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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 is the causative agent behind the ongoing COVID-19 pandemic. This virus is a cumulative outcome

Var%ants of concern of mutations, leading to frequent emergence of new variants and their subvariants. Some of them are a matter of

Songlcro_“ high concern, while others are variants of interest for studying the mutational effect. The major five variants of
ubvariants

concern (VOCs) are Alpha (B.1.1.7), Beta (B.1.315), Gamma (P.1), Delta (B.1.617.2), and Omicron (B.1.1.529.
*/BA.*). Omicron itself has >100 subvariants at present, among which BA.1 (21K), BA.2 (21L), BA.4 (22A), BA.5
(22B), and BA.2.12.1 (22C) are the dominant ones. Undoubtedly, these variants and sometimes their progeny
subvariants have significant differences in their spike region that impart them the unique properties they harbor.
But alongside, the mutations in their non-spike regions could also be responsible elements behind their char-
acteristics, such as replication time, virulence, survival, host immune evasion, and such. There exists a proba-
bility that these mutations of non-spike proteins may also impart epistatic effects that are yet to be brought to
light. The focus of this review encompasses the non-spike mutations of Omicron, especially in its widely
circulating subvariants (BA.1, BA.2, BA.4, BA.5, and BA.2.12.1). The mutations such as in NSP3, NSP6, NSP13, M
protein, ORF7b, and ORF9Db are mentioned few of all, which might have led to the varying properties, including
growth advantages, higher transmission rate, lower infectivity, and most importantly better host immune evasion
through natural killer cell inactivation, autophagosome-lysosome fusion prevention, host protein synthesis
disruption, and so on. This aspect of Omicron subvariants has not yet been explored. Further study of alteration
of expression or interaction profile of these non-spike mutations bearing proteins, if present, can add a great deal
of knowledge to the current understanding of the viral properties and thus effective prevention strategies.

Non-spike mutations
Non-structural protein
Immune-evasion
Epistasis

Accessory proteins

1. Introduction

COVID-19’s first case appeared on December 31, 2019 in China, and
the world health organization (WHO) declared this a global pandemic
on March 11, 2020. The causative agent behind this pandemic is severe
acute respiratory syndrome coronavirus-2 (SARS-CoV-2) [1]. This is a
single-stranded positive-sense RNA virus of ~30 kb genome size and
consists of ORFla, ORF1b, Spike (S), Envelope (E), Membrane (M),
Nucleocapsid (N), ORF3a, ORF6, ORF7a, ORF7b, ORF8, and ORF10.
ORFla and OFR1b encode non-structural proteins NSP1 — NSP11 and
NSP12 — NSP16, respectively [2,3]. These proteins have individual and
combined roles in viral replication, pathogenicity, and transmission [4].

In the Omicron variant, we observe featured mutations in those non-

spike proteins (i.e., considering all proteins of the virus apart from spike
protein), which are not studied in other variants (Table 1). These mu-
tations thus could impart significant effects pertinent to its pathoge-
nicity, immune-evasion, and thus fitness [5]. To realize whether the
mutations might or might not have remarkable impacts, the study and
analysis must be composed of the followings: the mutations’ residing
domain, an individual function of that domain, the function of any
interactive motifs within that domain, and the protein-protein or
protein-RNA interaction of that domain or motif, targeting the mutation
(Fig. 1). The findings of the study can be further verified through
in-depth in silico analysis.

In general, the most explored reasons that differentiate Omicron
from other variants are however the novel spike mutations [6-9]. The
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major Omicron subvariants (BA.1, BA.2, BA.4, BA.5, and BA.2.12.1) that
circulated before or are circulating worldwide now have a distinct mu-
tation package for the spike as well than its other minor sporadically
spread sister subvariants. BA.4 and BA.5 are one exception, however;
they have broadly identical spike mutations (https://www.ncbi.nlm.
nih.gov/activ). The spike protein has thus always been the target of
studying the variants, as well as now subvariants, to delineate their
uniqueness in fitness. No difference is seen for Omicron as, among 50
mutations from wild type, more than 30 residues are in the spike region,
being one of the obvious reasons behind its higher transmissibility,
better immune escape, and lower lethality [10-13].

The main concern about the Omicron spike has been the antibody
escape, especially against clinically used monoclonal antibodies, effec-
tive vaccines including boosters, and previous natural infections, even
with slightly older subvariants BA.1 and BA.2 [13-15]. However, the
role of other immune systems, such as T-cell, killer cell, the intracellular
immune response, and the cytokine response, should also be considered.
Besides, spike protein alone is not the only immune eliciting entity [6]. It
interacts with multiple regions of M protein, and the C terminal of M
protein has close interaction with the N protein. The transmembrane
and the cytoplasmic domain of M protein also interact with E [16-18].
Therefore, mutations in M, N, and E proteins must be parallelly
considered to understand the holistic effect in terms of the immune re-
sponses against Omicron.

Considering other immune evasion aspects, NSP6 interacts with
ATP6AP1 to evade autophagosome fusion with the lysosome, and this
mechanism helps the virus’s survival [19,20]. It is known that the
accessory proteins from ORF9D are potent interferon antagonists as they

Table 1
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target TOM70 and multiple components of signaling pathways [21-26].
These are independent of spike mutations; thus, their mutations can
impart independent effects yet not explored. Again, Omicron’s more
efficient evasion of the host immune response can not only be credited to
less recognition by neutralizing antibodies but also should be attributed
to the reduction in natural killer (NK) cell activation. This mechanism is
mainly driven by antibodies against ORF3a, M protein, and N protein
rather than spike protein [27-29].

In terms of successful viral replication and further pathogenesis,
NSP1 has its own way of stopping host protein translation by binding to
ribosomal subunits [30,31]. Efficient viral assembly and release depend
on the interaction amidst NSP3, NSP4, and NSP6, which modifies
endoplasmic reticulum (ER) into double-membrane vesicles and pro-
motes budding [32-37]. Post-transcriptional modifications relying upon
the NSP10-14-16 sub-complex can be altered due to mutation of NSP14,
which might change the dynamics of interaction and complex formation
[38-40].

Spike mutations of Omicron certainly enhance receptor binding and
ease antibody escape, thus adding to a higher transmission and repli-
cation fitness alongside better immune escape. But to support this fitness
property of Omicron, non-spike proteins must have an individual or
cumulative role, resulting in advantageous replication capacity, better
immune evasion, and such. To know the epistatic effect or to relate the
cumulative outcome of the mutations, it is essential to bring all the non-
spike unique mutations into one frame, which is the main aim of this
review. Another purpose of this review is to derive the causes behind the
higher transmissibility, growth advantage, differential immune
response, and ability to cause plausibly distinct host response by

The table comprises of all the non-spike mutations in all VOCs so that addressing the unique mutations in Omicron becomes convenient. The positions of mutations are
expressed according to their individual protein positions. The mutations were singled out from Nextstrain site and literature review. The non-spike proteins and ORF
which do not contain any mutation in any variant (NSP7, NSP8, NSP9, NSP10, NSP11, NSP16, ORF10) are not mentioned in the table for simplicity.

Protein  BA.1 (21K) BA.2 (21L) BA.4 (22A) BA.5 (22B) BA.2.12.1 (22C) Delta21A  Gamma Beta Alpha 201
20J 20H
NSP1 S135R*# S135R,K141-**#, S135R*# S135R*#
S142-*%# F143-**#
NSP2 T85I
NSP3 K38R** #, S1265-  T24I *#, G48OS*#  T24I*#,G489S*# T24T*#,G489S*#  T24T* #, G489S*# S$370L, K837N  TI183I,
gt 11266144 #, K977Q A890D,
A1892T**# 11412T
NSP4 T4921* T4921 *, L264F* #,  L264F*# T3271%#, L264F*#, T4921*%, L264F *#,
T3271%#, L438F*  T492I* T3271%#,T492I* T3271 *#, L438F*
NSP5 P132H*# P132H*# P132H*# P132H*# P132H*# K90R
NSP6 L105- ** #,8106-,  S106 -,G107-, $106 -,G107-,F108-  S106 -,G107-, $106 -,G107-, $106 -, $106-, S106-,
G107-,1189V**# F108- F108- F108- G107-, G107-, G107-,
F108- F108- F108-
NSP12  P323L P323L P323L P323L P323L P323L, P323L P323L P323L
G671S
NSP13 R392C*# R392C*# R392C*# R392C*# P77L E341D
NSP14  I42V+# 142V*# 142V*# 142V*# 142V #
NSP15 T1121% T1121% T1121* T112I*
E TOI*# TOI*# TOI*# TOI*# TOI*# P71L
M QI9E *#,A63T*#  QI9E* #A63T*#  QIOE*#,A63T*# D3N**#,Q19E*#,  QI9E*#,A63T*# 182T
D3G**# A63T*#
N P13L*#, E31-*#, P13L *#, E31- *#,  P13L*#E31-*#, P13L*#, E31-* #,  P13L*# E31-*#,  D63G, P8OR, T205I D3L,
R32- *#,833-*#, R32-%#,533-*#, R32-*#,833-*#, R32-*#,S33-*#, R32-%#,533- *#, R203M,  R203K, R203K,
R203K, G204R R203K, G204R, P1515**#,R203K, R203K, G204R, R203K, G204R, D377Y G204R G204R,
S413R* G204R,S413R* S413R* S413R* N235F
ORF3a T2231* T2231* T2231* T223I* S26L $253p Q57H
ORF6 D61L*# D61L*# D61L*#
ORF7a V824,
T1201
ORF7b L11F**#
ORFS8 D119-, E92K Q27-, R52],
F120- Y73C
ORF9b  P10S* #, E27-*#,  P10S* #, E27-*#,  P10S*#, E27-* #, P10S*#, E27-*#,  P10S*#, E27-*#, T60A

N28- *#, A29-*#

N28- *#, A29-*#

N28- *#, A29-*#

N28- *#, A29-*#

N28- *#, A29-*#

“** represents unique mutations in Omicron that are absent in Alpha, Beta, Gamma, and Delta variants.

Gk

‘#’ denotes unique mutation of omicron in functionally important domains.

represents unique mutations in each sub variant of Omicron (BA.1, BA.2, BA.4, BA.5, and BA.2.12.1).
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discussing on non-spike proteins’ mutations of Omicron. BA.2.12.1 (22C) to ease discussion.

The non-spike proteins are classified into three categories for ease of
discussion: 1) Non-structural proteins (NSP), 2) Structural proteins (E, 2. Non-structural proteins
M, N), and 3) Accessory proteins (Fig. 1). A schematic diagram also
represents the plausible impacts of these mutated proteins on patho- Non-structural proteins (NSPs) are proteins that are not components
genesis and immune evasion (Fig. 2). Finally, we explain these plausible of virion but are transcribed and translated upon infection of the host
impacts of featured mutations by representing five major Omicron cell. These include enzymes, such as replicase, protease, methyl-

subvariants BA.1 (21K), BA.2 (21L), BA.4 (22A), BA.5 (22B), and transferase, and transcription factors. The 16 NSPs of SARS-CoV-2 from
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Representing Probable Impacts of Non Spike Mutations in Omicron
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protein, and N protein harboring significant mutations in the replicative pathway. Viral NSP1 inhibits host mRNA from translating, which can be interfered with by
S135R mutation in Omicron (K141-,S142-, F143- mutations are present only in BA.4). NSP3 possesses some unique mutations (T24I, G489S, K38R) in the region
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ORF1ab are not different and mediate viral replication, translation, post-
translational modification, assembly, host immune evasion, and such
essential functions. Here, we discuss the non-structural proteins that
possess presumably significant mutations in Omicron, as shown in
Table 1 and Fig. 1.

NSP1, the leader protein, abrogates host protein synthesis by binding
to the 40S ribosomal subunit and inhibiting the binding of host mRNA. It
also causes endo-nucleolytic RNA cleavage in 5'-UTR of host mRNA. In
the presence of inhibitory action of NSP1, less abundant but strong and
efficient transcripts belonging to the virus are favored to be translated
over host mRNAs [34,41,42]. NSP1 consists of the N terminal domain
(1-128 amino acid residue), the linker region (128-148), and the C
terminal domain (148-180). The C terminal domain carries out the main
translation inhibition activity. The N terminal domain regulates cellular
mRNA stability or suppresses host innate immune functions. Besides, the
N terminal interacts with the 40S subunit, and the linker region helps
this interaction. They also interact with host initiation factors, especially
elF3 [19,43,44]. The linker region connects them and provides flexi-
bility [30,45,46]. All Omicron subvariants but BA.2 have a unique
mutation at the 135 position of NSP1 (S135R: Serine—Arginine) in the
linker region, which might thus affect the overall interaction and

function of N and C terminal domains (Fig. 2).

NSP3, a papain-like protease cleaving the polyproteins to its
component proteins, is the largest protein of the virus. NSP3 has eight
domains: the ubiquitin-like domain 1 (Ubl1), the Glu-rich acidic domain
(also called "hypervariable region"), a macrodomain (also named "X
domain"), the ubiquitin-like domain 2 (Ubl2), the papain-like protease 2
(PL2pro), the NSP3 ectodomain (3Ecto, also called "zinc-finger
domain"), as well as the domains Y1 and CoV-Y of unknown functions
along with the two transmembrane regions, TM1 and TM2 [2]. Being a
large protein, the NSP3 of Omicron expectedly showed several unique
mutations. T24I(Threonine—Isoleucine) in the Ubll domain and G489S
(Glycine—Serine) in the macrodomain (Macl/ADRP) were observed in
four subvariants of Omicron except in BA.1. In the Omicron BA.1 sub-
variant, K38R(Lysine—Arginine) in Ubl1, S1265-(Serine—deletion) and
L1266I(Leucine—Isoleucine) in the BSM region, and A1892T(Alani-
ne—Threonine) in the C terminal were observed (Table 1 and Fig. 1).
The Ubll domain binds to ssRNA and nucleocapsid. Macrodomain
(Macl) has a role in de-MARylation, de-PARylation, and ADPR binding.
The domain of SM is disordered; no definite functional role has yet been
observed. Co-expression of NSP3 with NSP4 and NSP6 can induce
double-membrane vesicle (DMV) formation in host cells. However,
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lacking the C-terminal third (residues 1319-1922) of the NSP3 will
produce different results while co-expressing with NSP4 and NSP6.
Correspondingly, co-expression of only the C-terminal third of NSP3
(residues 1256-1922) together with NSP4 may enhance DMV formation
by inducing the occurrence of the zippered endoplasmic reticulum (ER)
and membrane curvature [32,35,36,47-55]. Since the featured muta-
tions of Omicron subvariants resided in these important domains, they
might impart eventful outcomes (Fig. 2).

NSP4 consists of four transmembrane domains and luminal coils.
Large luminal loop (35-280) and transmembrane domains (13-34,
281-302,315-337, 365-387) play an essential role in membrane
conformational change when combined with NSP3 and NSP6. A large
luminal loop plays a major role in binding with NSP3C. Those proteins
collectively initiate membrane scaffold formation with a role in the as-
sembly and viral release [33,37,47,56,57]. T492I(Threonine-
—Isoleucine) mutation is present in all of the five subvariants of
Omicron, whereas L438F(Leucine—Phenylalanine) is only specific for
BA.2 and its descendant lineage BA.2.12.1. T492I and L438F reside in
the cytoplasmic coil region between the 4th transmembrane domain and
the H domain of NSP4. Unique mutations L264F(Leucine—Phenylala-
nine) (large luminal loop) and T327I(Threonine—Isoleucine) (3rd
transmembrane domain) have been found in all except BA.1 subvariant
(Table 1). These two mutations (L264F and T328I) might have func-
tional significance (Fig. 2).

NSP5, as the main protease, has domain I (residues 10-99) and
domain II (residues 100-182), which harbor the binding site between
them within a six-stranded antiparallel beta-barrel. In Omicron’s all
subvariants, the mutation P132H (Proline—Histidine) thus resides in
domain II. The NSP5’s substrate-binding site is located between domains
I and II as a catalytic pocket with four subsites (S1, S2, S3, and S4),
which exhibit a bridging dyad between the nucleophilic sulfur atom of
Cys145 and the imidazole ring of Histidine residue 41 [58,59]. Thus,
NSP5 P132H mutation might affect enzyme activity.

NSP6 consists of eight pore-lining transmembrane domains S1
(19-38), S2(42-60), S3(64-94), S4(104-131), S5(136-154), S6
(162-179), S7(183-203) and S8(207-237). Possibly, NSP6 interacts
with ATP6AP1 (an ATPase proton pump), interfering with digestive
autophagosome formation [19,20,46,52,60,61]. The sequential three
amino acid deletion S106-(Serine—deletion), G107-(Glycine—deletion),
and F108-(Phenylalanine—deletion) was observed in all the VOCs
except the Delta variant, and this deletion resides in the S4 domain. But
in the BA.1 subvariant of Omicron, 108 (F108-)(Phenyl-
alanine—deletion) deletion was absent, but 105 deletion (L105-)(Leu-
cine—deletion) was observed along with [189V(Arginine—Valine)
substitution. The L105, S106, and G107 triad forms a very short alpha
helix connecting the transmembrane loop with an extra membranous
alpha helix. The triad mutation in Omicron was considered significant
using in silico analysis as it facilitates autophagosome evasion by fa-
voring interaction with membrane [62]. The global structure of NSP6 is
not altered by this triad deletion, particularly concerning the trans-
membrane core. However, the structure and dynamics of the peripheral
helices of the deleted region (L105-F108) perturbs. These peripheral
helices in the Omicron variant are more deeply buried in the polar head
region than in the wild type (WT), hence suggesting stronger interaction
and an increased capacity to recruit specific lipids. This differential
modulation of the lipid interaction and thus autophagy may partly
explain the immune system resistance of the Omicron variant and its
different pathological evolution [62]. The significance of these
sequential deletions (LSG105-107 or SGF106-108) and the effect of the
variation in Omicron can be a significant target for future study.

NSP13 (1-601 amino acid residues) is the NTP-dependent helicase
enzyme that unwinds double-stranded RNA in a 5-3' direction [63].
This protein also plays a role in immune evasion by interfering with the
MAVS-associated signaling pathway for IFN production or the JAK/-
STAT signaling pathway for ISGs expression [64] (). NSP13 is a trian-
gular pyramid-shaped protein with five domains: an N-terminal Zinc
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binding domain (ZBD), a helical "stalk" domain, a beta-barrel 1B
domain, and two "RecA like" helicase subdomains 1A and 2A that
contain the residues responsible for nucleotide binding and hydrolysis
[63]. The unique mutation R392C(Arginine—Cysteine) found in Omi-
cron (except BA.1 subvariant) is located in the ReclA domain. This
domain is responsible for NTPase (RNA Nucleoside Triphosphatase)
activity. Six key residues in the cleft of that domain are involved in NTP
hydrolysis. The R392C mutation is located close to three of those six
residues (Asp374, Glu375, GIn404) [65]. Thus, the mutation might
impact the NTPase activity of NSP13. Considering NSP13 as the potent
antiviral drug target, this mutation might be crucial in interfering with
one of the fragments to nearly resided Arg382.

NSP14 has proofreading ability with the N-terminal exoribonuclease
domain. It also has N7-guanine methyltransferase activity at its C ter-
minal domain [38,40,66-72]. Three conserved motifs have been struc-
turally defined at the active site of NSP14: DXE, W(X)4 EL, and DAIMTR.
Omicron’s 142V(Isoleucine—valine) mutation was resides in the exon
domain (DXE). NSP14 also interacts with NSP10 to boost its exoribo-
nuclease activity using V40 and N41, and one of the two small hydro-
phobic side chains, due to this mutation, might makecontact with them
and may affect binding with NSP10 and enzyme activity [73].

3. Structural proteins

Structural proteins are virion components and play a role in assem-
bly, nucleic acid binding, virion formation, etc. The major structural
proteins of SARS-CoV-2 include Envelope protein (E), Membrane Pro-
tein (M), Nucleocapsid protein (N), and Spike protein (S). Our point of
discussion includes the E, M, and N proteins.

The smallest structural protein, E protein, consists of three domains
where there is hydrophilic amino terminus (7-12 amino acids), a hy-
drophobic transmembrane domain (TMD), and a hydrophilic carboxyl
terminus that comprises the majority region [74]. The most significant
domain is the C terminal, but the N terminus contains additional
Golgi-targeting information [75]. The unique mutation in all sub-
variants of Omicron (T9I: Threonine — Isoleucine) was observed in that
region. The SARS-CoV doesn’t undergo myristoylation, but this might
occur in SARS-CoV-2 as a separate study for Omicron wasn’t conducted.
Besides, NSP3 interacts with E protein for ubiquitination and glycosyl-
ation, a substantial post-translational modification in this region [76].
Thus, the mutation residing in this region can be studied further if any
post-translational modification alteration occurs due to the amino acid
isoleucine (Fig. 2).

The viral M protein of SARS-CoV-2 promotes the assembly of new
viral particles by the integration into Endoplasmic Reticulum (ER). The
predicted structure of M protein (222-amino acid) has been shown to
contain three closely packed N-terminal transmembrane alpha-helix
domains essential for the assembly of viral particles with a long endo-
domain at the C terminal end [17,34,77-79]. Q19E (Gluta-
mine—Glutamic acid)and A63T(Arginine—Threonine) mutations were
observed for all the major Omicron subvariants. The Q19Emutation
resides in the N terminal domain, and A63T resides in the TMII(trans-
membrane) domain (Fig. 2). The A63T might impact the stabilization of
the M protein dimer since it is close to one of the crucial residues (Valine:
V66) [80]. The N-terminal D3G(Aspartic acid—Glycine) and D3N
(Aspartic acid—Asparagine) mutations were present only in BA.1 and
BA.5, respectively, possibly resulting in the N-myristoylation site at the
3-8 position [81]. Therefore, whether membrane integrity and
post-translational modification are altered due to mutation can be a
study target [82,83].

The primary function of N protein is RNA encapsidation, but they are
also potent immunogens and interferon antagonists. The N protein with
419 amino acids has two conserved domains: N terminal domain (NTD)
and C terminal domain (CTD), and three intrinsically disordered regions
named N-arm, central Ser/Arg-rich flexible linker region (LKR), and C-
tail [84]. The Omicron variant was observed to have P13L
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(Proline—Leucine), E31-(Glutamic acid—deletion), R32-(Argini-
ne—deletion), and S33-(serine—deletion) unique mutations, each of
which resides in the N arm (1-44 residues) preceding the NTD. The
function of the N arm is the modulation of RNA binding. Hence, the
mutation can significantly affect regulating RNA binding (Fig. 2). The
mutation S413R(serine—arginine) of all but BA.1 subvariants resides in
the C-terminal end with no apparent effect on dimerization [85]. The
R203K(Arginine—Lysine)+G204R(Glycine—Arginine) substitutions
occur most frequently during N protein evolution [86]. The mutations
together show more significant inhibition of RNA-induced interferon
expression, and they can increase SARS-CoV-2 replication, pathoge-
nicity, and fitness by modulating host-virus interactions [87,88].

4. Accessory proteins

Accessory protein plays a role in viral pathogenesis, acting as the
virulence factor of the virus. It is known that the major role played by
accessory proteins is in immune evasion mechanisms enhancing better
viral survival in host system. In SARS-CoV-2, eleven accessory proteins
(ORF3a, ORF3b, ORF3c, ORF3d, ORF6, ORF7a, ORF7b, ORF8, ORF9b,
ORF9c, ORF10) have been translated whose detailed functions are not
still clear. Some have a role in viral pathogenesis by impairing host
immune responses. For instance, ORF3b, ORF6, ORF7a, ORF7b, and
ORF8 are potent interferon antagonists. ORF9b and ORF9c interacting
with cellular organelles reduce the antiviral responses. The mutations
within the protein, along with their likely impacts on the virus/host, are
stated as follows:

Upon viral infection in the presence of viral double-stranded RNA,
three major pathways for interferon production have been activated: the
RIG-I-like receptors (RLRs) pathway, the 2',5'-oligoadenylate synthetase
(OAS)/RNAsel. pathway, and the PKR pathway. RLRs binding RNA
through the C terminal domain of helicase lead to eventual oligomeri-
zation and activation of mitochondrial antiviral signaling (MAVS) pro-
tein onto the mitochondrial membrane. Then TANK Binding Kinase 1
(TBK1), or inhibitor of x-B kinase ¢ (IKKe), promotes autophosphor-
ylation of kinase and downstream activation of transcription factors,
IRF3 and NF-kB ultimately promote the expression of IFN type I and III
and virus stress-inducible genes. OAS proteins (OAS1, OAS2, OAS3) and
PKR are IFN-stimulated genes (ISGs). The late antiviral response is the
induction of IFN Stimulated Genes (ISGs) induced through the JAK/
STAT signaling pathway (Beyer, 2022). Viral accessory proteins and
some non-spike proteins mainly interfere in these pathways.

ORF3a is the largest accessory protein (275-amino acid) with pro-
apoptotic ability. The domains include the N terminus domain with
signal peptide involved in subcellular localization of ORF3a protein it-
self, a (TRAF-3) binding motif to activate the NF-kB, and NLRP3 regu-
lating viral uptake and trafficking of protein to the plasma membrane or
intracellular membranes using a cysteine-rich caveolin binding motif, a
tyrosine-based sorting motif YXX¢ responsible for Golgi to plasma
membrane transport, and an SGD motif [60,61,89,90]. Products of
ORF3a also inhibit STAT1 phosphorylation and thus interfering in the
late antiviral response pathway [64]. Omicron’s T223I(Threonine-
—Isoleucine) mutation is present all but in BA.1 subvariant doesn’t
reside in any of the mentioned domains and is towards the C terminus
end. The mutation thus mightn’t have any significant impact (Fig. 2).

ORF6 is a 61 amino acid long protein localized on the ER and Golgi
membranes. ORF6 protein has IFN-antagonistic activity and interacts
with the NUP98-RAE1 complex at the nuclear pore [91-95]. This pro-
tein inhibits cytoplasm-membrane trafficking by forming a complex and
also blocks nuclear transportation of TF STAT and NF-kB complex. The
methionine at 58 number residue is necessary for ORF6 functionality. In
Omicrons BA.2, BA.2.12.2, and BA.4 subvariant, unique mutation D61L
(Aspartic acid—Leucine) was observed (Table 1), close to key amino
acid Met58 [92]. Hence, the mutation region might also be part of the
functionality (Fig. 2). The mutation was even absent in BA.1 and BA.5
subvariants (Table 1).
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ORF7b is a 43-amino acid long single transmembrane protein
localized into the membrane of the Golgi apparatus. It has a role in
immune modulation and can induce apoptosis [96]. Though the func-
tion of this protein is unknown, some literature states that this protein
inhibits STAT signaling phosphorylation and ultimately interferes with
downstream ISGs expression (Yang R, 2021). A unique mutation, L11F
(Leucine—Phenylalanine), has been found in the transmembrane region
of the Omicron protein (BA.4) that might impact signal modulation
(Table 1 and Fig. 2).

ORF9b localizes on the membrane of mitochondria and suppresses
type I interferon (IFN-I) responses through association with TOM?70. It
suppresses innate immunity by targeting MAVS signalosomes. It antag-
onizes type I and III interferons by targeting multiple components of the
RIG-I/MDA-5-MAVS, TLR3-TRIF, and cGAS-STING signaling pathways
[23-25,49,97-99]. The region involved in interaction with TOM70 is
43-78 residues, but the N terminus has a role in stabilizing the
TOM70-ORF9b structure. Omicron possesses a P10S(Proline—Serine)
unique mutation and a sequential deletion E27-(Glutamic acid-
—deletion), N28-(Asparagine—deletion), A29-(Alanine—deletion) at
the N-terminal site (Table 1), which may impact the protein’s stability or
interaction with other proteins in other signaling pathways (Fig. 2).

5. Remarks and future prospects on immune evasion,
pathogenesis, and epistasis

The non-spike proteins have multiple significant roles in immune
regulation, transcriptional regulation, and viral pathogenesis. But, there
reside gaps in knowledge regarding their specific mode of action and
roles, especially in terms of unique mutations of Omicron. However,
there have been some reports on the effect of non-spike protein muta-
tions on viral fitness and disease severity in both experimental and
clinical settings [87,100-102]. The studied mutations however belong
to other variants, such as the beta variant (B.1.351), except for the
R203K + G204R mutation of N protein that is also found in the Omicron
variant. Mutations in non-spike proteins may also lead to less clinical
disease by impacting immune regulation and pathogenesis that can
eventually increase transmission by extending time toward knowing an
infection exists in a person. Here, we focus on unique mutations present
in or close to the significant domain in the non-spike proteins of Omi-
cron based on accessible pieces of literature and theoretical perspec-
tives. One good ground of this approach is that detailed functions of
different domains or regions of most non-spike proteins are still not
well-studied. Thus, we cannot confidently comment on the exact impact
of those mutations but rather mention the possible effects.

Epistasis occurs when more than one mutation in the same or
different protein works together to create a new virus feature. Some-
times these mutations arise sequentially, and other times they co-emerge
within a population. This event is evident for the Omicron variant
regarding spike protein mutations [103]. With non-spike proteins, very
few reports demonstrated the epistasis in experiments, albeit not with
mutations of the Omicron variant. For example, with N and ORF8 pro-
teins, ORF3a elicits the strongest antibody responses measured in sera
from COVID-19 patients [100]. The Delta R203 M mutation in N protein
has a statistically significant synergistic effect with L452R Spike muta-
tion, and the growth rate of the 203K(N)/484K(S)/501Y(S) is consis-
tently higher than the 203R(N)/484K(S)/501Y(S) variants. Supported
by clinical data, the Spike D614G + NSP12 L323P may have increased
the replication rate [104]. More importantly, this association of
non-spike mutations found in other variants thus opens windows for
more similar studies for the Omicron variant. The presence of unique
mutations such as in NSP6, in M protein, and in ORFs, which sets the two
subvariants apart, may also contribute to these impacts through a chain
of epistatic effects [ [105]s]. Notably, there are however robust litera-
tures on the plausible epistasis of non-spike mutations based on
computational studies [88,106-108].
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6. Conclusion

The factors determining the virus-host interaction should not only be
confined to spike protein mutations that we observe in the SARS-CoV-2
variants and their subvariants. We should also consider mutations of
non-spike proteins. The evasion of host immunity after natural infection
or vaccination needs to escape from T-cell and other effector cells
related mainly to the non-spike mutations. To understand the viruses’
differential infectiousness and immune evasion strategies, we thus need
to focus on the role of non-spike protein mutations. This review has
summarized the non-spike mutations of the Omicron variant and its
major dominant subvariants and then discussed the plausible impacts of
those mutations on viral pathogenicity and immune evasion. Our review
will initially help other researchers get all the necessary information
regarding Omicron non-spike mutations with their probable functions.
This review will also shed light on future research by exploiting the
underlying mechanisms of non-spike mutations about their interaction
with the host. Recently, infection cases due to particular subvariants are
also gradually increasing compared to other subvariants, especially for
BA.4 and BA.5 subvariants. Since they have no difference in spike pro-
teins, the effects of their distinct non-spike mutations can not be
neglected. Further research and review work on this aspect of fitness
variation among not only variants but also subvariants should answer
our questions more specifically. These studies and reviews on non-spike
mutations will be critical for developing and deploying more effective
therapeutic and preventive tools such as novel antivirals and vaccines,
thus impacting public health.
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