as a

preventive measure against the triggering of the natural immune

response, facilitated by genes stimulated by interferon, such as

IFIT1 (77, 122, 123). When the gene NSP 16 of the SARS-CoV

undergoes genetic disruption, there is a substantial reduction in the

production of viral RNA by a factor of up to ten (124). Therefore,

the cessation of nsp16 function ought to induce an immune

response to CoV infection and restrict the progression of the

disease (77, 122).
Frontiers in Virology 09
The NSP16 protein of COVID-19 virus, which functions as a 2′-
O-methyltransferase, requires Mg2+ for its enzymatic activity. Mg2+

ions are essential cofactors for the catalytic activity of many

enzymes, including 2′-O-methyltransferases like NSP16. They

facilitate the correct positioning of the substrate and the methyl

donor for the transfer reaction (125). During the methylation

process, Mg2+ helps stabilize the transition state and the reaction

intermediates, making the transfer of the methyl group to the RNA

more efficient. Mg2+ is also involved in the binding of SAM, the

methyl donor molecule, to NSP16. This binding is crucial for the

methyl transfer reaction to occur. Mg2+ can contribute to the

structural integrity of the protein, ensuring that the enzyme

maintains its proper conformation necessary for its function

(125). Although the search results do not provide specific details

on NSP16, the general significance of Mg2+ ions in enzymatic

reactions consumes how Mg2+, as previously outlined, is relevant

for NSP16’s role in the viral life cycle. Mg2+ is vital for the enzyme’s

activity, assisting in the process of RNA cap modification, which is

crucial for the stability and immune evasion of the viral mRNA

(125) (Figure 7).

In the realm of Coronaviruses, NSP10 serves as an allosteric

activator for the process of 2’-O-ribose methylation, which involves

the modification of the A1 base by the enzyme nsp16. In addition,

NSP10 is responsible for the N7 methylation of the terminal

guanine (G0) base in the unmethylated mRNA cap (G0pppA1), a

process facilitated by NSP14 (72, 126). The prompt restoration of

NSP10 is crucial for the enzymatic activity of NSP16/NSP10 and

NSP14/NSP10 enhancing complexes, which becomes evident after

methylation of A1 at the 2’-O position and the subsequent guanine-

N7-methylation (127).
FIGURE 7

Structure of NSP16. NSP16 is involved in viral RNA capping, a critical
process for immune evasion. It catalyzes the transfer of a methyl
group from S-adenosyl methionine (SAM) to the 2’-OH group of the
first RNA nucleotide. This modification converts the viral RNA cap
from a Cap-0 structure to a Cap-1structure, mimicking
cellular mRNAs.
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3.5 Role of the ribosome in the
translation process

The genetic data that serves as the major source of information

in mRNA is organized into groups of three nucleotides, known as

codons (128). The recognition of each codon is done by the

anticodon loop of a particular tRNA, which carries unique amino

acids at its 3’ ends. Consequently, each codon serves to encode

either a particular amino acid or deliver instructions to the

translational apparatus, directing the termination of translation.

The ribosome is a sophisticated molecular apparatus accountable

for the convergence of mRNAs and tRNAs to commence protein

synthesis. It employs the information embedded in the mRNAs to

construct amino acids, which are furnished by the tRNAs, into an

expanding polypeptide chain. This procedure is indispensable for

the generation of proteins within cells (129). The ribosome consists

of numerous rRNAs and proteins that are meticulously organized

into discrete subunits referred to as the small subunit and the large

subunit. The phenomenon referred to as translocation encompasses

the gradual displacement of ribosomes along the mRNA in the

direction from 5’ to 3’. This displacement occurs through the

moving of mRNAs through the small subunit of the ribosome

systematically, codon by codon. On the outer layer of the small

subunit, located within a designated area referred to as the decoding

center, the direct engagement between mRNA and tRNAs occurs.

In this particular region, the codons of mRNAs establish strong

bonds with the anticodon loops of tRNAs. Within the large subunit,

the peptidyltransferase center, or PTC, acts as a second functional

center. This specific region brings together the 3′ ends of tRNAs,
enabling them to closely interact and facilitating the crucial

procedure of establishing peptide bonds within an entirely RNA-

exclusive environment (130). The binding site for elongation and

termination factors forms a crucial functional center, often regarded

as the third major one. The complex surface area of this structure

consists of subunits that facilitate the attaching of trans-acting

GTPases to the ribosome. These GTPases followed two purposes:

(1) transporting aminoacyl-tRNAs to the ribosome, and

(2) allowing the delivery of translocase/termination factors with a

structurally similar (13). The interplay of these variables augments

the inherent pace of peptide synthesis and guarantees the

progression of ribosomes in the designated direction along the

mRNA. Thus, considering the triplet structure of codons, each

mRNA can harbor three different translational reading frames (13).
3.5.1 The translation reading frame process
The issue of determining the translational reading frame has

historical origins that date back to ancient times. It is noteworthy to

mention that the ‘universal’ start signal for protein translation,

famously known as AUG, is determined by a solitary codon that

encodes methionine. In eukaryotes, the first AUG codon, when read

from the 5’ to 3’ direction, functions as the key factor in determining

the correct reading frame of a mRNA, marking the start of

translation. Conversely, in polycistronic prokaryotic mRNAs

harboring multiple ORFs (open reading frames), the process of

reinitiation of translation presents a more intricate scenario (131).
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Researchers extensively documented the initiation of

translation at codons other than AUG and the bypassing of the

initial AUG codons, and they typically consider these occurrences

as deviations from the general norm. In expanding our

comprehension of the overarching principle, scientists have

proven that the first AUG codon defines the translational reading

frame (132). Recent data from ribosome profiling experiments

suggests that a notable proportion of translation initiation events

occur at a limited subset of non-AUG codons (133).

To comprehend the establishment of a translational reading

frame, it is imperative to grasp the influence of the ribosome’s

structure on its function. The small subunit of the ribosome consists

of a solitary species of rRNA found in all organisms. This rRNA

varies in size, ranging from 16S in bacteria and archaea to 18S in

eukaryotes. Additionally, the small subunit contains a minimum of

21 proteins, which increases to a maximum of 33 in more advanced

organisms (134). As previously discussed, the decoding center of the

small subunit, located near the 3’ end of its rRNA, facilitates base

pairing interactions between mRNA codons and tRNA anticodons.

On the other hand, the large subunit of bacteria and archaea is

composed of two rRNAs, 23S and 5S, along with approximately 31

proteins. In eukaryotes, the proteinaceous component of the LSU

has expanded to up to 49 proteins, and a small portion of the 23S

rRNA has become detached and transformed into a distinct rRNA

known as 5.8S. Interestingly, despite being a separate molecule,

structural analyses have revealed that the 5.8S rRNA occupies the

same position as its corresponding sequence in bacterial and

archaeal ribosomes, situated along the ‘rear’ solvent-accessible

side of the large subunit (135–137). Another notable difference in

eukaryotes is the expansion of the major large subunit rRNA, which

ranges from 25S rRNA in yeast to 28S rRNA in metazoans. The

large subunit interacts with the small subunit and possesses three

distinct pockets for the binding of tRNAs: The A-site specifically

binds aminoacyl-tRNAs, the P-site binds initiator tRNAs, and

tRNAs attached to elongating polypeptides (peptidyl-tRNAs), and

the E- site binds deacylated tRNAs. Additionally, a tunnel in the

PTC facilitates the expulsion of nascent peptides, allowing them to

exit from the ‘back’ side of the large subunit (135). Moreover, trans-

acting factors play a role in transporting aminoacyl-tRNAs and

engaging in termination by being recruited through interactions

with both the small and large subunits (138). While these functional

centers are the focal points of the ribosome, it is worth mentioning

that the ribosome also contains supplementary functional

components (13).

After setting up the correct reading frame on mRNA, the

ribosome’s primary job is to keep it stable during the rest of the

translation process, known as the elongation phase. The elongation

process starts with elongator tRNAs at the ribosome, aided by a

trans-acting factor called EF-Tu in bacteria/archaea and eEF1A in

eukaryotes, along with GTP. This results in the formation of the

ternary complex (TC). The decoding center in the A-site of the

small subunit receives the anticodon loop of the elongator aa-tRNA.

Here, a correct match between the mRNA codon and aminoacyl‐

tRNAs anticodon leads to the creation of a mini-helix. Afterward,

these additional interactions involving both small subunit rRNA

bases and proteins recognize and stabilize this mini-helix (139).
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This interaction causes a structural rearrangement of the small

subunit and aminoacyl‐tRNAs, which in turn transduces

information that triggers the hydrolysis of GTP by EF-Tu/eEF1A.

Consequently, the elongation factor releases the tRNA (140). The

aminoacylated 3’ end of the aminoacyl‐tRNAs then proceeds to

move through a structural element referred to as the

accommodation corridor, from the exterior of the large subunit,

and into the A-site side of the PTC. Concurrently, the ribosome

frees EF-Tu/eEF1A + GDP to be re-energized with GTP and

aminoacyl-tRNAs (141). In the PTC, catalysis - also known as

peptidyltransfer - occurs as the initiator-tRNA transfers methionine

to the elongator tRNA. This process involves both steric positioning

and active catalysis through a transesterification reaction by the

ribosome. Following this process, the 3’ end of the deacylated tRNA

moves to the E-site on the large subunit, while the 3’ end of the

dipeptidyl-tRNA moves to the P-site of the large subunit.

Meanwhile, the anticodon loops of both tRNAs remain bound to

the P- and A-sites of the small subunit, respectively. This particular

conformation is referred to as the ‘hybrid state’ because the tRNAs

occupy one site on the large subunit and another on the small

subunit (142). Furthermore, it is at this step that the ribosome

undergoes a reorientation from the ‘classical’ or ‘unrotated’ state to

the ‘ratcheted’ or ‘rotated’ state. This process involves a complex

spatial repositioning of the two subunits relative to one another

(143, 144).

The subsequent step in the process involves the introduction of

reading frame maintenance, known as translocation. This stage

entails the recruitment of a secondary trans-acting factor, EF-G/

eEF2, to the ribosome. The hydrolysis of GTP by this protein

induces a transitional state for translocation, in which the ribosome

disengages from the tRNA-mRNA complexes, permitting the

movement of the anticodons of the P and A-site tRNAs. This

movement, in conjunction with the release of the elongation factor,

leads to the complete occupation of the E and P-sites by the

deacylated tRNA and dipeptidyl-tRNA respectively, while the A-

site remains empty, thus preparing it for the next aminoacyl‐tRNAs

to decode the subsequent codon (141). Scientists theorize that the

bipartite structure of the ribosome, composed of a large subunit and

a small subunit, separates the movement of the tRNA body on the

large subunit from that of the mRNA/tRNA complexes on the small

subunit. This segregation allows for the effective preservation of the

translational reading frame (144). More recently, advanced

techniques with high resolution have uncovered several structural

characteristics that are hypothesized to work collectively to ensure

the accurate positioning of tRNAs within the ribosome and to

precisely limit translocation to three nucleotides (143). Subsequent

rounds of elongation repeat this process until the ribosome

encounters a termination codon (UUA, UGA, or UAG).

Release factors (RF1 and RF2 in bacteria/archaea, and the eF1-

eRF3 complex in eukaryotes) specifically identified termination

codons that imitate the structure of the TC and possess a

particular affinity for termination codons (145). The absence of

an amino donor site in the RFs allows a water molecule to enter the

PTC, thus facilitating the hydrolysis of the C-terminus of the

nascent polypeptide chain from the peptidyl-tRNA, resulting in

the release of the peptide (146).
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3.5.2 Methods of programmed
translational frameshifting

While it is evident that the translational machinery must

faithfully preserve the reading frame, the modification of

translational accuracy may prove advantageous in particular

situations. Many viruses employ numerous molecular

mechanisms, collectively known as translational recoding (147).

These mechanisms encompass various strategies, such as

redirecting elongating ribosomes to shift into an alternate reading

frame, guiding ribosomes to utilize alternative start sites, and

bypassing or altering termination codons (132). This becomes

especially pertinent when genomic capacity is physically limited,

as is the case in viruses where the size of the genome restricts by the

volume of the viral particle. In such scenarios, enhancing the

information content of a viral mRNA by enabling it to encode

multiple proteins could confer a selective advantage. Another

hypothesis posits that the ability of a single RNA molecule to

encode multiple proteins without modifying its sequence, such as

through splicing, might have provided a selective advantage in the

prebiotic RNA world (148). Furthermore, the ability to recode

mRNAs offers an additional level of control over gene expression.

Importantly, these mechanisms are all “programmed” to occur at

specific sequences through cis-acting elements present on mRNAs,

and they occur at rates that are two or more orders of magnitude

higher than non-programmed events (13).
4 Effect -1 ribosomal frameshifting on
COVID-19 virus mutagenesis

Ribosomal frameshift comprises a biological event that happens

along translation that leads to the generation of multiple special

proteins by a single mRNA (14). Ribosomal frameshift can be

planned by the nucleotide sequence available in mRNA, sometimes

influenced by the secondary and tridimensional mRNA complex

(149). Typically, -1 ribosomal frameshifting characterizes in viruses

(particularly retroviruses, astroviruses, and coronaviruses) bacterial

insertion elements, and retrotransposon, and also has been observes

in some cellular genes. (150). In other words, -1 ribosomal

frameshifting or -1 PRF is a process whereby mRNA cis-acting

elements conduct elongating ribosomes to displace the reading

frame as much as 1 nucleotide toward 5′. Initially, the Rous

sarcoma virus used the -1 ribosomal frame-shifting process for

the expression of viral genes (151) followed by some retroviruses

(152). By examining a sequence of three nucleotides found on a

molecule of messenger RNA, known as codons, the process of

protein translation occurs from the 5’ to the 3’ direction of the

mRNA strand. This translation process commences with the amino

acid methionine, specifically with the initiation codon AUG.

Through the process of translation, a per codon becomes an

amino acid. The code is designed to be degenerate in nature,

allowing for the identification of a particular amino acid through

multiple codons. Nevertheless, a relocation of several nucleotides

that is not partible upon 3 in the reading format will subsequently

next codons to be read variously (153), which impressively alters the

ribosomal reading frame.
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-1 ribosomal frameshifting can be divided into three distinct

sections composed of one slippery site, one connector zone, and an

irritating area downstream of the secondary structure of mRNA,

usually a mRNA pseudo-knot (13). The initial sequence of the

slippery site and its position in association with the input

translational reading frame is very important: Must include one of

these options N NNW WWZ, Where NNN is tensional of three of

the same nucleotides, WWW is either A or U and Z ≠ G. The

connector area is less well described. Although it is relatively small, it

has a significant impact on determining -1 ribosomal frameshifting.

Pausing elongating ribosomes at the stop codon is a crucial step in

forming downstream secondary structures, which is essential for

inducing efficient -1 ribosomal frameshifting (154). The usually

adopted process of -1 ribosomal frameshifting is that the secondary

structure of mRNA guides prolonging ribosomes to stop with its A-

and P-site attached to aminoacyl- and peptidyl-tRNAs, which on the

slippery site are located. The sequence of the slippery site permits for

re-coupling of the tRNAs to the -1 framework codons after they

“concurrently slippage” by one base toward 5′ in the sequel of the

mRNA. The next separation of the downstream secondary structure

of mRNA permits the ribosome to carry on the lengthening of the

newfangled polypeptide within the new translational reading frame.

The downstream irritating components are usually H-type mRNA

pseudo-knots. The reason for its name is because they are consists of

two superposed with the same axis stem loops whose latter stem

comprises base coupling among the sequence in the loop of the first-

stem loop, and the supernumerary downstream sequence (155).

Because of the presence of a third, inner stem-loop component, the

COVID-19 pseudo-knot becomes exceedingly complicated (156–

158). Mutations effective in this structure reduced the amount of -1

ribosomal frameshifting and had harmful impacts on virus

dissemination, therefore, proposing that may aim for treatment use

of small molecules (159, 160). Besides, researchers have recorded the

attendance of a hairpin that was promptly deployed 5’ of the slippery

site to adjust -1 ribosomal frameshifting by reducing its action

(161) (Figure 8).
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5 Role of magnesium ion (Mg2+) in
ribosome stability

The presence of divalent cation is of significant importance in

the regulation of essential cellular processes. Researchers have

established that an excessive accumulation of these cations

contributes to aging and to neurodegenerative diseases and cancer

(162–165). Divalent cation-dependent metalloproteins and

metalloenzymes play a central role in regular physiological

processes and pathological conditions (166–170). The importance

of these proteins is clear in their role in vital cellular functions, for

instance, signal transduction (171), cell division (172), excretion

(173), transcription of genes (174), immune response regulation

(175, 176), and cell adhesion (177, 178). This is why eukaryotic cells

possess multiple receptors and ligands that facilitate these divalent

cations sorting, transportation, and delivery (179–191). In the realm

of host-pathogen interactions, divalent cations assume prominent

roles (192–194). It is crucial to regulate the levels of these cations in

order to maintain homeostasis, as they have the potential to affect

microbial infection (195, 196). The COVID-19 virus relies on Mg2+

for the function of its NSP 13, NSP 14, and NSP 16 proteins.

Furthermore, within the array of viruses associated with the -1

ribosomal frameshifting event, HIV stands out as a significant

example. Emphasizing the crucial role of Mg2+, specific enzymes

in the HIV virus rely heavily on its presence and interaction for

efficient functioning.

The role of RT (reverse transcriptase) in HIV (human

immunodeficiency virus) is crucial for the process of converting

viral RNA into viral DNA. RT consists of two subunits, p66 and

p51, which are activated by viral proteases originating from the

Gag-Pol polyprotein. Furthermore, the activity of RT necessitates

the presence of divalent cations, specifically Mg2+ and Mn2+

(Manganese) (197). The functions of both enzymes of RNAase H

and DNA polymerase rely on the presence of both subunits (p66

and p51), resulting in the production of ds-DNA (198, 199).
FIGURE 8

–1 ribosomal frameshifting. Ribosomal frameshifting is an abiological phenomenon in COVID- that occurs during translation. When the ribosome
encounters a specific sequence (usually a slippery sequence) in the mRNA, it shifts its reading frame by one nucleotide. As a result, the reading of
subsequent codons alters, resulting in the synthesis of a different protein. This process allows a single mRNA to produce multiple unique proteins,
contributing to the complexity of cellular processes.
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RNAase H (subunit p51) possesses specific sites for the attachment

of divalent cations, such as Mn2+ and Mg2+ (200–202).

Metal ions like Mg2+, Na+ (sodium), and K+ (potassium) are of

significant importance in various biological processes as they interact

with nucleic acids, particularly RNA (203). The specific properties of

Mg2+ make it particularly well-suited for neutralizing the negative

charge density associated with the RNA phosphate backbone for two

reasons (204). Firstly, it is the most abundant multivalent cation

found within cells (205). Secondly, it possesses the highest charge

density among all biologically available ions due to its relatively small

ionic radius of 0.6 Å. The binding of Mg2+ ions to RNA can occur in

two different general modes: (1) a “diffuse binding” mode which

involves nonspecific long-range electrostatic interactions with Mg2+

hexahydrate, and (2) a “site binding” mode which involves specific

coordination of anionic ligands to partially dehydrated Mg2+ (206).

Both modes are crucial for the structural stabilization of RNA (204,

207). For years, it has been well recognized that the ribosome’s

configuration and function are significantly impacted by the presence

of metal ions, especially Mg2+. For instance, the combination of the

small and large ribosomal subunits in vitro to create intact ribosomes

is heavily reliant on the concentration of Mg2+ ions (208–210).

Moreover, Mg2+ deficiency in Escherichia coli cells leads to a

depletion of ribosomes (211), thus indicating the vital role of Mg2+

in assembling and structurally stabilizing ribosomes. In line with this,

if various polyamines are used to replace Mg2+ in purified

preparations of E. coli large ribosomal subunits, it leads to

irreversible unfolding and loss of peptidyl transferase activity (212).

Mg2+ also influences other ribosomal activities, such as poly-U-

directed phenylalanine polymerization (213), the binding of

polynucleotides to ribosomes (214), and the attachment of
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ribosomes to endoplasmic reticulum membranes (215). However, it

is challenging to ascertain the extent to which these effects are direct

or indirect consequences of structural disturbances to the ribosome

(204). Although other divalent cations may exhibit sufficient

similarity to Mg2+ to allow for coordination in its place, the

divergent characteristics of these cations can have an impact on the

biomolecule to which they are bound. For instance, kinases, which

typically rely on Mg2+, can form associations with other trace metal

ions but experience a decrease in efficacy (216). Divalent metal

cations are essential for DNA polymerases, with Mg2+ being the

most commonly employed in this capacity. While coordination with

alternate metal cofactors such as Mn2+ and Co2+ (Cobalt) can

enhance enzymatic activity, it can also have a detrimental effect on

fidelity and potentially lead to carcinogenicity (217–219). Ribosomes

in eukaryotic cells have the responsibility of conducting protein

synthesis and exist as large molecular complexes. Within the

process of translation, the smaller 40S subunit and larger 60S

subunit come together. The presence of Mg2+ is of utmost

importance as they partake in the critical task of stabilizing the

structure of the ribosome through their binding to the phosphate

backbones of rRNA. Additionally, Mg2+ can enhance the binding of

tRNA to the ribosome during the decoding of mRNA, resulting in

facilitating precise protein synthesis. They also contribute to the

proper folding of rRNA and effectively maintain the active site of the

ribosome required for the formation of peptide bonds. Moreover,

Mg2+ play a significant role in coordinating ribosomal proteins with

rRNA, which in turn assists in the assembly of ribosomal subunits.

Additionally, they have a crucial function in the regulation of

ribosome biogenesis and the maintenance of pre-ribosomal particle

stability throughout maturation (Figure 9).
FIGURE 9

Interaction of NSP13,14, 16 in the pathogenicity of the COVID-19 virus. 1) NSP 13, NSP 14, and NSP 16 are actively involved in the translational
process through Mg2+ acquisition from the ribosome. 2) The depletion of Mg2+ by these proteins induces a state of instability within the ribosome,
consequently halting the translation process. 3) Ribosome acquires Mg2+ from extracellular sources, allowing the translation process to resume. NSP
14 move back one nucleotide to resume the translation process, resulting in -1 ribosomal frameshifting.
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6 Conclusion

In modern molecular biology, researchers have observed numerous

instances where they initially identified fundamental biological

regulatory mechanisms in viruses. This is not because of any

uniqueness of viruses, but because their compact genomes enhance

the signal-to-noise ratios, thus facilitating the process of scientific

discovery. Viruses, as intracellular parasites, follow the same rules and

regulations that apply to their host cells. Consequently, although

researchers initially considered −1 PRF to be specific to viruses, it is

now evident that cellular mRNAs also employ this mechanism. The

exploration of PRF continues to shed light on our comprehension of the

normal maintenance of the reading frame by ribosomes. Generally, −1

PRF involves a heptameric slippery site, a short spacer, and a complex

tertiary mRNA structure known as an H‐type pseudoknot. This

phenomenon can occur at three distinct stages of translation at the

frameshift signal. The pseudoknot can induce a two-nucleotide

translocation event either when the ribosome enters or exits the

slippery site. Alternatively, the accommodation of the aminoacyl

tRNA (aa‐tRNA) into the slippery site results in the downstream

mRNA being pulled into the ribosome by a distance of 9Å, which

creates a tension between the slippery site and pseudoknot. This tension

is subsequently alleviated by decoupling tRNAs from the mRNA,

causing the mRNA to slip backward by one base. As mentioned,

viruses in the Coronaviridae and Retroviridae families undergo

genetic mutations of type -1 ribosomal frameshifting. On the other

hand, NSP 13, NSP14 and NSP 16 proteins in COVID-19 virus need

Mg2+ for their function. The best source ofMg2+ for these proteins is the

ribosome because the stability of the ribosome is dependent on the Mg2

+, any interference in the gradient of theMg2+ concentration will disrupt

the function of the ribosome and, as a result, stop the translation

process. In other words, NSP13, NSP14, and NSP16 proteins, by

consuming Mg2+ present in the ribosome, stop the function of the

ribosome and convert it from polysome to monosome, which results in

the stop of translation. This stopping of translation plays a role in the

initial formation of the -1 ribosomal frameshifting phenomenon. Since

the ribosome needs to obtain Mg2+ from various sources to continue

the translation process, if it encounters the start codon, NSP14, which

has the role of proofreading, pulls back a codon, causing the -1

ribosomal frameshifting phenomenon to occur.
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