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Abstract

SARS-CoV-2 has a single-stranded RNA genome (+ssRNA), and synthesizes structural and non-structural proteins (nsps).
All 16 nsp are synthesized from the ORF1a, and ORF1b regions associated with different life cycle preprocesses, includ-
ing replication. The regions of ORF1a synthesizes nspl to 11, and ORF1b synthesizes nsp12 to 16. In this paper, we have
predicted the secondary structure conformations, entropy & mountain plots, RNA secondary structure in a linear fashion,
and 3D structure of nsp coding genes of the SARS-CoV-2 genome. We have also analyzed the A, T, G, C, A+T, and G+C
contents, GC-profiling of these genes, showing the range of the GC content from 34.23 to 48.52%. We have observed that
the GC-profile value of the nsp coding genomic regions was less (about 0.375) compared to the whole genome (about 0.38).
Additionally, druggable pockets were identified from the secondary structure-guided 3D structural conformations. For sec-
ondary structure generation of all the nsp coding genes (nsp 1-16), we used a recent algorithm-based tool (deep learning-
based) along with the conventional algorithms (centroid and MFE-based) to develop secondary structural conformations,
and we found stem-loop, multi-branch loop, pseudoknot, and the bulge structural components, etc. The 3D model shows
bound and unbound forms, branched structures, duplex structures, three-way junctions, four-way junctions, etc. Finally, we
identified binding pockets of nsp coding genes which will help as a fundamental resource for future researchers to develop
RNA-targeted therapeutics using the druggable genome.
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Introduction

SARS-CoV-2 is an RNA virus of the Coronaviridae family,
which is the causative pathogen of the current pandemic.
The virus contains a single-stranded RNA (ssRNA) genome
[1, 2] with approximately ~30 kb genomes that comprise one
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of the largest RNA among entire families of RNA viruses.
The genome contains positive sense RNA, which includes
several significant structural parts of the genome, such as
5" cap structure and 3’ poly(A) tail [3, 4]. Moreover, the
genome structure encodes about twenty-nine proteins [5].
Several researchers have tried to illustrate the genome struc-
ture. Manfredonia and Incarnato attempted to provide an
insight view of the SARS-CoV-2 genome structure to offer
strategies for developing new therapeutics. In this direction,
they have illustrated different genome structural elements
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Fig.1 Schematic representation shows the single-stranded RNA
(ssRNA) genome of SARS-CoV-2 and methodology flowchart of
our study. a SARS-CoV-2 ssRNA genome contains non-structural
protein-coding genes (nsp) (nspl—to 16) and structural protein-cod-

such as 5" UTR structure, ribosomal FSE (frameshifting ele-
ment), 3' UTR structure [6]. Similarly, several structural ele-
ments were projected from the SARS-CoV-2 RNA genome,
and in vivo structural characterization was performed for
the genome. They have identified that 42 host proteins can
interact with the different elements that were projected from
the SARS-CoV-2 RNA. It might be helpful in developing
new therapeutics against the virus [4]. Similarly, Cao et al.
have developed the genome architecture of the SARS-CoV-2
RNA. The researchers have tried to understand the packing
of the SARS-CoV-2 genome based on the RNA secondary
structure. The study tried to comprehend the framework of
the genome for the structure, function, and dynamics of the
virus. Finally, they tried to design the siRNA for RNA-based
drugs [7].
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ing genes. The nsp coding genes synthesized by ORFla and ORF1b.
ORFla contains nspl-to 11 protein-coding genes. ORF1b contains
nspl2-to 16 protein-coding genes. b Schematic diagram shows a
flowchart of the methodology of our work

The large-scale characterization of RNA secondary struc-
ture might provide insight into the SARS-CoV-2 genome-
wide organization. Simmonds illustrated a SARS-CoV-2
genome organization through RNA secondary structure
and compared it with other Coronaviruses [8]. Several stud-
ies describe the significance of RNA secondary structures
in the light of virus replication and their transcription and
translation [9-11]. The genome of SARS-CoV-2 encodes
two types of proteins: structural and non-structural proteins
(nsps) (Fig. 1a). nsps are significant proteins that help the
fundamental process of viruses such as transcription, enve-
lope proteins production, and viral replication [12, 13]. All
these NSPs support the RNA-dependent RNA polymerase
(RdRp) to perform replication. Therefore, they act as repli-
cation machinery [14]. Scientists have used non-structural
proteins (nsps) as drug targets [15]. NSP coding genes of
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SARS-CoV-2 are significant in this point of view. It has been
noted that two open reading frames (ORFla and ORF1b)
are associated with the coding of 16 NSPs which are nspl
to nspl6 (Fig. 1a) [16, 17]. ORFla codes nspl to nspll,
and ORF1b codes nsp12 to nsp16 protein. The main protein
includes nsp3 (papain-like proteinase protein), nsp5 (3C-like
proteinase), nspl2 (RNA-dependent RNA polymerase,
RdRp), nsp13 (helicase, HEL), NSP14 (exoRNAse), nspl5
(endoRNAse), nspl6 (2'-O-Ribose-Methyltransferase),
and other non-structural proteins. Other significant nsp are
nsp7 (cofactor for RNA-dependent RNA polymerase), nsp8
(cofactor for RdRp, primase, or 3’-terminal adenylyltrans-
ferase) [18]. Most of the research work has been performed
to illustrate the structural and functional perspective of nsps
(nsp1-16). However, less evidence illustrates insight into the
nsp coding of genes (ORF1a and ORF1b) and their genomic
structural arrangements. Therefore, it is urgent to understand
the structural insight of the nsp coding genomic regions
(ORFla and ORF1b) and their structure-based genomic
arrangements.

RNA structure, both secondary and tertiary, plays critical
functional roles in the life cycles of SARS-CoV-2. Using 3D
structure, researchers are analyzing components of the struc-
ture that can help the structure-based drug discovery for this
virus. Very few scientists have tried to illustrate the structure
of the RNA genome of SARS-CoV-2. Rangan et al. have
assessed RNA sequence conservation of the SARS-CoV-2
genome and found 106 RNA-based conserved regions that
act as potential antiviral drug targets [19]. Romano et al.
tried to understand the RNA structural-based replication
machinery, where they found the interaction between the
NSPs [20]. Sun et al. have analyzed RNA secondary struc-
tural elements of the SARS-CoV-2 RNA genome that plays
a crucial role in viral infection. Their research might help to
assess the antisense oligonucleotides targeting using RNA-
based structural elements and will help in the therapeutics
development against this virus [4]. Some scientists have
contributed to identifying the RNA structure-based ele-
ments that can help therapeutic development. For example,
Manfredonia et al. mapped the RNA structures throughout
the SARS-CoV-2 genome. The RNA elements were iden-
tified from the genome. The secondary structure patterns
have been generated to illustrate the SARS-CoV-2 genome.
They have modeled the 3D structure of the RNA, which can
help RNA-based therapeutic innovation [21]. However, the
secondary and 3D structural RNA conformations of the nsp
genes, their druggable genome, and the RNA-based thera-
peutic target in the virus genome are mostly unexplored.
Therefore it is necessary to understand the in-depth analy-
ses of the secondary, 3D RNA structural conformations of
the SARS-CoV-2 genomes and the fundamental units of the
druggable genome which can initiate the RNA targeting
drug discovery against the virus.

In our work, we have tried to evaluate the secondary
structure conformations, entropy and mountain plots, RNA
secondary structure in a linear fashion, and 3D structure of
NSP coding genes of the RNA genome of the SARS-CoV-2.
We have predicted recent algorithms-based (deep learning-
based) secondary structures, conventional algorithms-based
(centroid and MFE-based) secondary structural conforma-
tions, entropy & mountain plots based on the secondary
structures, single & overlapping structures of arc diagrams
in a linear fashion of all the nsp coding genomic regions
(nsp1-16). Finally, RNA 3D structural models have been
predicted from those secondary structural conformations.
Additionally, we have also analyzed the A, T, G, C, and
A+T, G+C content, and GC-profiling to understand the GC
content of all NSP coding genes. Finally, we have identified
the secondary structure-guided druggable pockets (ligand
binding sites) in RNA 3D structures conformation.

Method

Our analysis has been divided into three parts: secondary
structure conformations analysis, 3D analysis, and the sta-
bility of the nsp coding genomic regions (nsp1-16). Several
recent methods and current algorithms were used to analyze
the RNA secondary structure, 3D structure, and stability of
this genomic region.

Retrieval of the Genomic Sequence nsp Coding
Genes of the SARS-CoV-2 Genome

We have retrieved the SARS-CoV-2 genome sequence and
their nsp coding genes from NCBI (NCBI GenBank Id:
MZ054889.1). The nsp coding genes and corresponding
sequences’ position have been listed in Table 1. The nsp cod-
ing gene sequences (nsp1-16) were used for further analysis.

Secondary Structure Conformations Analysis

Deep Learning (DL) Based Secondary Structure
Conformations Analysis

DL is an emerging approach exploring researchers in struc-
tural analysis from nucleic acids to proteins. We have used
DL-based UFold server to analyze the DL-based secondary
structure of RNA [22]. Using an encoder-decoder architec-
ture, this server uses FCNs (Fully Convolutional Networks)
to create fast and efficient RNA secondary structure. It uses
the U-Net model for structure generation. The 17XLXL ten-
sor is used as input for the U-Net model. The model pre-
dicted a score matrix Y that uses an LXL symmetric score
for output through the contact map. In the case of traditional
RNA secondary structure prediction methods, algorithms
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Table 1. Different nsp coding gens and their position (nucleotide in
bp) in the SARS-CoV-2-ssRNA genome

SI. No. Gene Coded protein Position (in bp)

1. nspl - 234-773

2. nsp2 - 774-2687

3. nsp3  Papain-like proteinase 2688-8522

4. nsp4 - 8523-10022

5. nspS  3C-like proteinase 10023-10940

6. nsp6  — 10941-11810

7. nsp7  Cofactor for RNA-dependent RNA 11811-12059
polymerase (RdRp)

8. nsp8  Cofactor for RdRp, primase, or 12060-12653
3'-terminal adenylyltransferase

9. nsp9 - 12654-12992

10. nspl0 — 12993-13409

11. nspll — 13410-13448

12. nspl2 RNA-dependent RNA polymerase 13410-16204

13. nspl3 Helicase 16205-18007

14. nspl4  3'-to-5' exonuclease 18008-19588

15. nspl5 EndoRNAse 19589-20626

16. nspl6  2'-O-ribose methyltransferase 20627-21520

are mainly based on thermodynamic models through free
energy minimization, which executes strong prior assump-
tions and slow speed to run. The UFold server proposes
a deep learning-based method for the prediction of RNA
secondary structure based directly on annotated data and
nucleotide base-pairing rules. This approach might be more
acceptable for computationally predicting the secondary
structure of RNA [22].

Centroid-Based Secondary Structure Conformations
Analysis

Another secondary structure conformation was predicted
for the nsp coding genes based on centroid structure, used
with minimum base-pair distance. Centroid-based secondary
structures were predicted using an RNA sever (Vienna RNA
website) [23]. From diverse types of structural RNAs, the
centroid structure of RNA ensemble makes a 30.0% lesser
prediction error which is measured by the positive predic-
tive value. Moreover, it predicted the unavailable complete
model that apparently comprises the unique native structure
of studied RNA [24].

MFE-Based Secondary Structure Conformations Analysis

MFE-based secondary structures were generated for the
nsp coding genomic regions. This structure was predicted
by MFE-based secondary structure, utilizing a minimum of
free energy. MFE structure was predicted using the Vienna
RNA Website Server [23]. The server uses optimal computer
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folding employing external bases, the loop-based energy
model unique decomposed loops. For predicting the MFE
structure, alternatively, the RNA native structure of a given
sequence is generated for each admissible base pair (isolated
base pairs and stacking base pairs). The energetically best
structure contains that base pair in the context of a minimum
free energy landscape [25].

Entropy & Mountain Plots Analysis Based on the Secondary
Structures

Entropy & mountain plots were generated based on the
secondary structures. Entropy plots represent the thermo-
dynamic assembly of a RNA secondary structure and the
positional entropy of a RNA secondary structure. Entropy
plots were predicted using the Vienna RNA website server
[23]. The entropy and mountain plot are exclusively useful
for long nucleotide sequences where conventional structure
illustrations become a disorder. It is an axis (xy-diagram)
oriented plotting, where the number of base pairs circling a
sequence position versus the nucleotide position. The sets of
computer program transforms a dot plot into the mountain
plot coordinates which the graphical user interface can visu-
alize. The resulting plot displays three significant curves,
two mountain plots derived from the MFE structure (red),
a positional entropy curve (green), and the pairing prob-
abilities (black) [25].

Mountain plots were generated using the same server.
It represents the secondary structure through a height and
informs us of the positional height of an RNA secondary
structure. The height m(k) is allotted by the number of base
pairs included in the base at position k.

Arc Diagrams to Understand the Secondary Structure
Conformations Linearly Both in a Single Manner,
Overlapping Manner, and Trans-RNA-RNA Interactions

The Arc diagrams have been developed through the R-chie
server [26]. Arc diagrams were used to describe the sec-
ondary structure conformations linearly, both in a single &
overlapping manner. To develop the Arc diagrams, the server
used the helix prediction method TRANSAT (TRANSAT
algorithm), which is visualized through the R package and
graphically represented through the line diagram using the
package (R4RNA). Finally, the result will help us to under-
stand trans-RNA-RNA interactions. Using the server, we
have illustrated the trans-RNA-RNA interactions [27].
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3D Structural Conformation Analysis

3D Structural Conformation Based on Line Chain Model
And Wire Model

Predicting the 3D structure of RNA and its proper under-
standing remains a major challenge. The 3D structure can
help components of RNA structures and assist in positioning
the helical regions of RNA. 3D structure conformation of
nsp coding genomic regions (nsp1-16) was developed by
RNAComposer [28, 29]. Here we developed two types of 3D
models: the line chain 3D model and the wire 3D model. The
RNAComposer server is a user-friendly and freely accessi-
ble server target for the 3D structure prediction of RNA (up
to 500 nucleotides). It employs fully automated fragment
assembly-based methods on the RNA secondary structure
detailed by the user. Presently, such novel computational
methods based on the incorporation of distance restraints
resultant strategies are emerging in the field of computa-
tional biology [29].

Identification of Druggable Pockets (Ligand Binding Sites)
in RNA 3D Structures Conformation and Its Comparison
with the Secondary Structure

The identification of druggable pockets is an interesting area
of structure-based drug design [30]. Identification of drug-
gable pockets in RNA 3D structural conformation in the nsp
coding genes using Voronoia 4-ever server [31]. The server
calculates ligand-binding pockets, solvent-free surfaces,
packing defects, etc. It also calculates the packing density
for every atom packing density is denoted by PD, which is
calculated using the following formula:

PD = VvdW/(VvdW + Vse)

Here, using the Voronoi cell method, V 4y is the volume
allocated to each atom, which is just inside the (W field of
the atom. Here, V, is defined as the remaining volume, and
it is excluded from the solvent.

GC Content and GC-Profile Analysis Throughout
the nsp Coding Genome

Stability Analysis Through A, T, G, C, and A+T, G+C Content

Scientists have tried to analyze the GC-rich region of the
genome of the virus [32]. It can help to understand the GC
content bias regions. We used the GC content calculator and
calculated A, T, G, C, and A+T, G+C content of the nsp
coding genomic regions (nspl-16) SARS-CoV-2 genome
using the retrieved genome sequence.

GC-Profiling to Understand the Content

We have analyzed GC-profiling of the whole genome of
SARS-CoV-2 through a GC-profiling plot through the GC-
Profile server. We have evaluated GC-profiling of the nsp
coding genomic regions of the virus through GC-profiling
plot through the GC-Profile server and finally compared
the GC-profile of both the regions (the nsp coding genomic
regions and whole genome). GC-Profile server uses a seg-
mentation algorithm to estimate the GC-Profile. In the seg-
mentation algorithm, the genome order index is calculated,
which is denoted as S. The S is defined as follows:

S=SP)=a’+c*+g° 4+t

GC-Profile is a web-based, interactive software system
mainly used to analyze eukaryotic and prokaryotic genomes.
It offers a qualitative as well as a quantitative view of organ-
ism genome organization. Server-based results also repro-
duce the relationships among the G+C content and other
significant genomic landscapes, e.g., distributions of CpG
islands and genes, which are also analyzed comprehensibly.
This proved that GC-profile is an appropriate early point
for analyzing the isochore structure of higher eukaryotic
genomes and identifying genomic islands in prokaryotic
genomes [33].

Finally, the server presented a cumulative GC-profile of
the genome or the nsp coding genomic regions.

The entire methodology of our work has been described
through a flowchart (Fig. 1b).

Result
Secondary Structure Conformations

Deep Learning (DL)-Based Secondary Structure
Conformations

Deep learning (DL)-based secondary structures were devel-
oped coding regions of the different nsp (nsp1-16) of the
SARS-CoV-2 genome. It illustrated the DL-based second-
ary structures ORFla and ORF1b regions. The DL-based
secondary structures of ORFla were illustrated through
the coding genomic regions of nspl-11 (Fig. 2A1-Al1).
Similarly, DL-based secondary structures of ORF1b were
illustrated through the coding genomic regions of nsp12-16
(Fig. 2B1-B5). The nspl coding region shows more than
14 internal loops. We also found 2 to 3 larger internal loops
(Fig. 2A1). In this region, long stems are found compared
to other regions. Similarly, the nsp2 coding region shows
more than 14 internal loops (Fig. 2A2). We also found 2
to 3 large internal loops. The bulge loop, multi-branched,
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Fig.2 RNA secondary structure model predicted by deep learning
(DL) of all nsp coding regions (nspl-nsp16) which shows the differ-
ent components of the structure such as stem-loop (SL), multi-branch
loop, pseudoknot, and bulge etc. A1 Secondary structure conforma-
tions of nspl coding gene and their components. A2 Secondary
structure conformations of nsp2 coding gene and their components.
A3 Secondary structure conformations of nsp3 coding gene. A4 Sec-
ondary structure conformations of nsp4 coding gene and their com-
ponents. AS Secondary structure conformations of nsp5 coding gene
and their components. A6 Secondary structure conformations of nsp6
coding gene and their components. A7 Secondary structure confor-
mations of nsp7 coding gene and their components. A8 Secondary
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stem, hairpin loop, and internal loop were also noticed in
this region. Similarly, the nsp3 coding region shows more
number of multi-branched loops. We also found the bulge
loop, stem, hairpin loop, and internal loop in this region
(Fig. 2A3). The nsp4 coding region illustrates three larger
multi-branched loops and several small multi-branched
loops (Fig. 2A4). Again, the nsp5 coding region illustrates
one larger multi-branched loop in conjunction with several
small multi-branched loops (Fig. 2AS5). nsp6 coding region
illustrates one larger multi-branched loop.along with four
medium-sized multi-branched loops other several small
multi-branched loops (Fig. 2A6). Also, we found one larger
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multi-branched loop.along with two medium-sized multi-
branched loops in the nsp7 coding region (Fig. 2A7). In
the nsp8 coding region, a large multi-branched loop along
with a bulge loop, stem, hairpin loop, and internal loop was
noted (Fig. 2A8). Similarly, in the nsp9 coding region, we
found one larger multi-branched loop along with a bulge
loop, stem, hairpin loop, and internal loop (Fig. 2A9). In the
nsp10 coding region, we found bigger multi-branched loops
which the structure complex (Fig. 2A10). However, the
nspl1 coding region’s structure is simpler than other regions
that show a bulge loop, internal loop, and stem (Fig. 2A11).
In the ORF1b regions contain, nsp12 coding region is more
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Fig.2 (continued)

complex compared to other regions where we noted three
multi-branched loops (Fig. 2B1). Similarly, in the nsp13
coding region, we found several internal loops along with
multi-branched loops (Fig. 2B2). Again, the nsp14 coding
region shows five multi-branched loops along with a bulge
loop, hairpin loop, and internal loop (Fig. 2B3). Similarly,
the nspl15 coding region shows three multi-branched loops
along with other structures such as the bulge loop, hairpin
loop, and internal loop (Fig. 2B4). Finally, we found two
multi-branched loops along with other structures, such as
the internal loop, hairpin loop, and the bulge in the nsp15
coding region (Fig. 2B5).

Centroid-Based Secondary Structure Conformations

Like the DL-based secondary structures, we also devel-
oped centroid-based secondary structure conformations of
coding regions for the nsps (nsp1-16) of the SARS-CoV-2
genome. We developed centroid-based secondary struc-
tures of ORF1a, which were illustrated through the coding
genomic regions of nspl-11 (Fig. SIA1-A11). Similarly, the
centroid-based secondary structures of ORF1b were demon-
strated through the coding genomic regions of the nsp12-16
(Fig. SIB1-B5). In both cases (ORF1la and ORF1b), the
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structure of the coding genomic regions of the nspl-16 are
more simple compared to DL-based secondary structures.
The nspl shows three multi-branched loop structures (Fig.
S1AT1). Similarly, nsp2 shows three multi-branched loop
structures (Fig. S1A2). Likewise, nsp3 shows a linear-type
structure, and several stem and loop structures have been
generated from the linear structure (Fig. S1A3). Similarly,
in the nsp4, three multi-branched loops with a bigger loop
structure are noted (Fig. S1A4). In the nspS5, five to six
multi-branched loops are observed with a different bulge.
We also found hairpin loops and internal loops in the struc-
ture (Fig. STAS). In the nsp6, a major multi-branched loop
is observed (Fig. S1A6). Similarly, in the nsp7, two major
multi-branched loops are observed (Fig. S1A7). Also, in
the nsp8, we noted three major multi-branched loops along
with several hairpin loops and internal loops in the entire
structure (Fig. S1AS8). Likewise, in the nsp9, two major
multi-branched loops are noted, and one structure is noted
with a bulge (Fig. SIA9). At the same time, several stems,
hairpin loops, and internal loops were found in the nsp10 in
conjunction with two multi-branched loops (Fig. SIA10).
The nspl1 coding region formed a small structure due to
its small sequence length (Fig. S1A11). Likewise, in the
nspl2, about nine multi-branched loops are noted in the
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structure of the region. We also found several hairpin loops
and internal loops in this region (Fig. S1B1). Similarly, two
significant multi-branched loops are noted, which are associ-
ated together in the nsp13 (Fig. S1B2). The nsp14 developed
a linear-type structure with six multi-branched loops (Fig.
S1B3). Likewise, nsp15 contains four multi-branched loops,
and the middle multi-branched loop encloses two major
bulge structures (Fig. S1B4). Finally, it has been noted that
nsp16 formed two multi-branched loops, and the last multi-
branched loop encloses one major bulge structure. The first
one contains several stems, loops, and hairpin structures
(Fig. S1BS).

MFE-Based Secondary Structure Conformations

Like the DL-based and centroid-based secondary structures,
we also developed MFE-based conformations of coding
regions of the nsps (nsp1-16) of the genome of the virus. We
developed MFE-based secondary structures of ORFla with
the coding genomic regions of nspl-11 (Fig. S2A1-A11).
Likewise, the ORF1b was demonstrated through the MFE-
based conformations of the coding genomic regions of the
nspl12-16 (Fig. S2B1-B5). The nspl shows two main multi-
branched loops (Fig. S2A1). Similarly, nsp2 shows six multi-
branched loop structures (Fig. S2A2). The nsp3 depicts a
linear-type structure with several stems and loop structures
(Fig. S2A3). This MFE-based secondary of nsp3 is similar
to the centroid-based secondary structure. Similarly, It has
been noted aboutgenome identifies host proteins vulnerable
five multi-branched loops in the nsp4 (Fig. S2A4). Five to
six multi-branched loops are observed, a similar type of cen-
troid-based secondary structure (Fig. S2A5). In the nsp6, we
have also observed five to six multi-branched loops (Fig.
S2A6). Likewise, in the nsp7, one major multi-branched
loop is observed. We noted the bulge in the structure (Fig.
S2A7). Similarly, in the nsp8, we noted three major multi-
branched loops with different components of RNA second-
ary structure. We noted several structural components (stem,
loops, hairpin loop) in the first and last multi-branched
structure (Fig S2A8). At the same time, two major multi-
branched loops are noted in the nsp9, and the last structure
is noted with different structural components (Fig. S2A9).
At the same time, we found two multi-branched loops in the
nspl0 (Fig. 4A10). Similarly, we found a linear structure that
contains about eight multi-branched loops in the structure of
the region (Fig. S2B1). In the same way, we found a linear
structure of the nsp13 (Fig. S2B2). At the same time, we
noted that nsp14 had created a linear-type structure with
five multi-branched loops (Fig. S2B3). It has been noted
that nsp15 contains about three multi-branched loops, and
the middle and last multi-branched loop encloses several
stems, loops, and hairpin loop structures (Fig. S2B4). At
last, we found that nsp16 formed two multi-branched loops,

and the multi-branched loop contained several stems, loops,
and hairpin structures (Fig. S2B5).

Entropy and Mountain Plots Based on The Secondary
Structures

We depicted the entropy and mountain plots of all nsp cod-
ing regions (Fig. S3A1-A11, B1-B5). The nspl shows
entropy and mountain plots. Maximum entropy exhibited 2.0
(in between 300 and 500 locations), and the height is about
40 in the region of nsp1 (Fig. S3A1). Similarly, nsp2 shows.
maximum entropy of 2.0 in between the 1 to 500 location,
and the height is about 100 (Fig. S3A2). The nsp3 illustrates
a maximum entropy of 2.0 (in between 1 and 1000 loca-
tions) and a maximum height of 200 (Fig. S3A3). Similarly,
in the nsp12, we noted the energy peaks with a value of 3
(between 1000-1500 and 20002500 locations). We noted
several energy peaks in those regions. The mountain plot
shows a maximum height of about 120, located in the first
part (Fig. S3B1). In the region of nsp15, we noted maximum
entropy, and it was exhibited at 3.0 (near about 1000 loca-
tion), and the height of the mountain plots is about 60 to 90
(Fig. S3B4). Again, in the region of nsp16, we noted maxi-
mum entropy, and it was exhibited 2.0 to 2.5 (in between
200—400 location, and near about 600) and the height of the
mountain plots is about 40 to 60 (Fig. S3BS5).

Arc Diagrams of the Secondary Structure Conformations
Linearly Both in the Single Manner, Overlapping Manner,
and Trans-RNA-RNA Interactions

The arc diagram illustrates the probable base pair of the
RNA structure which connects the relevant RNA sequence
to the secondary structure. It is depicted as a horizontal line
from left to right (5’ to 3’ ends).

We depicted the Arc diagrams of the secondary structure
conformations linearly both in the single and overlapping
manner for all nsp coding regions (nsp1-16) (Fig. 3A1-A11,
B1-B5). Relating to the TRANSAT algorithm, the nsp1 cod-
ing region shows a high base paring with a value of [1e-06,
1e-05] in the case of a single line. Similarly, it also shows
the high possibility of base pairing in the case of an over-
lapping manner. More linear arc structures were found in
the coding region of nspl, nsp3, nsp4, nsp7, nsp9, nsp10
in the ORFla (Fig. 3A1, A3, A4, A7, A9, A10). Similarly,
we found more linear arc structures in nsp12 and nspl5 in
the ORF1b (Fig. 3B1, B4). It has been noted that the coding
region of nsp7 developed denser linear arc structures in both
cases of single, overlapping fashion among all of the nsps of
ORF1b and ORF1b.
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Fig.3 Arc diagrams of the secondary structure conformations lin-
early both in the single manner, overlapping manner of all nsp coding
regions (nspl-nspl16). A1 Arc diagrams of the secondary structure
conformations in the single manner, overlapping manner of nspl cod-
ing gene. A2 Arc diagrams of the secondary structure conformations
in the single manner, overlapping manner of nsp2 coding gene. A3
Arc diagrams of the secondary structure conformations in the single
manner, overlapping manner of nsp3 coding gene. A4 Arc diagrams
of the secondary structure conformations in the single manner, over-
lapping manner of nsp4 coding gene. A5 Arc diagrams of the second-
ary structure conformations in the single manner, overlapping man-
ner of nsp5 coding gene. A6 Arc diagrams of the secondary structure
conformations in the single manner, overlapping manner of nsp6 cod-
ing gene. A7 Arc diagrams of the secondary structure conformations
in the single manner, overlapping manner of nsp7 coding gene. A8
Arc diagrams of the secondary structure conformations in the single
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manner, overlapping manner of nsp8 coding gene. A9 Arc diagrams
of the secondary structure conformations in the single manner, over-
lapping manner of nsp9 coding gene. A10 Arc diagrams of the sec-
ondary structure conformations in the single manner, overlapping
manner of nspl0 coding gene. A1l Arc diagrams of the secondary
structure conformations in the single manner, overlapping manner of
nspll coding gene. B1 Arc diagrams of the secondary structure con-
formations in the single manner, overlapping manner of nsp12 coding
gene. B2 Arc diagrams of the secondary structure conformations in
the single manner, overlapping manner of nsp13 coding gene. B3 Arc
diagrams of the secondary structure conformations in the single man-
ner, overlapping manner of nspl4 coding gene. B4 Arc diagrams of
the secondary structure conformations in the single manner, overlap-
ping manner of nspl5 coding gene. BS Arc diagrams of the second-
ary structure conformations in the single manner, overlapping manner
of nsp16 coding gene
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Fig.3 (continued)

3D Structural Conformation Analysis

3D structural Conformation Based on Line Chain Model
and Wire Model

We developed the 3D model of the secondary structure
to understand the folding for all the nsp coding regions
(nspl-16) (Fig. 4A1-A11, B1-B5). We have understood the
proper folding of the RNA structure in 3D structure space.
Here we have identified the stem and loop structure in the
line chain and wire model for all the nsp coding regions.
In the ORF1a region, it has been found that the nsp7 cod-
ing region contains more stem structures (Fig. 4A7). At the
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same time, in ORF1b regions, we found that the nsp13 cod-
ing region contains more stem structures (Fig. 4B2).

Presently, understanding the sequence-related RNA helix
conformation is an interesting area. Researchers are also try-
ing to understand the RNA helices pattern of the 3D model
of RNA structure [34]. Several scientists are trying to assess
the bound and unbound form in the RNA 3D model [35].
RNA 3D model of different bound and unbound forms has
been shown in the case of base pairing within RNA helices
of this conformation. We have also understood the packing
of RNA in 3D conformation. Here, we identified the duplex,
branched structure, three-way junction, and four-way junc-
tion all the nsp coding regions (nsp1-16).
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Fig.3 (continued)

Identification of Druggable Pockets (Ligand Binding Sites)
in RNA 3D Structures Conformation and Its Comparison
with the Secondary Structure

Finally, we identified the drug-binding pocket of all the
nsp coding regions (nspl-16). Here, we have represented
the three nsp coding structures (nsp7, nsp12, and nsp13)
(Fig. 5a—c). In all cases, we have shown two drug-binding
pockets in each RNA 3D structures conformation. Each
drug-binding pocket in each RNA 3D structure has been
compared with the secondary structure of RNA predicted
from the nsp coding structures.

These three nsp regions (nsp7, nsp12, and nsp13) code
three significant proteins which are cofactor for RNA-
dependent RNA polymerase (nsp7), RNA-dependent RNA
polymerase, or RdRp (nsp12), helicase or HEL (nsp13). All
these proteins are associated with the viral life cycle. There-
fore, druggable pockets (ligand binding sites) will help iden-
tify the drug candidates targeting these regions, affecting the
viral life cycle. siRNA-based molecules can be predicted
using those druggable pockets. Previously, we identified
siRNA-based therapeutic candidates targeting RdRp [36].
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GC Content and GC-Profile Analysis Throughout
the nsp Coding Genome

A, T, G, C and A+T, G+C Content of the nsp Coding Genomic
Regions (nsp1-16)

Here, we have calculated the A, T, G, C, and A+T, G+C
content of the nsp coding genomic regions from their
sequence space GC-profiling to understand the content of
the nsp coding genomic regions (nspl-16) (Fig. S4A1-A11
and Fig. S4B1-B5). We found that A+T is higher in all the
nsp coding regions than G+C content. The G+C content of
all the nsps (nsp1 to nsp11) of ORF1a are noted as 48.52%,
39.76%, 35.75%, 36.53%, 38.13%, 36.21%,37.39%, 38.22%,
40.12%, 42.45%, 53.80%. At the same time, G+C content of
all the nsps (nsp12 to nsp16) of ORF1b are noted as 37.18%,
38.21%, 38.08%, 34.23%, 35.46%.
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Fig.4. 3D model of the RNA of nsp coding regions (nspl-nspl6)
shows the different structural components in the line chain model
and wire model. A1 3D model (line chain and wire model) of nspl
coding gene. A2 3D model of nsp2 coding gene. A3 3D model (line
chain and wire model) of nsp3 coding gene. A4 3D model (line
chain and wire model) of nsp4 coding gene. AS 3D model (line
chain and wire model) of nsp5 coding gene. A6 3D model of nsp6
coding gene. A7 3D model (line chain and wire model) of nsp7 cod-
ing gene. A8 3D model (line chain and wire model) of nsp8 coding

GC-Profiling of the nsp Coding Genomic Regions (nsp1-16)
and Comparison with the Whole Genome of SARS-CoV-2

We analyzed the GC-profiling of the nsp coding regions of
ORFla and ORF1b. The graph shows the highest peak at
4000 bp and 20,000 bp regions. At the same time, the graph
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i oo Junetion s g,
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Duplex 5
N

Stem loop Stem loop
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gene. A9 3D model (line chain and wire model) of nsp9 coding gene.
A10 3D model (line chain and wire model) of nspl0 coding gene.
A11 3D model (line chain and wire model) of nspll coding gene.
B1 3D model (line chain and wire model) of nspl2 coding gene.
B2 3D model (line chain and wire model) of nspl3 coding gene.
B3 3D model (line chain and wire model) of nsp14 coding gene. B4
3D model (line chain and wire model) of nspl5 coding gene. BS 3D
model of nspl6 coding gene

shows the lowest peak, in between 9000 to 12,000 bp regions
(Fig. 6a).

The GC-profiling of the whole genome shows the highest
peak of 4000 bp and 20,000 bp regions, and suddenly, a very
high peak was noted in the last part of the genome. At the
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Fig.4. (continued)

same time, the graph shows the two lowest peaks, at 9000 to
12,000 bp and around 23,000 bp regions (Fig. 6b).

However, it has been observed that the GC-profile value
of the nsp coding genomic regions (nsp1-16) is less (about
0.375) compared to the whole genome (about 0.38).

Discussion
Presently, researchers are trying to understand the architec-

ture of RNA, especially the RNA structure in the genome
[7, 37]. RNA structure can be utilized in different other
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conditions, such as the different significant scientific events
(host immunity and the evolution of virus) [38]. At the same
time, an understanding of architecture in RNA structures in
secondary structural form and 3D structural form is impor-
tant to illustrate the replication process [14, 39]. Simultane-
ously, researchers are trying to understand the druggable
genome, one of the focus areas for structure-based drug
design. Therefore, RNA structure in the genome component
will help with RNA-targeted drug design [40]. In this direc-
tion, scientists are trying to solve the RNA architecture in
the SARS-CoV-2 genome. Understanding the RNA second-
ary and 3D structure of the SARS-CoV-2-ssRNA genome is
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Fig.4. (continued)

significant in this pandemic scenario and will help the RNA-
targeted therapeutic design. Manfredonia et al. have tried to
evaluate the structural signature of the SARS Cov-2 genome
and identified RNA structural components with therapeutic
significance [21]. In this direction, we have illustrated the
secondary structure, 3D structure rated, and GC-profile of
the nsp coding regions of the SARS-CoV-2 genome. Finally,
we have identified ligand-binding pockets of the nsp coding
regions. Therefore, our study is very significant and will
initiate the discovery of RNA-based therapeutics against
SARS-CoV-2.

Druggable genome-wide therapeutic siRNA discovery
is one of the effective approaches for developing antisense
oligonucleotide therapeutics [41-43]. Cao et al. have stud-
ied the SARS-CoV-2 RNA genome architecture and siRNA-
based therapeutic design. They have identified four observed
siRNAs, and no infection was found in the cell after treat-
ment of siRNAs [7]. Sun et al. illustrated the RNA genome
architecture of the SARS-CoV-2 and further explored
siRNA-based therapeutic design. In this study, researchers

nsp13 nsp15
—

— — e—
nsp12 nspld -7 nept -

Wire model

Line chainmodel

have tried to identify the different genomic regions that are
potential targets for siRNA. The study will help to develop
siRNA-based therapies for SARS-CoV-2 [4]. Previously,
we have also identified siRNAs targeting the mRNA of
RdRp, an example of the RNA-based therapeutic discovery
for SARS-CoV-2. However, we have targeted the mRNA
of RdRp of SARS-CoV-2. Several researchers have tried to
understand the transcriptomic profile of SARS-CoV-2 [37].
It will help to comprehend the SARS-CoV-2 life cycle and
its pathogenicity. At the same time, the study will also help
to explore RNA-based therapeutic design.

The druggability characterization within the SARS-
CoV-2 proteome is a significant effort for viral drug target-
based therapy. Cavasotto et al. [44] measured the functional
role of each SARS-CoV-2 protein encoded from the whole
RNA genome. Subsequently, they analyzed the main struc-
tural landscapes, using the experimental homology mod-
els or structural data using in-depth in silico druggability
assessment of the viral proteome [45].
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Deep learning-based algorithms and tools are important
to illustrate the genome structure [46] and are used regu-
larly for RNA secondary structure generation [47]. Sun et al.
illustrated the RNA genome architecture of the SARS-CoV-2
using a deep learning tool and developed the RNA second-
ary structure of this virus. Along with the conventional
method, our study used the deep learning-based modern tool
to develop the secondary structure of the nsp coding regions
of the SARS-CoV-2 RNA genome. The study compared the
predicted deep learning-based secondary structures and con-
ventional secondary structures (Centroid and MFE-based)
(Table 2).

Simultaneously, we calculated the GC content of the nsp
coding regions. We found that the range of the GC content
was 34.23% to 48.52%. Although, we found the nsp11 cod-
ing region is about 53.80%. However, the sequence length
of this part is too short, so, we have not considered this
region. Again, we evaluated the GC-profile of the nsp coding
regions and compared to the whole SARS CoV-2 genome.
Several other researchers have calculated the GC usage of
SARS-CoV-2. Li et al. calculated the GC usage of the genes
of SARS-CoV-2 and found lower GC content of the genome.
It has been reported that the GC content of the virus coding
sequence is around 38%. At the same time, researchers found
that the GC content of the vertebrates along with the humans
is around 60% [48].

Additionally, our study has identified drug-binding pock-
ets from the RNA genome, and it is a promising approach for
the therapeutic development of SARS-CoV-2 or other infec-
tive RNA viruses. Therefore, our work has immense value.

Limitations

Several researchers have used the next-generation platform
(such as SHAPE-MaP evaluation) to illustrate the architec-
ture of the RNA genome. Due to the lack of resources, we
were unable to find the next-generation platform to develop
the genome architecture of this RNA virus. However, to ful-
fill the limitation, we have used modern algorithms (deep
learning-based algorithms) to illustrate the secondary struc-
ture of the genome structure. We have modeled the 3D struc-
ture of all nsp coding genes due to the lack of the crystal
or cryo-electron structure. However, we urge researchers
to develop crystal or cryo-electron structures of all the nsp
coding genes.

The information-centric terminology in biological sys-
tems can be considered properly when it is embedded in
theoretical biology, and it validates bioinformatics-based
analysis. Successive models and experimental validation

@ Springer

is exclusively required for any scientific experiment. Many
researchers utilizing artificial intelligence are currently
exploring new illustrations of information processing sys-
tems, often inspired by biological systems, e.g., protein-
nucleotide network models and biomolecule pattern recog-
nition. Our study emphasized advanced modeling practices
of nsp coding genomic regions of SARS-CoV-2-ssRNA to
understand and develop RNA-targeted therapeutics using the
druggable genome.

Although all sorts of modeling, structure, and pattern
analysis were considered distinct endeavors, we felt that for
bioinformatics research, they were both desired and should
be united to compare the outcome of such models with
“real” data [49, 50].

Future Prospective

Our data illustrated nsp coding regions of the SARS-COV-2
genome. The data of our work act as the fundamental
resources to unfold more about the SARS-CoV-2 life cycle,
replication, and unknown architecture of the genome. At the
same time, understanding the secondary and 3D structure
of the genome and its composition is important. However,
the secondary structure-guided 3D structure and its identi-
fied ligand-binding pocket will shed light on the druggable
genome for the researcher to develop multiple therapeutics
against the virus.

Conclusion

Our work not only emphasized the secondary and 3D struc-
ture development but also identified all the elements of sec-
ondary structure, such as stem-loop structure, multi-branch
loop, pseudoknot structure, and the bulge structural com-
ponents in the secondary structure in the nsp coding genes.
We also identified the unbound structure, branched structure,
duplex structure, three-way junction, four-way junction, etc.,
in the 3D structure. The study will help to identify the struc-
tural elements of the SARS-COV-2 genome.

Our data of binding pocket identification will offer a pri-
mary platform for RNA-targeted therapeutic development.
It will help identify the druggable genome and unique RNA-
based therapeutic target, which will help structure-based
drug design against SARS-CoV-2. Finally, the identified
binding pocket in the nsp coding regions will help future
researchers to multiple small molecule-based ligand discov-
eries and antisense oligonucleotide therapeutics discoveries
targeting those genomic regions to fight against the virus.
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Fig.5 Identified ligand-binding
pocket in RNA 3D structures
(nsp coding) conformation
guided with the secondary
structure. a Identified ligand-
binding pocket in nsp7 coding
RNA 3D structures conforma-
tion guided with the secondary
structure. b Identified ligand-
binding pocket in nsp12 coding
RNA 3D structures conforma-
tion guided with the secondary
structure. ¢ Identified ligand-
binding pocket in nsp13 coding
RNA 3D structures conforma-
tion guided with the secondary
structure. In every case, we have
shown two binding pockets
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Table 2. (continued)

&

Stem-loop, multi-branch loop noted. The sec-

MEFE-based secondary structures

Centroid-based secondary structures

Approximately 6 stem-loop structure are found Stem-loop, multi-branch loop noted. The sec-

nspl2

ORF1b

SINo Genomic regions nsp coding genes Deep learning-based secondary structures

12

Springer

ondary structure model is conventional ondary structure model found as a typical form

and pseudoknots are noted

Stem-loop, multi-branch loop noted. The sec-  Stem-loop, multi-branch loop noted. The sec-

Approximately one complicated is found with

nspl3

13

ondary structure model found as the typical

form

ondary structure model is typical

pseudoknots

Stem-loop, multi-branch loop noted. This sec-

Approximately 5 stem-loop structure are found Stem-loop, multi-branch loop noted. This sec-

nspl4

14

ondary structure is a typical form

ondary structure looks like a typical model

and pseudoknots are noted

Stem-loop, multi-branch loop noted. This struc-

Stem-loop, multi-branch loop noted. The sec-

Approximately 4 stem-loop structures are

nspl5
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ture found as the typical form

ondary structure model which is developed

by us is typical

found and pseudoknots are noted
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Approximately 8 stem-loop structures are
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ondary structure model found as a conven-
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the structure as a conventional model
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