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Abstract: The continues evolution of coronaviruses has gained considerable attention prior to the outbreak of COVID
19. Although, COVID-19 is currently not recognized as a global pandemic, the virus's ability to evolve and cause
disease outbreaks in both humans and animals necessitates ongoing research into its genetic and structural
characteristics. Therefore, understanding the molecular origin, rapid evolution, as were as the immunogenicity of
coronaviruses is a critical step towards preparing for and preventing future outbreaks. This study aimed to uncover
the genetic diversity and evolutionary relationships among the main viral proteins of SARS-CoV-2 and other related
coronaviruses. Amino acid sequences of structural viral proteins spike glycoprotein, nucleocapsid protein, membrane
protein, and envelope protein were retrieved from the NCBI database for SARS-CoV-2 and 13 other coronaviruses.
Here, we identified that SARS-CoV-2 is closely related to BatCoV RaTG13 and Pangolin-CoV, suggesting their
potential role in the emergence of the virus. Additionally, we predicted novel epitopes, glycosylation sites, and
cleavage sites, identifying three novel glycosylation sites (NATR, NXSN, and NGTK) and six new CTL epitopes
(XSNQVAVLY, NSFTRGVYY, NATRFASVY, STQDLFLPF, NSASFSTFK, and ASFSTFKCY). Our comparative
analysis revealed that BatCoV RaTG13 has the closest cleavage site to SARS-CoV-2, with significant similarities also
observed with Pangolin-CoV. The study highlighted the unique features of SARS-CoV-2, including its furin cleavage
site, which may account for its high infectivity during the pandemic. These findings contribute to the understanding
of SARS-CoV-2 evolution and its relationship with other coronaviruses, providing critical insights for the
development of broad-spectrum vaccines and antiviral therapies.

Keywords: coronavirus; SARS-CoV-2; spike protein; phylogenetics; CTL epitope; antigenic

1. Introduction

Coronaviruses (CoVs) are a group of viruses that mostly infect humans and wide range of animal
species [1]. They can cause different kinds of diseases, ranging from mild to severe respiratory, hepatic,
and neurologic conditions [2,3]. SARS-CoV-2 is the third coronavirus that can pass from animals to
humans, after SARS-CoV and MERS-CoV [4], and the seventh coronavirus that can infect humans [5]. It is
the cause of the COVID-19 outbreak that emerged in December 2019 [6]. Many human coronaviruses like
HCoV-229E, HCoV-NL63, SARS-CoV, and MERS-CoV are believed to have originated in bats [7,8].
Additionally, CoV-OC43 and CoV-HKU1 are thought to have passed from rodents to humans [9,10].
However, the details of how these coronaviruses evolve in bats are still unknown, and the exact pathways
through which they are transmitted from natural reservoirs to humans remain to be fully elucidated.

Coronaviruses have four main types of proteins: spike (5), envelope (E), membrane (M), and
nucleocapsid (N) [11]. In SARS-CoV-2, the genome is protected by the N protein, which is closely associated
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with the M protein, often called the matrix protein. The outer envelope of the virus is made up of the E
protein [11,12]. The N protein helps the virus replicate and has two parts: the N-terminal domain and the
C-terminal domain, both of which can bind to RNA on their own [13-15]. The E and M proteins are crucial
for assembling the virus, its pathogenesis, and budding off from cells [16,17]. Meanwhile, the S proteins on
the virus’s surface form trimers and are key for recognizing and entering host cells [18,19].

Molecular and phylogenetic analysis could yield an important understanding of how viruses evolve and
spread [20]. Though this method may not generally provide immediate clinical solutions, it offers promise for
developing targeted therapies [21,22]. From the onset of the COVID 19 pandemic till date, plenty studies have
been conducted to understand the phylogenetic relationships and immunogenic potential of different
coronaviruses. In one comprehensive study, Oliviera and colleagues identified conserved B and T cell epitopes
in the SARS-CoV-2 nucleocapsid protein [23]. However, the study was limited to nucleocapsid protein,
overlooking other important viral proteins, such as the spike protein which plays crucial role in immune
response and vaccine efficacy [24,25]. In addition, failure to account for all relevant coronaviruses could limit
the discovery of many potential cross-reactive epitopes. Similarly, Chen and colleagues conducted a
phylogenetic analysis to trace the evolutionary origin and unique niche among human coronaviruses —SARS-
CoV, SARS-CoV-2, and MERS-CoV [26]. While their findings provided insights into evolutionary history, they
mainly come from phylogenetic analyses, which might not capture all the factors affecting how the virus evolves
and adapts to hosts. Another recent study by Lopes used bioinformatics to explore possible cross-reaction
between SARS-CoV-2 and other mammalian coronaviruses by identifying similar protein regions [27].
However, like Oliviera's work, it failed to account for all relevant viral strains.

In summary, while recent studies have shed powerful light on the phylogenetic interconnections
among coronaviruses [28-31], they often focus on only a subset of viral proteins or strains [23,24,26,27].
Few studies have comprehensively addressed both the phylogenetic and immunogenic aspects of
coronaviruses considering all relevant strains and functional proteins [32-35]. Furthermore, the detailed
mechanisms of the evolutionary changes and the structural adaptations owing to glycosylation and
receptor binding in coronaviruses remain underexplored.

In this study we aimed to address these limitations by examining all relevant coronaviruses and their
protein sequences to gain insights into their ancestral relatedness, cross-reactive epitopes, and potential
immune escape mechanisms. Briefly, we leveraged web-based tools to determine whether different
coronaviruses structural and antigenic variations could yield insights into their evolutionary relationships
and ability to escape the immune system. This study could provide crucial insight to support the further
development of vaccines, therapeutics, and diagnostic tools, as well as for preparing for future outbreaks.

2. Materials and Methods

2.1. Coronavirus Sequence Data Source

The nucleotide and protein sequences of the four viral proteins were extracted in FASTA format from the
Microbial Genomes and Protein Resources at the National Center for Biotechnology Information (NCBI)
[https://www.ncbi.nlm.nih.gov]. Among the list are sequences for SARS-CoV-2, BatCoV BM48-3, HCoV-229E,
HCoV-HKU1, Ty-BatCoV HKU4, Ty-BatCoV HKU33, HCoV-NL63, HCoV-OC43, Pangolin-CoV, BatCoV
RaTG13, and Pi-BatCoV HKU5, MERS-CoV, and SARS-CoV-2 (refer to Supplementary Table 1 for details).

2.2. Antigenic Variation Prediction

To assess the variation among structural viral proteins from various coronaviruses, we performed
pairwise sequence alignments using EMBOSS Needle software (version 6.6.0) available at
https://www.ebi.ac.uk/Tools/psa/emboss_needle/ [36]. EMBOSS Needle aligns two input sequences
globally using the Needleman-Wunsch algorithm. The alignment parameters included a gap open penalty
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of 10, a gap extend penalty of 0.5, and the BLOSUMBS62 protein alignment matrix. The software computes
the optimal alignment along the entire length of the sequences, including gaps. We analyzed the percentage
of gaps, similarity, and identity in the alignments, as well as the alignment length and score.

2.3. Antigenic Relationship and Structural Divergence

Amino acid sequences were aligned using ClustalW. We then used Molecular Evolutionary Genetics
Analysis (MEGA) X software to construct phylogenetic trees for the spike glycoproteins, nucleocapsid,
envelope, and membrane proteins [37]. The analysis employed the maximum composite likelihood method
and the unweighted pair group method with arithmetic mean (UPGMA) [38,39]. This approach assessed
the structural divergence of these proteins among the studied coronaviruses and evaluated their antigenic
similarities.

2.4. Variation in Glycosylation Pattern of Spike Glycoproteins

Amino acid sequences of spike glycoproteins were analyzed using NetNGlyc 1.0 online software
https://www.cbs.dtu.dk/services/NetNGlyc/ to predict glycosylation sites [40]. This analysis aimed to identify
differences in the glycosylation patterns of spike glycoproteins, which may affect viral attachment to host cell
surfaces.

2.5. Prediction of Cleavage Sites

The cleavage sites for 3CL proteinase as well as furin were predicated for the spike glycoproteins. We
used NETCorona http://www.cbs.dtu.dk/services/NetCorona/ for the 3CL proteinase [41]. The NETCorona
utilizes artificial neural networks to to predict cleavage sites based on known sites from seven coronavirus
family members, reflecting the conservation of these sites within the family.

For furin cleavage sites, ProP 1.0 https://services.healthtech.dtu.dk/service.php?ProP-1.0 was utilized [42].
This tool predicts cleavage positions based on arginine and lysine propeptides using neural networks.
Additionally, the SignalP 3.0 server, integrated into ProP 1.0, was used to predict the presence and location of
signal peptide cleavage sites. Predictions were considered significant with a score greater than 0.5.

2.6. Epitope Prediction and Variation in Spike Glycoprotein

To identify and compare Cytotoxic T Lymphocyte (CTL) epitopes within the spike glycoproteins, we used
the NetCTL 1.2 online tool http://www.cbs.dtu.dk/services/NetCTL/ (Larsen et al., 2007). This software predicts
CTL epitopes based on three key factors: the efficiency of transporter associated with antigen processing (TAP),
proteasomal cleavage patterns, and MHC class I affinity. These predictions reveal variations in epitope
presentation across different spike glycoproteins, proteasomal cleavage, and MHC class I affinity [43,44].

3. Results

3.1. Phylogenetic Analysis and Pairwise Sequence Alignment of Coronavirus Proteins

The phylogenetic trees constructed from the structural viral proteins (spike, membrane, envelope and
nucleocapsid) demonstrated the ancestral origin and distant evolutionary relationships of the newly
emerged SARS-CoV-2 (Figure 1). It was found that SARS-CoV-2 was related to BatCoV RaTG13, Pangolin-
CoV, Bat SARS CoV and BatCoV BM48-31. In all the trees, SARS-CoV-2 aligned with the same clade of
BatCoV RaTG13, Pangolin-CoV, Bat SARS CoV and BaTCoV BM48-31. However, the phylogenetic analysis
revealed that SARS-CoV-2, BatCoV RaTG13 and Pangolin-CoV originate from the same immediate
common ancestor. Three bat-originated coronaviruses; HKU4, HKU5 and HKU33, and five human-
originated coronaviruses; MERS, HKU1, OC43, 229E and NL63, were found to have divergent relationships
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with SARS-CoV-2. However, Ty-BatCoV HKU4 and Pi-BatCoV HKUS5 showed ancestral relationships with
MERS-CoV. Moreover, HKU33, of bat origin, always showed a phylogenetic relationship with the human-
originated coronaviruses 229E and NL63. Three bat-originated coronaviruses (HKU4, HKU5, and HKU33)
and five human-originated coronaviruses (MERS, HKU1, OC43, 229E, and NL63) were found to have
divergent relationships with SARS-CoV-2, suggesting their potential for future zoonotic spillovers and
emphasizing the need for continuous viral monitoring.
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Figure 1. Phylogeny study of SARS-CoV-2 with twelve other members of coronavirus family. A
phylogenetic tree was constructed with (A) Spike glycoprotein, (B) Envelope protein, (C) Membrane protein
and (D) Nucleocapsid protein of SARS-CoV-2 with HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-NL63,
HCoV-HKUI1, Bat SARS CoV, MERS-CoV, Ty-BatCoV HKU4, Ty-BatCoV HKU33, Pi-BatCoV HKUS5,
BatCoV BM48-31 and Pangolin-CoV by using UPGMA.

The results suggest that major proteins of SARS-CoV-2 were more aligned with BatCoV RaTG13 and
Pangolin CoV structural proteins. Pairwise sequence alignment by EMBOSS Needle strengthened the
phylogenetic relationship of SARS-CoV-2, BatCoV RaTG13 and Pangolin CoV. The identical and similarity
patterns of SARS-CoV-2 proteins with their homologous proteins of other coronaviruses is indicated in
Table 2. It has been revealed that SARS-CoV-2 proteins were highly similar and identical to BatCoV
RaTG13 and Pangolin CoV than SARS-COV proteins. The spike, envelope, membrane and nucleocapsid
proteins of SARS-CoV-2 showed approximately (89.8% and 97.3%), (100% and 100%), (97.7% and 99.1%)
and (97.1% and 98.3%) nucleotide similarities with the respective protein molecules of Pangolin CoV and
BatCoV RaTG13. Again, in the case of identity pattern, results showed that spike, envelope, membrane and
nucleocapsid proteins of SARS-CoV-2 were (94.0% and 98.2%), (100% and 100%), (98.6% and 99.1%), and
(98.1% and 98.6%) identical with the respective homologous proteins of Pangolin CoV and BatCoV RaTG13.

Table 2. Pairwise sequence alignment of structural proteins of SARS-COV-2 and other coronaviruses using

the EMBOSS Needle.
SARS- Alignment (%)
CoV-2
Bat Pangolin- BatCoV HCoV- HCoV- MERS- HCoV- Ty- HCoV- HCoV- BatCoV Pi-BatCoV
structural
SARS CoV RaTG13 OC43 NL63 CoV HKU33 BatCoV HKU1 229E BM48-31 HKU5
proteins
CoV HKU4
S protein *85.1 94.0 98.2 43.6 35.2 45.7 36.1 46.3 44.1 39.4 82.1 47.0
*744 89.8 97.3 29.4 233 30.0 225 31.7 28.0 26.4 71.5 324
***33 0.9 0.3 20.3 34.7 17.3 34.0 18.0 23.7 27.7 2.7 16.3
E protein *96.1 100.0 100.0 44.0 52.6 46.3 53.8 16.1 45.1 444 97.4 443
**94.7  100.0 100.0 23.8 17.9 354 17.9 6.7 26.8 24.7 92.1 29.5
*** 1.3 0.0 0.0 10.7 5.1 8.5 7.7 68.8 8.5 12.3 1.3 21.6
Mprotein ~ *95.9 98.6 99.1 56.0 50.2 58.3 55.7 14.7 53.3 51.3 91.2 59.1
**89.2 977 99.1 37.9 29.1 39.9 29.8 7.4 33.9 30.7 85.9 422
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0.5 0.0 0.5 52 11.0 2.2 2.6 68.4 4.0 3.9 2.2 3.6
N protein ~ *93.6  98.1 98.6 48.0 39.1 58.4 38.9 57.0 46.2 35.5 91.9 58.0

**89.8 971 98.3 32.5 26.2 44.7 27.8 43.9 31.5 24.2 86.9 43.1

0.7 0.0 0.0 20.5 219 15.1 27.8 16.2 21.9 27.0 1.0 12.0

*: Identity percentage, **: Similarity percentage, ***: Gap percentage.

3.2. Antigenic Site Determination and Epitope Variation Analysis

The spike proteins of SARS-CoV-2, SARS-COV, BatCoV RaTG13, BatCoV BM48-31 and Pangolin CoV
were used to determine the most antigenic sites by employing the NetCTL 1.2 epitope prediction tool. The
NetCTL server, which gave a score well above the threshold value of 0.75, revealed the antigenic potential
required to stimulate a protective response in host organisms (Flower et al., 2017). From the analysis, a total
of 37 epitopes from the S proteins were found to be mostly antigenic in SARS-CoV-2, with almost 100% of
peptides carrying more than the threshold value of the antigenic score of the NetCTL server (Table 3).
Similarly, the other four coronaviruses (SARS-COV, BatCoV RaTG13, BatCoV BM48-31 and Pangolin CoV)
also showed the presence of epitopic candidates in their spike proteins with values exceeding the antigenic
threshold. Moreover, there were variation among the peptides present at the various epitopes in the spike
proteins of the five coronaviruses including the recently emerged coronavirus SARS-CoV-2.
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Table 3. Comparative analysis and prediction of spike glycoproteins antigenic sites (CTL cell epitope) of SARS-CoV-2 with Bat SARS CoV, BatCoV é
RaTG13, BatCoV BM48-31 and Pangolin-CoV. 'g
SARS COV 2 SARS COV RaTG13 Pangolin BM48-31 §
Site Epitope Site Epitope Site Epitope Site Epitope Site Epitope ;’
865 33 FSSSRRGVY 30 NSSTRGVYY 857 _ 851 LTDEMIAAY é
258 34 SSSRRGVYY 50 LTQDLFLPF 257 FSAAYYVGY 158 YTSAANCTY —
604 XSNQVAVLY 48 RSDVLHLTQ 83 - 600 TSNQVAVLY 591 ASSSVAVLY 5
361 CVADYSVLY 50 DVLHLTQDY 136 679 VSSQAITAY 352 CVADYSVLY o
733 KTSVDCTMY 54 LTQDYFLPF 152 WMESEFRVY 83 VLDFKDGIY 801 RSFIEDLLY o
746 STECSNLLL 61 PFDTNLTRY 160 _ 31 NSSQRGVYY 719 KTSVDCNMY r",;
652 73 NMDSATKVY 162 SANNCTFEY 357 CVADYSVLY 732 STECSNLLL rsn
196 86 TLPFGDGIY 192 FVFKNIDGY 725 KTSVDCTMY 193 NVDGFLYVY rén
160 144 YAISNEQHY 196 254 WTVFSAAYY 468 CSAEGLNCY >
152 WMESEFRVY 149 EQHYKSWVY 258 - 648 GAEHVNNTY 571 ILDIAPCSY o
162 SANNCTFEY 153 KSWVYQNAY 261 GAAAYYVGY 195 NVDGYFKIY 604 CTDVPTMLH é
687 VASQSIIAY 157 YQNAYNCTY 285 ITDAVDCAL 151 WSTREFAVY 35 PSSRRGFYY -
30 NSFTRGVYY 175 DTAPQTGNF 296 LSETKCTLK 59 FYSNVSWYY 432 SLDSSNEFF %
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392 245 TTSNFLPEV 357 RISNCVADY 339 NATTFASVY 384 FSSVYADYF %
261 GAAAYYVGY 276 ITDAIDCAQ 361 CVADYSVLY 47 NTLVLSQGY 487 SSGIGFQPY N
357 RISNCVADY 334 NASRFPNVY 372 TSFSTFKCY 136 CYDPYLSGY 641 GAAYDNSSY N
465 ERDISTELY 348 KISDCVADY 392 _ 388 _ 364 ASFSTFQCY
285 ITDAVDCAL 352 CVADYTVLY 465 ERDISTELY 353 RISNCVADY 866 GTATAGFTF
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3.3. Comparative Analysis and Prediction of Spike Glycoprotein Glycosylation Sites

The glycosylation sites for the retrieved spike glycoproteins of the various coronaviruses were
predicted (Table 4). A comparative analysis has demonstrated that 14 of SARS-COV-2 glycosylation sites
can be found in other coronaviruses. Besides, three (3) novel glycosylation sites (NGTK, NXSN and NATR)
were found in SARS-CoV-2. BatCoV RaTG13 had the most common sites (14) with SARS-COV-2, followed
by Pangolin CoV (10), BatCoV BM48-31 (6), SARS-CoV (5), BatCoV HKU33 (5), BatCoV HKU5 and MERS-
CoV (2), and CoV-229E, CoV-HKU1 and BatCoV HKU4 (1). None of the predicted glycosylation sites of
CoV-OC43 and SARS-CoV-2 were common. These novel epitopes identified in SARS-CoV-2 can be critical
for the development of peptide-based vaccines and should be prioritized for experimental validation.These
glycosylation sites play crucial roles in viral infectivity and immune evasion, and their novel positions in
SARS-CoV-2 could provide insights for antiviral drug design targeting glycosylation processes.
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Table 4. Comparative analysis and prediction of spike glycoprotein glycosylation sites.

SARS CoV-2 MER-CoV HCOV-NL63 HCOV-0C43 RATG13 Pangolin CoV SARS CoV HKU5 BatCoV BM48-  HCOV-229E HCOV-HKU1 BatCoV HKU4 BatCoV HKU33
31
Position Site Position Site  Position Site Position  Site Position  Site Position Site Position Site Position  Site Position  Site  Position Site  Position Site  Position Site  Position Site

1o sjunidaid-mmm) Bio°syulidald

61 NVTW 244 NITE 155 NVTR 59 NTTL 17 NLTT 278 NGTI 273 NGTI 250 NYTI 665 NVSS 542 NCTD 114 NKTL 172 NYSL 253 NGTS
282 NGTI 66 NITI 426 NVSA 133 NTSY 30 NSST 62 NVSW 361 NSTS 73 NITL 66 NLTW 1049  NYTV 433 NVTI 415 NLTK 1227 NKTL
234 NITR 410 NLTK 187 NATV 146 NSTQ 61 NVTW 18 NLTG 231 NITS 17 NLTR 163 NCTY 671 NLSS 19 NCTN 762 NYTS 370 NISA
616  NCTE 487 NLTT 1218 NKTL 202 NFTY 122 NATN 233 NITK 162 NCTY 29 NGTG 231 NITY 243 NVSQ 726 NLTD 1144 NYTN 772 NVTV
74 NGTK* 719 NSSL 852 NLSS 363 NMSS 149 NKSW 612 NCTE 65 NLTR 617 NCTS 334 NITS 1037 NKTL 192 NVST 71 NITL 778 NFTV
1194  NESL 1225 NSTG 193 NVTT 441 NVSV 165  NCTF 112 NTSQ 588 NCTD 418 NLTK 603 NCTD 326 NITL 564 NVSC 227 NASL 1256  NLSD
122 NATN 104 NYSQ 844 NVTS 448 NPST 234 NITR 366 NSTS 115 NTTQ 174 NHTL 126 NGTH 538 NGTY 454 NLSS 492 NVTI 374 NRTF
17 NLTT 592 NDTK 1111 NGTH 496 NGSC 282  NGTI 1186  NESL 1162  NESL 167 NRTG 273 NGTI 98 NGTG 58 NTTI 1226 NSTD 1121 NGTH
717 NFTI 1288  NYTY 98 NASV 639 NATY 331 NITN 122 NATN 322 NITN 590 NDTS 116 NTTQ 62 NTSS 1251 NLTL 241 NCTF 866 NITN
149 NKSW 125 NSTG 276 NATG 666 NRTF 343 NATT 148 NKTW 298 NVSK 111 NYSS 173 NIST 518 NFTS 440 NPSS 869 NLTL 995 NITN
165  NCTF 222 NASL 301 NFSA 686 NSSE 370 NSTS 709 NFTI 769 NFsQ 132 NKTG 787 NFsQ 930 NGTH 705 NISL 1147 NVTA 1266 NKSQ
801  NFsQ 1277 NESY 119 NSSS 729 NSTA 603 NASN 164 NCTF 84 NPTL 760 NFTS 322 NITQ 220 NVTT 797 NFTI 480 NPTC 289 NQTG
603  NXSN* 870 NLTL 506 NISL 1184 NNTW 616  NCTE 793 NFsQ 1066 NGTS 867 NLTM 541 NSTK 440 NVTL 251 NETL 1289  NYTY 316 NATT
331 NITN 166 NHTL 203 NYTV 1214 NYTK 657 NNSY 31 NSSQ 685 NFSI 495 NLTT 1120 NNTV 663 NVSS 666 NKTY 1289 NYTY 655 NGTY

1134 NNTV 619 NCTA 178 NYSC 1224 NTSI 705 NNSI 327 NITN 125 NSTH 483 NPTC 1180  NESL 1066  NLTS 188 NFTY 132 NSTG 338 NFSC
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343 NATR* 475 NPTC 403 NVTT 713 NFTI 1126 NNTV 575 NASS 1226  NSTD 590 NASS 147 NNTL 29 NTTV 30 NTSE 733 NCTD
1098 NGTH 1176 NNTR 626 NCTK 797  NFsQ 599 NTSN 124 NNST 1214 NLTN 703 NFSI 1082 NYTV 686 NASS 1174 NQTT 1239 NYTT
1160 NPTN 1247  NLSS 1070  NFTT 1090 NGTH 334 NASR 1145 NATA 646 NSSY 23 NTSY 1225 NHSV 624 NCTA 205 NATT
236 NCTF 24 NLSM 1094 NGTH 653 NNTY 629 NASY 1289  NYTF 1084 NGTH 176 NETT 111 NYSL 1210 NITT
330 NSSS 1130 NNTV - 339 NATT 1102 NNTV 1172 NQTT 361 NSSA 171 NTTI 1242 NVTS 415 NFSS
111 NTTF 1154 NHTS 1066  NFTT 244 NCTF 1159 NASV 568 NVSY 723 NNSL 343 NTST
35 NSST 1169  NASV 1165 NASV 1278  NESY 333 NETK 384 NATE
723 NCTT 1190  NESL 1150  NHTS 1242 NVSS 1015  NVTF 1278  NDSY
354 NSTI 701 NNSI 771 NSTG 581 NLSI 162 NTSA
512 NTSV 716 NSSM
358 NTTH

Italicized and bolden sites indicate common glycosylation sites, asterisks indicate (*) new glycosylation site in SARS-CoV-2.
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3.4. Predicted Cleavage Sites and Site Position of the Retrieved Spike Glycoproteins

The 3CL pro cleavage site was predicted for SARS-CoV-2, BatCoV BM48-3, BatCoV RaTG13,
Pangolin CoV, SARS-COV, BatCoV HKUS5, BatCoV HKU4, CoV-229E and CoV-NL63, whilst no 3CL
pro cleavage site was predicted for MERS-CoV, BatCoV HKU33, CoV-HKU1 and CoV- OC43 (Table
5). By comparing the predicted cleavage site position of the other coronaviruses spike glycoproteins
to SARS-COV-2 predicted cleavage sites, BatCoV RaTG13 had the nearest cleavage site position to
SARS-CoV-2 cleavage site, followed by Pangolin CoV, BatCoV BM48-31 and SARS-CoV. This
variation in cleavage sites can inform the development of specific inhibitors targeting these protease
sites to hinder viral replication.

Table 5. Prediction of spike glycoprotein cleavage sites.

Coronavirus Position Cleavage site
SARS-CoV-2 1000 TGRLQMSLQTY
BatCoV BM48-31 988 TGRLQMSLQTY
BatCoV RaTG13 998 TGRLOQASLQTY
Pangolin-CoV 994 TGRLOQMNSLQTY
Bat SARS CoV 970 TGRLOQ"SLQTY
Pi-BatCoV HKU5 859 TQPLQ"AGLNG
Pi-BatCoV HKU5 1107 CVKSQ"SKRNG
HCoV-229E 282 TSPIQASVELP
Ty-BatCoV HKU4 1109 CVKSQ"SKRNG
HCoV-NL63 646 RSSNQNSLAGG
Ty-BatCoV HKU33 NONE
MERS-CoV NONE
HCoV-HKU1 NONE
HCoV-OC43 NONE

3.5. Predicted Furin Cleavage Site and Signal Peptide Cleavage Site

Predictive analysis reveal the presence of Furin cleavage site in SARS CoV 2, Pi-BatCoV HKUS5,
HCoV-NL63, HCoV-HKU1, HCoV-OC43, MERS-CoV but furin cleavage maturation in SARS CoV,
BatCoV BM48-31, BatCoV RaTG13, Pangolin-CoV, HCoV-229E, Ty-BatCoV HKU4 ,Ty-BatCoV
HKU33 was absent. This analysis confirms that among coronaviruses in the subgenus Sarbecovirus,
Sars CoV 2, BatCoV RaTG13, Pangolin-CoV and Sars CoV, Sars Cov 2 is the only Sarbecovirusvirus
with furin cleavage site SI/S2 (Figure 2A, B, C, D, E). The presence of this unique furin cleavage site
in SARS-CoV-2 may account for its high infectivity and could be targeted in therapeutic strategies to
mitigate viral entry into host cells.
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Figure 2. Graphical presentation of Furin-type cleavage site prediction (Arginine/Lysine residues).
Table 6. Summary of predicted furin cleavage site among coronaviruses.
Coronavirus Furin Cleavage sequence Score Signal  peptide
site position cleavage position
SARS-CoV-2 685 NSPRRARISV 0.620 13 and 14
BatCoV BM48-31 NONE None 15 and 16
BatCoV RaTG13 NONE None 13 and 14
Pangolin-CoV NONE None 14 and 15
Pi-BatCoV HKU5 745 TSSRVRRIAT 0.822 21 and 22
884 TGERKYRIST 0.507
HCoV-229E NONE None 21 AND 22
Ty-BatCoV HKU4 NONE None 20 and 21
HCoV-NL63 863 LPQRNIRISS 0.519 15 and 16
Ty-BatCoV HKU33 NONE NONE 16 and17
MERS-CoV 751 LTPRSVRISV 0.563 17 and 18
887 TGSRSARISA 0.707

1113 VKAQSKRISG  0.512



https://doi.org/10.20944/preprints202409.0901.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 September 2024

HCoV-HKU1 759 SSSRRKRIRS 0.675 13 and 14
AGW27881.1 758 SSRRKRR |SI 0.878

HCoV-OC43 757 SKNRRSRIGA 0.551 14 and 15
SARS CoV NONE NONE 15 and 16

4. Discussion

Human coronaviruses evolve from zoonotic transmission, and bats are commonly reported as
reservoirs for such zoonotic viruses [45]. While COVID-19 is no longer a pandemic, understanding
the genetic and structural characteristics of SARS-CoV-2 and related coronaviruses remains crucial
for future preparedness. Our findings suggest that the unique features of SARS-CoV-2, including the
novel glycosylation sites and distinct furin cleavage sites, may potentially contribute to the higher
infectivity. This may ultimately provide valuable targets for developing broad-spectrum vaccines
and antiviral therapies.

The output from the phylogenetics tree demonstrated that SARS-CoV-2, Pangolin-CoV and
BatCoV RaTGI13 share similar characteristics, and pairwise alignment indicated maximum
similarity and identity between these variants. These findings are in accordance with previous
studies that reported similar results [46—49]. Considering the diversity and similarities among
coronaviruses, it is evident that frequent genetic recombination among various strains might lead to
the emergence of new coronaviruses [50,51]. Like other coronaviruses, SARS-CoV-2 shares
similarities with the six coronaviruses that infect humans but our phylogenetic studies suggest that
SARS-CoV-2 is not a direct descendant of any of the six. However, it represents a divergence from
coronaviruses that infect humans

The pairwise sequence analysis of SARS-CoV-2 spike glycoproteins with the other coronaviruses
reveal a high similarity between RaTG13, Pangolin-CoV, Bat SARS CoV and BatCoV BM48-31,
respectively. Although Pangolin-CoV and BatCoV RaTG13 revealed a 100% similarity in its envelope
protein to SARS-CoV-2, a structural divergence was observed during the analysis of the
nucleocapsid, membrane and spike proteins as BatCoV RaTG13 and Pangolin-CoV showed a
similarity of 98.3% and 97.1% for nucleocapsid and 91.1% and 97.7% for membrane proteins.
Accordingly, it is clear that the six human coronaviruses widely diverge from SARS-CoV-2
supporting the findings from the phylogenetic tree.

Antigenic epitope site determination analyses of coronavirus proteins were performed to
determine the potential CTL epitopes that would interact efficiently with B lymphocytes to initiate
an immune response against specific antigens [52]. Epitope sites were determined for the spike
glycoproteins of SARS-CoV-2, BatCoV RaTG13, Pangolin-CoV, Bat SARS CoV and BatCoV BM48-31.
SARS-CoV-2 was identified to have a total of 36 highly immunogenic CTL epitopes followed by
BatCoV RaTG13 (38), Pangolin-CoV (41), Bat SARS CoV (40), and BatCoV BM48-31 (45) epitopes. The
antigenic sites of SARS-CoV-2 were also compared with the other four coronaviruses spike
glycoproteins. Higher levels of conservation among antigenic epitope sites of SARS-CoV-2, BatCoV
RaTG13 and Pangolin-CoV were observed and this supports the claim that SARS-CoV-2, BatCoV
RaTG13 and Pangolin-CoV evolve from a more recent ancestor [47,53]. Comparison between the
antigen recognition site of SARS-CoV-2 and Bat SARS CoV spike glycoproteins showed a wide
structural diversity among the two strains. Hence, it is evident that therapeutic agents used for
treating severe acute respiratory syndrome diseases cannot be effective and efficient against COVID-
19 [54,55]. Screening of predicted epitopes of SARS-CoV-2 spike glycoproteins with BatCoV RaTG13,
Pangolin-CoV, Bat SARS CoV and BatCoV BM48-31 revealed six new CTL epitopes; XSNQVAVLY,

d0i:10.20944/preprints202409.0901.v1
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NSFTRGVYY, NATRFASVY, STQDLFLPF, NSASFSTFK and ASFSTFKCY that may be responsible
for the unique antigenic response of SARS-CoV-2. These novel CTL epitopes can be a target site for
the development of peptide-based vaccine. The spike glycoprotein of SARS-CoV-2 is considered to
be responsible for host specificity and is also the main receptor binding domain [56].

The SARS-CoV-2 spike glycoproteins were found to share fourteen out of its seventeen
glycosylation sites with other coronaviruses, with majority of its glycosylation sites found in BatCoV
RaTG13 (14 glycosylation sites) and Pangolin-CoV. Additionally, three novel glycosylation sites—
NATR, NXSN and NGTK —were identified in the spike glycoprotein of SARS-CoV-2, suggesting that
the virus might use a unique glycosylation mechanism to interact with its receptors. These
glycosylation sites are potential targets for antiviral drugs that can interfere with viral attachment
and entry into host cells. Analysis of the spike glycoproteins using the 3C-like protease tool revealed
that the cleavage site for SARS-CoV-2 is 1000 amino sequence away from the start codons of the spike
glycoproteins. 3C-like protease cleaves proteins to generate functional proteins such as single-
stranded RNA-binding protein, RNA-dependent RNA polymerase (which is the main replicase of
coronaviruses), helicase, exoribonuclease and endoribonuclease [57]. A comparative analysis of the
SARS-CoV-2 cleavage site position revealed that BatCoV RaTG13 has the nearest cleavage site to
SARS-CoV-2 at 998, whiles Pangolin-CoV has its site at 994. BatCoV BM48-31 and Bat SARS-CoV also
have nearby cleavage sites at 988 and 972, respectively. In contrast, other human coronaviruses
showed a wide variation in cleavage site position suggesting a major difference in their spike receptor
binding protein and mechanism of replication from SARS-COV-2, Pangolin-CoV, BatCoV RaTG13,
BatCoV BM48-31 and Bat SARS CoV. These variations might stem from gaps observed during
pairwise alignment, as all these gaps appeared before the cleavage site position. Inhibiting the activity
of 3C-like protease prevents replication since viral replication apparatus will not be produced [58,59].
Cleavage sites can serve as a target site for drug design [60]. Therefore, further research into designing
3C-like protease inhibitors against coronaviruses is warranted.

Furin is expressed at low level in the Golgi apparatus cells and has been shown to play a vital
role in viral pathogenesis by cleaving polybasic or multi-basic sites such as those found in influenza
virus subtypes H5, H7 and Mers CoV [61,62]. SARS-CoV-2 furin cleavage at the 51/52 boundary
primes the spike for an open conformation necessary for interaction to the ACE2 entrance receptor
[63,64]. The presence of a unique furin cleavage site in SARS-CoV-2 at the S1/52 boundary primes the
spike for an open conformation necessary for interaction with the ACE2 receptor. This could explain
the highly infectious nature of SARS-CoV-2 compared to phylogenetically closely related viruses of
the Sarbecovirus subgenus. Targeting the furin cleavage site may be a promising therapeutic
approach to block viral entry into host cells [62,65].

Taken together, future research should focus on validating the identified CTL epitopes and
glycosylation sites through experimental studies, exploring their potential as targets for antiviral
drugs and vaccines. Additionally, understanding the mechanisms behind the unique features of
SARS-CoV-2, such as its furin cleavage site, can provide deeper insights into viral pathogenesis and
inform the development of novel therapeutic strategies.

5. Conclusions

This study has revealed the genetic diversity among the structural proteins of SARS-CoV-2,
BatCoV BM48-31, BatCoV RaTG13, Pangolin-CoV, Bat SARS CoV, Pi-BatCoV HKU5, HCoV-229E,
Ty-BatCoV HKU4, HCoV-NL63, Ty-BatCoV HKU33, MERS-CoV, HCoV-HKU1, HCoV-OC43. The
phylogenetic analysis of nucleocapsid, membrane, envelop and spike protein showed that SARS-
CoV-2, BatCoV RaTG13 and Pangolin-CoV are closely related and evolved from an immediate
common ancestor. Further characterization of spike glycoproteins using predicted epitopes, pairwise
alignment, glycosylation site and cleavage site position proved that BatCoV RaTG13 is closely related
to SARS-CoV-2 than the other coronaviruses. Also, SARS-CoV-2 showed six unique epitopes, three
unique glycosylation sites and a unique furin cleavage site which can contribute to development of
peptide-based vaccine as well as monitoring the consequences of glycosylation, enzyme cleavage and
antigen binding variations during the process of SARS-CoV-2 infectivity.
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