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Abstract: The Spike (S) protein of the SARS-CoV-2 virus that causes the COVID-19 disease is consid-
ered the most important target for vaccine, drug and therapeutic research as it attaches and binds
to the ACE2 receptor of the host cells and allows the entry of this virus. Analysis and classification
of newly determined S protein structures for SARS-CoV-2 are critical to properly understand their
functional, evolutionary and architectural relatedness to already known protein structures. In this
paper, first, the comparative analysis of SARS-CoV-2 S protein structures is performed. Through
comparative analysis, the S protein structures in the PDB (protein data bank) database are compared
and analyzed not only with each other but with the structures of other viruses for various parameters.
Second, the S protein structures in PDB are classified into different variants, and the associated
published literature is studied to investigate what kind of therapeutics (antibodies, T-cell receptors
and small molecules) are used on the structures. This is the first study that classifies the S protein
structures of the SARS-CoV-2 in PDB into various variants, and the obtained comparative analysis
results could be beneficial to the research community, in general, and to crystallographers and health
workers, in particular.
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1. Introduction

SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) virus [1] that causes
the COVID-19 disease was initially identified in late 2019. This virus belongs to the family
of single-strand RNA viruses. Their shape is spherical to pleomorphic and their length is
between 80 and 160 nm. The genome of this virus contains 6 to 12 open reading frames
(OREFs). The rest of the genome encodes four structural proteins (Envelope (E), Membrane
(M), Nucleocapsid (N) and Spike (S)) and some non-structural proteins (Figure 1). ORF1b,
the main reading frame, produces ppla and pplab polyproteins that are cleaved by the
PLP™ (papain-like protease) and 3CLP™ (3C-like cysteine protease). 3CLP™ is also called
MPT® (main protease) [2—4]. Spike protein is a trimeric class I glycoprotein located on the
surface of the viral envelope and contains the S1 and S2 subunits. S1 contains binding
domains, such as the receptor-binding domain (RBD) and the N-terminal domain (NTD),
and S2 contains a fusion peptide and two heptad repeats (HR) 1 and 2 domains that
contribute to the virus’s fusion [5].

SARS-CoV-2 can enter the cell membrane of the host when the S protein interacts
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with a receptor present on the host surface called “angiotensin-converting enzyme 2”
(ACE2) [6-10]. Thus, the role of the S protein is fundamental in the pathogenesis, transmis-
sion and virulence of SARS-CoV-2. Compared to SARS-CoV, the S protein of SARS-CoV-2
binds to ACE2 with a higher affinity [11]. After binding, the entry of SARS-CoV-2 depends
on the S protein priming process. This process is carried out by TMPRSS2 [8] (Figure 1),
which is a type 2 serine protease present on the host cell surface. Blocking or preventing
the binding of S proteins with ACE2 receptors is considered the first and most important
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approach to block cell entry and stop the COVID-19 disease. The S protein is therefore
considered the most important target for the COVID-19 vaccine, drug developments and
antibody blocking.
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Figure 1. SARS-CoV-2 structure, binding and entry in the host. ACE2 and TMPRSS2 are the main
determinants of entry. S protein uses ACE2 for binding and TMPRSS2 for its activation.

The S protein interaction with the ACE2 receptor can be found by using structural
biology techniques, such as Cryo-EM (electron microscopy) and X-Ray crystallography.
These techniques elucidate the 3D (three-dimensional) structures of proteins and their
conformational changes. X-Ray crystallography provides high-resolution structural infor-
mation about macromolecules. It is relative, cheap, simple and can produce a high atomic
resolution. The Cryo-EM technique provides macromolecular structures at near-atomic res-
olution. Cryo-EM has certain advantages over X-Ray crystallography, such as avoiding the
crystallization bottleneck and requiring lower protein amounts. Since the emergence of the
SARS-CoV-2 virus, its protein structures are deposited at a fast speed in online databases.
Some famous databases are protein data bank (PDB) [12] and Electron Microscopy Data
Bank (EMDB) [13]. Until 5 November 2022, more than 195,000 protein structures are de-
posited in PDB. These online databases allow researchers to analyze any particular viral
structure, its function and its molecular basis. These structures are used for (1) validating
drug targets, (2) assessing the ability of the target drug, (3) characterizing the ligands,
small molecules and other tool compounds that bind to the drug targets, (4) guiding the
medicinal chemistry optimization of binding affinity and (5) overcoming the challenges in
pre-clinical drug development.

Almost all proteins in general share structural similarities with each other due to the
principles of chemistry and physics. These principles put a limitation on the number of
ways a polypeptide chain in structures can be folded into a compact globule. Comparing
and classifying new 3D protein structures can reveal biologically hidden and interesting
similarities. These insights can contribute to a better understanding of not only the evolu-
tion but the structural architecture and protein’s function, particularly for those that share
little with well-characterized proteins in terms of sequence identity. These insights are
important for drug discovery, identifying new folds for protein and for the proteome’s
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phylogenetic analysis. Considering the large number of S protein structures currently
available in the PDB, we focus on comparative analysis and classification of the S protein
structures of SARS-CoV-2. More specifically, the S protein structures of SARS-CoV-2 in PDB
are analyzed and compared not only with each other but also with the protein structures of
other viruses through structural alignment, similarity matrix, structures imposition and
phylogeny. Moreover, the S protein structures of SARS-CoV-2 in PDB are classified into
different variants. The associated published literature, in the last two and a half years,
that offer structures for the S protein of SARS-CoV-2 is reviewed to study the therapeutics
(antibodies, T-cell receptors and small molecules) used on the structures. We believe that
obtained results by comparative analysis and structures classification could be beneficial
to the research community, in general, and to crystallographers, biochemists and health
workers, in particular.

2. Methods

DALI (Distance matrix alignment) server [14,15] is used for the comparison and analy-
sis of SARS-CoV-2 S protein structures. DALI is famous for protein structures comparison
and can be used to compare new structures with existing structures in PDB.

In order to maximize the DALI score, a set of one-to-one correspondences between the
protein (sub)structures A and B are optimized:

ZD)

C i) (1)
0, ifi=]

where LALI represents the number of residue pairs that are aligned, D =20 A, 6 = 0.2 and
dl‘?, dﬁ represent the intra-molecular Ca—Cax distances in structures A and B, respectively.
The expected Dali score (Equation (1)), for random pairwise comparison, increases with the
number of amino acid residues in the proteins that are being compared.

Z-Score: The statistical significance of a pairwise comparison score is described by the

DALI Z-score (Zap):

LALI x—LALI (6 —

A, B 2
z‘dgfdf; (dij+dij
]:ISLIAB § i=1 j_l

- DALIAB — m(L)
Zap = = 2)

where L = /L4 Lp is the average length of A and B. A large set of random pairs of struc-
tures is used to empirically derive the relation among m (mean score), L and ¢ (standard
deviation). A polynomial fit gave the following approximation:

(L) = {795 +071L 0.000259L2 — 0.00000192L3, if L < 400 @)
- m(400) + L — 400, if L > 400

The empirical estimate for o was o(L) = 0.5 x m(L). Now, for every possible pair of
domains, the Z-score is computed and the highest value is identified as the Z-score for
a protein pair. Thus, Z-score reported by DALI is an optimal score for similarity that is
defined as the sum of equivalent residue-wise Cax—Co distances between two proteins.
In other words, the 3D coordinates of proteins are used in the calculation of the Z-score
to measure the degree of similarity among proteins. For two proteins, the large Z-score
indicates more similarity that corresponds to the optimized set of residue equivalence
discovered through the Monte Carlo optimization permutation of equivalent structural
patterns. A Z-score < 2 is considered as spurious similarity and can be ignored.

Root Mean Square Deviation (RMSD): RMSD is a numerical measure of the differ-
ence between two structures and shows how well they align. For two protein structures A
and B, RMSD can be calculated as follows:

1
RMSDAB = \/N Zfil d(ai, bi)z (4)
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where N is the number of Cx atoms, and d(a;, b;) distance is the difference in position of
atom i in each molecule.

DALI supports three types of database searches: (1) PDB, (2) PDB25 and (3) AlphaFold
(AF). DALI uses two strategies, pairwise and all against all, for structures comparison. The
S protein structure of SARS-CoV-2 with PID 6VSB [11] (deposited to PDB on 10 February
2020) is used as the query structure. 6VSB is a 3D, 3.5 A Cryo-EM-based SARS-CoV-2
S structure in the prefusion conformation. The main reason to select 6VSB as a query
structure is that it is one of the earliest S protein structures deposited in PDB.

The COVID-19 coronavirus resource in the PDB website (rcsb.org) offers a quick
link “www.rcsb.org /news/feature /5e74d55d2d410731e9944{52 (accessed on 19 November
2022)” to the submitted (1) Main proteases, (2) Spike proteins and RBDs and (3) Papain-
like proteinases of SARS-CoV-2. More than 1000 and 500 S protein and MP™ structures,
respectively, of SARS-CoV-2 are present in the PDB. Each structure in PDB is associated
with a paper link that deposited that structure to the PDB. For the S protein structures, the
associated literature was collected and analyzed/read for the variants types and to see
what kind of antivirus drugs were used on the S protein structures. The S protein structures
and the published literature from PDB were collected in the time period 15 March 2022 to
20 September 2022.

The published literature related to the S protein structures of SARS-CoV-2 was also
retrieved from the Web of Science (WoS) Core collection database. The keywords used for
the articles collection were “Cryo-EM”, “SARS-CoV-2”, “COVID-19” and “Spike”. In total,
WoS found 158 articles. After excluding the review articles, the total number of articles
was 143. The temporal distribution of collected articles is listed in Table 1. We found that
half of the S protein structures were deposited to PDB in 2021, while the other half in 2020
and 2022. The top five most cited papers [6,11,16-18] determined the S protein structures,
respectively.

Table 1. Year-wise distribution of SARS-CoV-2 S protein structures publications.

Year Documents (%)
2020 26 (18.2)
2021 75 (52.4)
2022 42 (29.4)

3. Results

The query structure 6VSB is compared with other protein structures in the PDB using
DALI with four search subsets: PDB25, PDB50, PDB90 and PDB (or PDBall). DALI uses the
subsets because the PDB database is highly redundant as the 3D structures of some proteins
and their mutants are determined in various conditions. PDBall contains all structures in
the PDB. Whereas PDB25, PDB50 and PDB90 are non-redundant subsets of PDB structures.
In the PDB25 subset, those structures in PDB that are less than 25% identical in sequence
are found. PDB50 and PDB90 search return PDB structures that are less than 50% and
90% identical in sequence. The three different sequence identity levels are derived from
PDB using CD-Hit [19]. Thus, for 6VSB, DALI returned 46, 91, 178 and 2115 similar PDB
structures in PDB25, PDB50, PDB90 and PDBall, respectively. Table 2 lists the most similar
structures to 6VSB on the basis of the Z-score. The percent identity of aligned amino acids
is also listed along with the Z-score. We also used BLAST [20] to see the first 100 similar
structures to the query structure. The S protein structure of SARS-CoV-2 with PDB ID 7LQV
has 100% identity while 6ZPO has 95% identity. Interestingly, all the 100 similar structures
returned by BLAST belonged to the S protein structures of SARS-CoV-2.
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Table 2. Similar SARS-CoV-2 S protein structures. Structures highlighted in purple are S protein
structures in complex with antibodies. Bold PBD IDs (PIDs) represent those S protein structures that
are present in multiple search strategies.

Parameters PDB25 PDB50 PDB90

48 (7AD1 (48.8, 97%), 7N9C (48.1,99%),
7RAS (48.1,97%), 7SN3 (47.8, 97%), 7TKE8
(47.6), 98%), TLAA (47.4,99%), 7TPH (47.3,

96%), 7QIP 47.2, 96%), 7NS6 (47, 98%),
7C2L (46.6, 98%), 6XKL (46.6, 99%), 7LCN

(46.1,99%), 7TMO (46, 97%), 7VX7 (45.8,
98%), 7THK (45.3, 98%), 7NDB (45.3, 99%),

7MTC (44.8, 100%), 7MTD (44.4, 99%),
7MTE (44.3, 100%), 7SBT (44.1, 94%),

3 (7NIE (42.9, . o
SARS-CoV-2 1 (7E9T 96%), 7Q09 (26.2, 7N0G (43(.]9, 98%), 7FCE (403.2, 99%), 7TOU
S protein (10.8, 78%)) 73%), 7E9T (43.1, 99%), 7VXF (43, 99%), 7CN9 (42.9,
(10.8, 78%) 96%), 7N9E (42.8, 96%), 7P7A (42.7, 98%),
- 7WVO (42.5,97%), 7TLA (42.5, 99%), 7R15
(42.2, 96%), 7ECD (41.3, 98%), 7WP9 (41.3,
97%), 7SG4 (41.3,79%), 7TGE (41.2, 97%),
5X5B (40.1, 73%), 7WEV (39.6, 99%), 7N9T
(39.5, 96%), 71.2D (38.3, 99%), 6ZGH (37.5,
99%), 7T9] (35.1, 98%), 7SBR (35.1, 98%),
7KRQ (33.9, 99%), 7TL1 (33.6), 96%, 6ZOZ
(32.9,99%), 7Q09 (26.2 73%), 7E7X (22.1,
88%), 7SOE (20.6, 92%), 7E9T (10.8, 78%)
S protein of
other 8 10 22
viruses
Other 37 78 108
Total 46 91 178

In the exhaustive PDB25 search results, only one structure (PID: 7E9T, Z-score of 10.8)
belongs to the S protein of SARS-CoV-2 and eight structures are S protein structures of
other viruses (listed in Table 3). 7E9T is the structure of the SARS-CoV-2 S protein in
the post-fusion state that provided insights into the design of a viral entry inhibitor [21].
The remaining 37 are other structures that belong to other species and proteins/enzymes.
Similarly, with PDB50/PDB90 search, 91/178 similar structures are found, out of which
10/22 structures belong to the S protein of the SARS-CoV-2 and 78/108 belong to the
other. The majority of the structures in Tables 2 and 3 belong to the RBD region of S, with
some belonging to the NTD region. The structures 7N9E, 7N9T and 7N9C belong to a
group of nanobodies-bound RBDs of S protein structures that targets epitopes of three
different classes [22]. Similarly, 7RAS is the structure of SARS-CoV-2 S RBD antigenic
site Il in complex with a human monoclonal antibody (MAb) S2X259 [23]. In Table 3, the
structures 6NB3, 6NB4 and 6NB6, 6NB7 are the S protein structures for MERS and SARS-
CoV, respectively, with neutralizing antibodies (NAbs) LCA60 and S230 in different states,
respectively [24]. Whereas 7AK] is the SARS-CoV S protein structure with the NAb 47D11.

In PDB25 and PDB50, the percentage of the similar protein structures that are same
to the S protein of SARS-CoV-2 is approximately 2.17% and 3.29%, respectively. Whereas
in PDBY0, the percentage is 27.5%. In the PDBall search, 2115 similar structures are found.
Note that similar structures found in PDB25 are present in PDB50 and structures found
in PDB50 are present in PDB90 and so on. From Table 3, we can see that the S protein
structures of SARS-CoV-2 are similar to other coronaviruses (SARS-CoV, bat coronavirus
and MERS-CoV, particularly) and to the viruses from other animals, such as pangolin,
bat and mouse. Indeed, earlier genome sequencing also shows that SARS-CoV-2 is more
similar (79%) to its predecessor (SARS-CoV-1), 50% to MERS-CoV and 96% to RaTG13
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(bat coronavirus) [1,7]. In PDB50, the S structure of SARS-CoV-2 with PID 7QQO9 is for the
Omicron variant that was deposited to PDB within 1 month after the first emergence of
the Omicron variant on 24 November 2021. The calculated RMSD value of 7Q0O9 against
the wild-type S (6VSB) structure in [25] was 2.4 which includes particular modifications to
the surfaces and local conformations involved in the antibody recognition. DALI’s RMSD
value for these structures is 2.5. In PDB90, the structures that belong to various variants are
Alpha (7KE8, 7R15, 7KRQ), Beta (7RA8, 7Q9P, 7VXFE, 7WEV, 7N9T, 7E7X), Gamma (7SBT),
Delta (7TPH, 7TOU), Omicron (7TM0, 7THK, 7WVO, 7WP9, 7TGE, 7T9], 7TL1, 7Q09) and
Kappa (7SBR). The similar protein structures given in Table 3 for PDBall are those that are
present in the first 1000 similar structures. For three search strategies (PDB25, PD50 and
PDB90), the percent identity computed by DALI is different from BLAST. Overall, BLAST
returned high similarity for structures compared to DALI.

Table 3. Similar S protein structures of other viruses. Structures in complex with antibodies are

highlighted in purple.
Search Strategy PID Z-Score, % Identity Blast % Identity Spike Protein
7CN8 44.8,94 92.25 Pangolin (PCoV_GX)
6CS2 35.7,78 76.51 SARS-CoV
6NNZK 335,31 35.82 Coronavirus OC43
6NB4 32.7,32 34.73 MERS-CoV
PDB25 5108 27.4,31 37.86 Prefusion human coronavirus HKU1
6CVO0 26.2,25 35.69 Avian infectious bronchitis coronavirus
6M15 25.8,26 32.69 Rhinolophus bat coronavirus HKU2
6] X7 17.8, 20 32.86 Feline infectious peritonitis (FIP) virus
6NB3 34.2,30 35.82 MERS-CoV
6VV5 31.0,28 33.89 Porcine epidemic diarrhea virus (PEDV)
PDB50 6B7N 30.5,27 31.01 Prefusion porcine delta coronavirus
557S 30.1,28 29.86 Human coronavirus NL63 spike trimer
7C2L 46.6, 98 99.75 Duvenhage virus phosphoprotein
6NB7 40.7,77 75.63 SARS-CoV
7BBH 39.3,92 89.27 Smuggled Guangdong pangolin
6NB6 39.2,33 75.63 SARS-CoV
7AK]J 34.5,79 73.15 SARS-CoV
PDBI0 5WRG 326,77 74.75 SARS-CoV
6VS] 30.6, 29 36.14 Mouse coronavirus
6U7H 30.3,27 55 Human coronavirus 229E
6U7K 12.5,12 59 PEDV
6M3W 109,71 89.82 SARS-CoV
7CN4(C) 44,95 94.48 Bat coronavirus RaTG13
6CRW(C) 437,78 76.61 Escherichia virus T4
6ZGF(B) 43,97 95.66 Bat coronavirus RaTG13
PDBall 6CRX(B) 43,76 76.61 Escherichia virus T4
6CS1(C) 424,78 76.61 Escherichia virus T4
6CRZ(B) 423,76 76.61 Escherichia virus T4
6CS0(B) 423,76 76.61 Escherichia virus T4

We perform some more analysis by using the pairwise comparison in DALI to examine
the similarity of the S protein structures of SARS-CoV-2 with the protein structures of other
viruses. The 10 most similar structures (7CN8, 6CS2, 6NZK, 6NB4, 6]X7, 5108, 6CV0, 6M15,
7E9T and 3AFK) alignment with the query structure in DALI is performed. More than
970 amino acids (AA) (Figure 2) and secondary structure elements (SSEs) (Figure 3) in
11 structures were aligned. Among 10 structures, only 7E9T is the S protein structure of
SARS-CoV-2. Eight structures (listed in Table 2) belong to the S protein structure of other
viruses, such as pangolin (7CN8), SARS-CoV (6CS2), human coronavirus OC43 (6NZK),
MERS-CoV (6NB4), human coronavirus HKU1 (5108), avian bronchitis coronavirus (6CV0),
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Rhinolophus bat coronavirus HKU2 (6M15) and Feline infectious peritonitis (FIP) virus
(6]X7). 3AFK is the crystal structure of Agrocybe aegerita lectin AAL. The structures at the
top show the similar structures that share many frequent AAs at various positions. The
most frequent AAs are Leucine (L), followed by Valine (V), Threonine (T), Alanine (A) and
Serine (S), respectively. The structures at the bottom are not that much similar as they share
less same AAs. Pangolin-CoV S structure (7CN8) is more similar to the query structure

followed by 6CS2 and 6NZK.

5 g 5 5 1 3 5 5 : 100 2 3 3 g 1
6vsbB AYINSFTRGVYYPDKVFRSSVLHSTQULELPF: SNVTHF-NPVLPFNDGVYFASTEKSN IRGNIFGTTL DK QSLL IVNNATNVVIK/CEFOFCNDPFLSEFRVYSSANNCTFEYVSOPS L KNLREFVEKN DGYFXIYSKHTPPQGE
7cn8A CYINSSTRGVYYPDKXUFRSSILHLTQULFLPF:SNVTHF  NPVLPFNDGVYFASTEKSN I IRGRIFG T TLD> " 7QSLL IVNNATNVVIK/CEFOFCT DPFLGEFRVYSSANNCTFEYISO - - - KNLREFVFKN DGYFXIYSKHTPPRGE
6cs2A S GVYYPDEIFRSOTLYLTQULFLPFYSNVICFHNPVIPFADGIYFALTEKSNV VRGN VFGSTMNKSQSVI I INNSTNVVIRACNFELCDNPF! NASNCTFEYIS! KHLREFVFKNYDGFLYVY! PPEGF
€nzkA DIVDVLGIYYVLDR' NIT GYYPTSGS N“A SEF NVS FHFYCECGTFYAYFTDT
énb4C DVDGIIYPOCRIYSNIT QGLFPYLG! VHOFANG. GSEFEN v T CILE NLENCTRMY LEWE S
63x7A D 1 NVTADV: F
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6cvOR s ¥¥ NGWHLHCG. SSESNN--R F
emlSA L RGLSNTTTVITGAYP GVY. s VHRP-ANANV. P F FURI
TeSth
3afkA NIYN DIVIE:S LHI E VA
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énb4C LRVYDTT IPAAFYVYKIQPLTFLLDESVDGY IRFATDCCENDLSOL SFOVESGVYSVSSFEAKPSCSUV
63x7A DVNG-TVITRLEYC-DSPLNRIK F N
$1083 LFSLYLGTILSHYVMPLEYRVI PLSRROYLLNFOERGVITHAVDCSSS FLSEIQCKT OSFAPNTGVYDLS VYRRIPNL NNVSVPSPLNWERR T FSNCNENLSTLL DSFSCNNLDKSKI
6cvoR LAYFVN-GTAQDVILCDGSPRGLLAC GEYPFIN: FIV N E--TGA! v NFNF-SFLS--SF ™
emlSA 13 TGP L GAVT 2D LOCKLRLEDI PEGVYSNS P N4SV-CP NY
TeSth
3afkh K s

g : z : [ 3 : z g 400 z z 3 : 1
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6cs2h STOLIK “VNENENGLTGIGVLIPS: FOPFQUF
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énb4C ANDTKQLGNCVEYSLYGVSGRGV! x QRF
63x7A K:D ¥
$108A CFVSITVDKFAL DLOLGSSGFLOSSNYKID QLYYSLP s FLGHSFD. CNIFSNFIF, SGTTCSNLYSNTISTGVCVNYDLYGITGOGI FREVSA o
6cvOA sV YCCP G GGS N 16
€mlSA K GW Y TEQGVLYESNETF: N
Tescta
3afkA

g g 5 g 500 3 z 9 8 | E g 3 g 600
6vsbB GRDIZDITDAVRDPQTLEILDITPCSFGGVSVITPGINTS) VAVLYQDVNCTEV NVFQTRAGCLIGAEHVNNSYECDIPIGAGIC SOSITAYTMSLCAENSVAYSNNSIAIPINFTISVITE SMIKISVDCIMYICGDS
7Ten8A GRDISDITDAVRDPQTLEILDITPCSFGGVSVITPGINTSN UVAVLYQDVNCTEV Y SACVFQTRAGCL GAEHUNNS YECDIP /GAGI CSYHSHSITAYTMSLCAENSVAYSNNSIAIPTNFTISVITE SMIKTSVDCTMYICGDS
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Figure 2. Structural alignment of AAs in 10 protein structures against the query structure. The
most frequent AA type in each column is colored. For example, purple residues (S, T, N and Q) are
uncharged, brown residues (R and K) are polar positively charged, blue residues (D and E) are polar
negatively charged, dark green residues (F, Y, W and H) are non-polar except histidine (positive) but
they are aromatic, light green residues (A, V, I and L) are non-polar residues and yellow residue (C) is
a special case. The uppercase letters that are bold show conserved structurally equivalent positions

VNNTVYDPLQPE
NNTVYDPLQPELD
YON
NI-VID
YV
YITLT

with the query structure and non-color regions are variable regions.
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Figure 3. Alignment of SSE (assigned by the DSSP) in 10 protein structures against the query structure.
Alpha helices (H) and coil (L) are represented with dark and light green color, while beta sheets
(E) with blue color.

In the secondary structure, the two most common elements of a protein are a-helices
and B-sheets (consist of B-strands). Traditionally, the secondary structures of a protein are
characterized with three general states: (1) coil (C), (2) helix (H) and (3) strand (E). The
Dictionary of Secondary Structure of Proteins (DSSP) [26] offers a finer classification of
the secondary structures with eight states: (1) a-helix (H), (2) 310 helix (G), (3) rr-helix (I),
(4) B-strand (E), (5) bridge (B), (6) turn (T), (7) bend (S) and (8) others (C). From Figure 3,
the most frequent SSE are L, followed by H and E. Figure 4 also confirms that considered
structure for superimposition with the query structure has more L, followed by H and E.
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Figure 4. Ribbons structures of (a) 7CNS8, (b) 7Q07, (c) 6CS2, (d) 6NZK, (e) 6]X7 and (f,g) sequence
and structural conservations mapped onto the query structure. The color map for conservation
mapping in DALI spans from blue (which shows the highest values) through green to red (which
shows the lowest values). (f,g) Sequence and structural conservation of the five structures against the
query structure, respectively. Blue color regions in (f,g) show high sequence and structural similarities
in five structures. The green color in (f), which can be seen frequently, shows fewer similarities and
the yellow color shows more dissimilarities. The green color in (g) represents strands of barrel that
have reversed the direction in some structures. The A chains of all structures are used in comparison
against the query structure.

Next, some protein structures from Tables 2 and 3 are compared against the query
structure in the 3D structure view. The superimposition view provides sequence conserva-
tion and structure conservation. In the 3D superimposition view, the S protein structures
for pangolin (Figure 4a), SARS-CoV-2 Omicron (Figure 4b), SARS-CoV (Figure 4c), human
coronavirus OC43 (Figure 4d) and FIP virus (Figure 4e) are superimposed on the query
structure (Figure 4f,g). DALI also computes traditional measures such as RMSD and LALI
(the number of equivalent residues). In 3D superimposition, the RMSD value shows the
average deviation in distance among the aligned Coc atoms. RMSD value is 1.0 for those
sequences that are half (50%) identical. Against the query structure, 6CS2 has the lowest
RMSD value (1.9), followed by 7Q0O9 (2.5), 6NZK (3.4), 7CN8 (3.6) and 6JX7 (5.7). Whereas
7CN8 (6NZK and 6CS2) has 965 (876 and 796) aligned C-a traces (a reduced complexity
representation to only show the « carbons of the AA), followed by 6JX7 (558) and 7Q0O9
(487). 6JX7 has the most equivalent AA residues (1245), followed by 6NZK (1175), 7CN8
(1125), 6CS2 (891) and 7QO9 (588). 7CN8 has more aligned AA (94%), followed by 6CS2
(78%), 7Q0O9 (73%), 6NZK (31%) and 6]JX7 (29%). Thus, the FIP virus structure is most
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dissimilar to the query structure. All the proteins in secondary structures have more coil
(loop), followed by helix and strands.

The similarity matrix (Figure 5a) based on the Z-score of 6VSB with 61 other structures
and dendrogram (Figure 5b) shows that 6VSB is closest to pangolin coronavirus structures
(7CN8 and 7BBH) and occupies a dominant position in the fold cluster. In the literature,
various studies suggested that bat and pangolin species are the most natural reservoir of
SARS-CoV-2. Moreover, Zhang et al. [27] reported the structures for pangolin (PCoV_GX,
PID: 7CN8) and bat (RaTG13, PID: 7CN4) S proteins. They found that in the overall
structure, the S RBDs of PCoV_GX and RaTG13 are very similar to the RBD of SARS-
CoV-2. The structural comparison of PCoV_GX, RaTG13 and SARS-CoV-2, their binding
strength with ACE2 and their efficiency in facilitating pseudovirus cell entry suggest the
cross-species transmission and evolution of SARS-CoV-2. Note that the bat RaTG13 (PID:
7CN4) structure is not included in the similarity matrix as DALI did not find this structure
similarity with the query structure in the search subsets (PDB25, PDB50 and PDB90).

4asmB

L——{ smawa
7e3tA

6qldP
[ 6aboA

S24gA

=0T SwruE

7btxL

2c12A
6m15Z

(a) (b)

Figure 5. (a) Similarity matrix, based on Z-score. The query structure is closest to pangolin structures.
(b) Structural similarity dendrogram. The presence of the query structure with the PCoV_GX S
structure suggests that pangolin-CoV is the closest relative of SARS-CoV-2. The similarity matrix can
be further divided into three main clusters. The 18 similar structures (PIDs: 7CN8, 7BBH, 6NB7, 6NB6,
6CS2, 7AK], 6NB4, 6NB3, 6VV5, 6U7K, 6NZK, 6VS], 55ZS, 6U7H, 6B7N, 6JX7, 5SWRG and 6CV0)
that form a cluster at the middle left are the S protein structures of other viruses (Table 3). Another
small cluster, containing PIDS 6N3R, 6L6A, 4XZP, 4HLO, 2WSU, 3WUC, 3AFK and 1ULDY, at the right
middle mostly contains protein structures for Lectin and S-type Lectins (also known as Galectin)
that are sugar-binding proteins of type E. coli. The third cluster (PIDs: 4ASM, 4AWD, 50CQ, 4WZF,
5NDL, 5GMT, 6KCV, 7C8F, IMVE, 1KIT and 5MQR) at the top right is for the structures of an enzyme
that belongs to Lyase and Hydrolase. The phylogeny, which shows the evolutionary relationship,
of the 62 proteins as a dendrogram is shown in (b). Labels are linked to structural summaries. The
average linkage clustering of the 62 structures based on the DALI Z-score is used to generate the
phylogeny. The dendrogram groups the most strongly similar structures quite well. Again, one can
see that the 18 structures for the S protein of other viruses form a clade of closely related structures.
Similarly, Lectin (Galectin) and Lyase (Hydrolase) form their own clades. Some structures such as the
bottom four (6YS], 6YE], 7BTX and 4ZEL), with low Z-score values, are the outgroup as they are less
related structures to 6VSB. Note that the branching order gets more or less arbitrary nearer the root.
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The scatterplot (Figure 6) is for the relationship of RMSD with Z-score. As the struc-
tures are compared against 6VSB, the cluster for S protein structures is far from other two
on the basis of high Z-scores. For the S protein structures, the outliers (6VV5, 6U7K, 7E9T
and 6]X7) occurred due to low Z-scores, while for other two structure clusters, the outliers
(2WSU and 5MQR, 5WRU) occurred due to high RMSD values. Some S protein structures
such as 6U7H, 6B7N and 6NB7 have high RMSD values > 5. Rhinolophus bat coronavirus
HKU2 (6M15) is not present as its Z-score and RMSD values against all structures were 0.
The SARS-CoV-2 S protein structure (7E9T) is far from its respective clusters and close to
the other two clusters because of the low Z-score. The two hydrolase structures (SMQR and
5WRU) at the top left have high RMSD values and low Z-score. Using the two similarity
measures alone, particularly RMSD, cannot provide good clusters and comprehensive
results for similarity. The correlation found between structures through two measures is
consistent with the results obtained with the similarity matrix based on Z-score with small
differences. In fact, the correlation results provide more detailed information, suggesting
that it is better to use several similarity metrics than the use of each similarity measure
alone. The pair of structures that are very close to each other but belong to different clusters
in Figure 6 such as the pair 6VV5, 6W4Q, the pair 2WSU, 1KIT and the pair SWUC, IMVE
have very low similarity identity against the query structure. BLAST returned percent
identity of 33.89%, for 6VV5 and no significant similarity in sequence for 6W4Q, 2WSU,
1KIT, 3WUC and 1IMVE against the query structure.
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Figure 6. Relationship of two measures (Z-score and RMSD) for protein structures’ similarity. The
structures that belong to three clusters are colored (yellow for S protein structures, green for Lectin
(Galectin) and purple for Lyase (Hydrolase)). Structures that do not belong to three clusters are
red-colored. Lyase (Hydrolase) and Lectin (Galectin) are very close to each other on the basis of the
correlation between RMSD and Z-score.

4. Structures Classification and Their Description

The S protein structures of SARS-CoV-2 belong to either the original Wuhan strains
or to different variants in PDB. We classified them into different variants (Table 4). For
VOCs, Omicron S protein structures are highest (28.63%), followed by Beta (24.41%),
Delta (15.25%), Alpha (12.44%) and Gamma (7.51%). In PDB, 7.74% (0.5%) of S protein
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structures belong to VOI Kappa (Epsilon and Brisdelta). For the S protein, approximately
one-third of the published literature in PDB reported the structures to gain insight into
this virus's functionalities and to properly understand how the evolution affects the virus
transmissibility and immune evasion. The majority of this literature, 80%, focused on
the S protein structure in SARS-CoV-2 variants. The remaining 20% studied the S protein
structures in SARS-CoV-2 original strains. Omicron is the focus now as it is the only one
left in the current VOCs list by the WHO. On the other hand, two-third of the published
literature in PDB for S protein not only derived the structures but also investigated the
therapeutic potential of antibodies, T-cell receptors (TCRs) and inhibitors for neutralizing
SARS-CoV-2. For antivirus development, the S protein structures from the original strains
are discussed more, followed by Beta, Omicron and Delta. The first structures for SARS-
CoV-2 S protein were deposited to PDB in February 2020 by Chinese [6,17] and USA
institutes [11,16].

Table 4. PDB IDs for SARS-CoV-2 variants. Red-colored PIDs represent those structures that are used

in complex with antibodies.

Variant

PDB IDs

%

Alpha

7R0Z, 7R10, 7R13, 7R14, 7R15, 7R1A, 7SXX, 7SXY, 7SY1, 7SY2, 7SXR, 7FEM, 7FET, 7EDF, 7EDG,
7EDH, 7ED], 7EDJ, 7EH5, 7EKF, 7EAZ, 7EBO, 7EB3, 7EB4, 7EB5, 7LWYV, 7LWU, 7LWT, 7LX5,
7LWS, 7DX1, 7DX2, 7KRQ, 7KRR, 7KRS, 6XS6, 7KDI, 7KDH, 7KDL, 7KD]J, 7KDK, 7KDG, 7KEC,
7KEB, 7KEA, 7KE9, 7KES8, 7KE7, 7KE6, 7KE4, 7CM4, 7BNM, 7BNN

12.44

Beta

7S5P, 7S5Q, 7S5R, 7R11, 7R16. 7R17, 7WCR, 7WCZ, 7WD0, 7WD7, 7ZWD8, 7WD9, 7ZWDF, 7RN],
7VX1, 7VX4, 7VXD, 7VXE, 7VXK, 7VXM, 7WEYV, 7Q9P, 7Q9M, 7Q9K, 7Q9J, 7Q91, 7Q9G, 7QIF,
7Q6E, 7Q01, 7Q0H, 7Q0G, 7PS7, 7PS6, 7PS5, 7PS4, 7PS2, 7PS1, 7PS0, 7PRZ, 7PRY, 7SXT, 7SXV,
7SXW, 7SY3, 7SY4,7F]S, 7F]O, 7F]N, 7V8C, 7V7Z, 7V80, 7EKG, 7V2A, 7V26, 7RAQ, 7V76, 7V77,
7E3L, 7E3K, 7LYK, 7LYL, 7LYN, 7LYO, 7LYP, 7LYQ, 7LYM, 7MY3, 7MY2, 7N1Y, 7N1X, 7N1W,
7N1V, 7N1U, 7N1T, 7N1Q, 7RAS, 7RAL, 7LWW, 7E7X, 7E7Y, 7E86, 7ES8, 7ESC, 7ESF, 7CHO,
7CHP, 7CHS, 7EY0, 7EY4, 7EY5, 7TEYA, 7EZV, 7ZFC, 7ZR7, 7ZR8, 7ZR9, 7ZRC

24.41

Gamma

7SXU, 7SY7, 8SY9. 7SBS, 7SBT, 7V79, 7V78, 7V7A, 7V81, 7V82, 7V83, 7V84, 7NXC, 7N X6, 7NX7,
7NIX8, 7NX9, 7NXA, 7NXB, 7M8K, 7MJG, 7MJH, 7MJL, 7MJJ, 7MJK, 7MJL, 7MJN, 7MJM, 7MY3,
7MY2, 7EKC

7.51

Delta

7TOZ, 7TOY, 7TOX, 7TOV, 7TOU, 7TPL, 7TPH, 7TPE, 7TPE, 7TPC, 7TPA, 7TP9, 7TP8, 7TP7,
7TPE2, 7TP1, 7TP0, 7WBQ, 7SXS, 7SXZ, 7SY0, 7V7N, 7V70, 7W9I, 7W9E, 7WIE, 7W9C, 7W9B,
7W99, 7W98, 7W97, 7W92, 7V7P, 7V7Q, 7V7R, 7V7S, 7V88, 7V89, 7V8A, 7V8B, 7SBK, 7SBL, 7SBO,
7LQ7, 7Z0Y, 720X, 7X7D, 7E9N, 7F46, 7E90, 7E9P, 7E9Q, 7ENEF, 7ENG, 7TEX, 7TEY, 7TEW, 7V7T,
7V7U,7V7V,70R9, 70RB, 70RA, 7WWL, 7WWM

15.25

Omicron

7WVQ, 7WVP, 7ZWVO, 7WVN, 7UON, 7U0D, 7WUH, 7TGY, 7TGW, 7TGX, 7TGE, 7WP9, 7WPA,
7WPB, 7WPC, 7WPD, 7WPE, 7WPE, 7WRV, 7Q07, 75Y5, 7SY6, 7QNW, 7WBL, 7WBP, 7T9], 7T9K,
7T9L, 7TB4, 7R40, 7THK, 7TOW, 7TE8, 7TEl, 7TLD, 7TLC, 7TLA, 7TL9, 7TL1, 7THT, 7THE,
7TNW, 7TO4, 7509, 7SOA, 7UAP, 7UAQ, 7UAR, 7TMO, 7TLY, 7TNO, 7TLZ, 7WK5, 7WK4, 7WK6,
7WK9, 7WK2, 7WK3, 7WKS8, 7WKA, 7WK9, 7Q09, 7UB0, 7UB5, 7UB6, 7RZQ, 7RZR, 7RZS, 7RZT,
7RZU, 7RZV, 7TIK, 7TBS8, 7T,C9, 7U,.0D, 7TCA, 7TBF, 7TCC, 7TB4, 7WEF, 7WEE, 7WED, 7WEC,
7WEB, 7WEA, 7WE9, 7WES, 7WE7, 7WLC, 7WHI, 7WH], 7WHK, 7WG6, 7WG7, 7WGS, 7TWG9,
7WGB, 7WGC, 7WS9, 7WS8, 7WS8, 7WS7, 7TWS6,
7WS5, 7WS4, 7WS3, 7WS2, 7WS1, 7WS0, 7WHH, 7ZF3, 7ZF¥B, 7ZFD, 7ZFE, 7ZFF, 7ZF4, 7ZF5,
77ZF¥6,77ZF7,77ZF8, 7ZF9, 7ZFA

28.63

Kappa

7VX5,7VX9, 7VXA, 7VXB, 7VXC, 7VXE, 7VXL, 7V7D, 7V7E, 7V7F, 7V7G, 7V7H, 7V71, 7V7], 7V85,
7V86,7V87, 7SBP, 7SBQ, 7SBR, 7SOB, 7SOC, 7SOD, 7SOE, 7SOF, 7TF5, 7TF4, 7TE3, 7TF2, 7TF1,
7TFO0, 7TEZ

7.74

Mink

7R12, 7R18, 7R19, 7R1B, 7LWQ, 7LWP, 7LWO, 7LWN, 7LWM, 7LWL, 7LWK, 7LW], 7LWI

Epsilon

7N8H, 7N8I

0.50

Brisdelta

70ODL, 70D3

0.50
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4.1. Drug Development

S protein’s vital role in viral infection makes it a target for antibody-blocking ther-
apy, vaccine development and small molecule inhibitors against SARS-CoV-2. Table 5
summarizes the studies for S protein structures in complex with antibodies of SARS-

CoV-2 variants.

Table 5. Summary of RBD (NTD)-directed NAbs targeting the S protein of SARS-CoV-2 variants.

Ref Domain Antibodies Variants
[28] RBD RBD-chADb15 and RBD-chAb 45 Alpha
[29] RBD S5D2, S5G2, S3H3 Alpha, Beta, Kappa Delta
Beta-6, -22, -24, -27,-29, -32, -38,
[30] RBD, NTD -40, -43, -44, -47, -48, -49, -50, Beta
-53, -54, Covox-222, -45
[31] RBD Té6 Wild-type, Beta, Gamma
[32] RBD, NTD N11, N9, BD-623, -508, -515, Beta
[33] RBD P5A-1D2, P5A-3C8, P22A-1D1 Beta
[34] RBD e 12 Beta
[35] RBD 222 Alpha, Beta, Gamma
[36] RBD 8D3 Delta
[37] RBD 222,278, 45,253 75, Kappa and Delta
[38] RBD ZWD12, ZWC6 Alpha'gsfg,%ﬁg‘gfappa’
[39] RBD JMB2002 Omicron, Alpha, Beta, Gamma
[40] NTD C1520, C1791 Omicron
LY-CoV1404, S309, A19-46.1,
[40] RBD S2E12, COV2-2196, B1-182.1, Omicron
A23-58.1
[41] RBD XGv265, -282, -289, -347, VOC particularly Omicron
[42] RBD BNO3 Omicron
[43] RBD Vir-S309 Beta and Omicron

4.1.1. Antibodies Based on S Protein of SARS-CoV-2 Variants

Yang et al. [28] examined the mutations” impact, particularly the N501Y mutation,
on the Alpha variant by revealing the structural basis of two NAbs (RBD-chAb15 and
RBD-chAb 45) that bind to the RBD region of the S protein. Xu et al. [29] isolated nine
MADbs from mice and investigated their neutralization potency against four variants. They
identified three types of MAbs (S5D2, S5G2 and S3H3). S5D2 efficiently neutralized all
variant pseudoviruses, but its potency against Delta decreased significantly. The S5G2
exhibited comparable neutralization towards the variants while S3H3 was able to neutralize,
near equally, all variants. Liu et al. [30] extracted 674 MAbs from individuals infected with
the Beta variant. Eighteen MAbs targeted the three mutations (E484K, K417N and N501Y)
in Beta RBD. Liang et al. [31] developed and checked the efficacy of the mRNA-LNP vaccine
against the Beta and Gamma variants as well as the wild type in the mouse. The protein
structures were used to find the molecular basis for potent MAb T6 Fab. Cao et al. [32]
reported the immune response of the plasma and NAbs against Beta among individuals
vaccinated with the inactivated vaccine (CoronaVac) or RBD-subunit vaccine (ZF2001)
and those infected with the SARS-CoV-2. Nearly half of the identified anti-RBD NAbs
displayed neutralization reductions. Whereas the plasma from individuals of convalescents
and CoronaVac vaccinees showed comparable neutralization reductions. For ZF2001, the
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extended interval in the second and third doses produced improved neutralizing activity
and more tolerance towards Beta compared to the conventional three-dose treatment.
Zhang et al. [33] extracted 165 antibodies from eight SARS-CoV-2-infected patients. They
find that potent NAbs have IGHV3-53/3-66 common in their heavy chain. NAb P5A-3C8
showed high defensive efficiency in a SARS-CoV-2-infected hamster. However, the K417N
mutation in Beta RBD eliminated these antibodies’ neutralizing activity.

Du et al. [34] characterized eight NAbs for the SARS-CoV-2 Beta variant. Five NAbs
directly antagonized the binding. The remaining three neutralization mechanisms do
not depend on the blocking of ACE2. Two NAbs (BD-812 and BD-836) showed high
neutralizing potency against Beta. Dejnirattisai et al. [35] reported that compared to
Beta, Gamma is noticeably less resistant to naturally occurring or vaccine-induced antibody
responses. This suggested that mutations outside the RBD have an impact on neutralization.
MAD 222 neutralized three VOCs. Wang et al. [36] found that the mutation (T478K)
enhanced the Delta interaction with ACE2. MAb 8D3 was identified as a neutralizing cross-
variant antibody. Moreover, the five tested MAbs, which target RBD, remained effective
on Delta. Convalescent and vaccine sera were used by Liu et al. [37] to neutralize the two
variants (B.1.617.1 and B.1.617.2). It was found that both variants' neutralization is reduced
compared with the original strains. Moreover, the Gamma and Beta variants sera fail to
neutralize the Delta variant which suggests that these variants are antigenically divergent.
Chi et al. [38] developed various NAbs for Omicron and other VOCs elicited by the Ad5-
nCoV vaccine and examined the responses of the human antibody after vaccination. The
ZWD12 MAb showed potency and neutralization against six variants. ZWD12 and ZWC6
provided complete protection in the K18-hACE2 transgenic mouse model. Yin et al. [39]
reported how the S protein of Omicron variant maintains the binding to the human ACE2
receptor and even gets stronger. The antibody JMB2002 effectively neutralized the four
VOC, but not Delta.

Wang et al. [40] found six groups of NTD-directed NAbs from convalescent individuals
and/or individuals vaccinated with the mRINA vaccine. Two NAbs C1520 and C1791 were
able to recognize epitopes on the opposite faces of NTD. They found that vaccination
increases the responses of anti-NTD against Omicron. Zhou et al. [41] identified RBD-
directed NAbs to neutralize the Omicron variant. The sera from individuals who already
received two or three doses of CoronaVac were examined [42] to see whether they could
neutralize Omicron. They found that the third vaccine dose of CoronaVac significantly
boosts the geometric mean neutralization antibody titer (16.5-fold) for Omicron. Moreover,
a subset of MAbs, derived from memory B cells in individuals having three vaccine
doses, neutralized all VOCs. Li et al. [43] identified two regions in the S RBD of Omicron
recognized by NAbs. BN03, which is a bi-specific single-domain antibody, was produced
that can be transported to the lung through inhalation. BNO3 showed high neutralization
efficiency in mice infected with SARS-CoV-2. Guo et al. [44] investigated how Omicron
retains strong ACE2 interactions that help in evading certain NAbs and found one anti-
RBD NAb (5105A) to validate how Omicron escapes the neutralization of the antibody.
Nutalai et al. [45] investigated the three sub-lineages of Omicron. The RBD of BA.2 lineage
has a high affinity for ACE2 compared to the lineages BA.1 and BA.1.1. On the other
hand, the BA.2 lineage is more difficult to neutralize compared to the BA.1 lineage. Some
mutations such as S371F (in BA.2 lineage) and R346K (in BA.1.1 lineage) reduced the
neutralization effect of the Vir-S309 antibody. The structure and function analysis of potent
MADbs obtained from Pfizer-BioNtech vaccinated individuals revealed two core clusters for
these MAbs within the RBD. McCallum et al. [46] discussed the properties of the S protein
of the Epsilon variant. In the signal peptide, this variant has one mutation (S513I). A signal
peptide is a short peptide (generally 16-30 AAs long) located in the N-terminal of protein
and contains information for protein secretion. One mutation (L452R) in RBD and one
mutation (W152C) in NTD were also detected. These mutations reduced the neutralizing
activity in RBD and NTD-directed MAbs. Table 5 summarizes the studies for S protein
structures in complex with antibodies of SARS-CoV-2 variants.
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Beside B cells, T cells are also critical against SARS-CoV-2 as they form a long-term
memory response. Two studies [47,48] provided the structural information for T-cell
receptors (TCRs). Nguyen et al. [47] determined three structures (PIDs: 7M8U, 7M8T and
7MS8S) of the S-derived peptides presented by three frequently expressed HLA (human
leukocyte antigen) molecules. Wu et al. [48] resolved the structures of TCR (YLQ?Z (PID:
7N1D) and RLQ3 (PID: 7N1C), from patients infected with SARS-CoV-2 in complex with
HLA-A2 and two epitopes of S protein (YLQ (PID: 7N1A) and RLQ (PID: 7N1B)). These
TCRs elicited the T-cell responses of universal CD8+ in HLA-A2 patients. The public TCRs
were found in various individuals which were unrelated to each other. On the other hand,
private TCRs were distinct among individuals.

4.1.2. Small Protein Inhibitors

Small and stable proteins that can block the S binding to ACE2 were designed by
Cao et al. [49]. The best mini-proteins bind with high affinity and prevented the infection
of SARS-CoV-2 in mammalian Vero E6 cells. In mammalian cells, the mini-proteins do
not need expression compared to antibodies. These proteins can be formulated directly
to the nasal (or respiratory system) because of their small size and good stability. Trans-
ferring high concentrations of viral inhibitors into the respiratory system through the
nose generally provides not only prophylactic protection but a therapeutic benefit to treat
the early infection. Furthermore, the structural study [50] of inhibitors showed that the
NTD region of the SARS-CoV-2 S binds biliverdin and bilirubin with nanomolar affinity.
Particularly, biliverdin significantly reduced the reactivity of SARS-CoV-2 S. They reported
the structure of SARS-CoV-2 S protein NTD with biliverdin (PID: 7B62). Potential drug
targets include all of the enzymes involved in coronavirus replication. However, the focus
in the antiviral studies for small-molecule inhibitors is on proteases, such as PLP™, MP™
and RARP (RNA-dependent RNA polymerase) [3,4,51-58].

5. Discussion

The S protein structures of SARS-CoV-2 in PDB are analyzed for similarity using
DALLI for various parameters. Generally, almost all proteins are structurally similar to
other proteins. These similarities in protein structures arise from chemistry and physics
principles. Finding the evolutionary relationships in protein structures can reveal sur-
prising similarities. The comparative analysis of 3D S protein structures of SARS-CoV-2,
obtained using Cryo-EM or X-Ray, reveals biologically interesting similarities that are
hard to detect by only comparing the sequences. Protein structures are compared with
sequence alignment, structures superimposition in 3D, similarity matrix and dendrogram.
We believe that the obtained results may help in inferring the functional properties of
SARS-CoV-2 S proteins. The correlation results of two similarity measures (Z-score and
RMSD) showed that the usage of both measures provided better results compared to the
ones when only one measure, i.e., RMSD, is employed. The earliest S protein structures
of SARS-CoV-2 (PIDs: 6VSB, 6M17, 6VXX, 6VYB and 6M0J) were deposited to PDB in
February 2020 [6,11,16,17]. These structures provided not only the basis but important
details and information for the development of therapeutics that targeted the interaction
and binding of the S protein with the ACE2 receptor. The reputed journals Science, Cell,
Nature Communication, Cell Reports and Nature published the largest portion of studies for
the S protein structures of SARS-CoV-2. Institutes from the USA (Harvard Medical School,
Washington University and NAIAD) published the highest number of papers, followed
by China (CAS and Tsinghua University). Approximately 50% of studies related to the
SARS-CoV-2 studies were published in 2021.

Besides comparing the S structures, we also classified them into different variants
and found that the majority of the studies focused on the S of SARS-CoV-2 variants.
More than 50% of variant structures belong to Omicron and Beta. The majority of the
structures belong to the RBD region of S. Till now, almost all of the identified neutralizing
antibodies/nanobodies for SARS-CoV-2 target two main regions (RBD or NTD) of the S
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protein as both of them offer the two main neutralization targets for antibodies. Particularly,
all MAbs that have been approved or are undergoing clinical testing are aimed at the
RBD regions of SARS-CoV-2, which targets a number of overlapping and non-overlapping
epitopes [29].

Generally, the neutralization potency of RBD-targeted MAbs correlates with its ACE2-
blocking efficiency. On the other hand, the binding epitopes of NTD-directed neutralizing
MADbs overlap highly. This results in the formation of antigenic supersite. Other than
NTD- and RBD-directed MAbs, neutralizing MAbs that bind to the S2 region of S were also
reported. However, S2-directed MAbs potency is very low. The studies that provide the
structural information on NAbs obtained from COVID-19 that bound to the SARS-CoV-2
RBD, NTD or spike trimer offer a highly thorough picture of the response of the B cell to
SARS-CoV-2 virus. For SARS-CoV-2, the NAbs may be short-lived. Moreover, they are not
elicited in all patients. T cells also play an important role to combat this virus and form a
long-term memory response. T cells tend to identify and recognize those parts in a virus
that do not mutate rapidly. However, no comprehensive structural information is available
on TCRs for the SARS-CoV-2 that bound to their peptide-MHC (pMHC) targets [49]. The
main focus, till now, in immunity surveillance and vaccine development is on the role of
NAbs while less importance is given to understand the T cells' role on non-NAbs that can
offer protection through several mechanisms, such as Ab-dependent cellular cytotoxicity
and opsonization.

Since late 2019, the SARS-CoV-2 virus has evolved a lot. All variants, particularly
VOCs, contain multiple mutations in the S protein. Some changes were also found in the
RBD, NTD and in the furin cleavage site between the S1 and S2 regions. Various variants of
SARS-CoV-2 exhibit diverse mutation patterns in their S protein. These mutations gave
this virus not only improved fitness but made it more infectious [59] and enhanced its
ability for immune evasion. Because of this, SARS-CoV-2 shows increased resistance to
antibody therapies and vaccines that were raised against the original strain [36,60] and
against earlier VOCs. So far, the Omicron variant has undergone the most mutations: with
more than 30 mutations in its S, 15 of them occur in the RDB. Omicron has the ability
to nearly ablate the neutralizing effect of most FDA-approved antibody drugs, such as
AZD1061, REGN10987, REGN10933, LY-CoV016 and Y-CoV555 [61]. The Omicron variant
also reduces the effectiveness of approved vaccines, such as mRNA and inactivated virus
vaccines [62]. Moreover, WHO Solidarity clinical trials [63] indicate that drugs, such as
remdesivir, hydroxychloroquine and lopinavir, have minimal to no impact on COVID-19
patients who are hospitalized, as determined by overall mortality, the start of ventilation
and length of stays at the hospital.

Thus, itis important, indeed critical, to continue the search for drugs and broadly NAbs
and define their epitopes for the development of long-term and broad-spectrum antiviral
therapies for guiding the development of an effective vaccine for SARS-CoV-2. Several drug
administration agencies have authorized and advised a third booster dose for all adults
to battle the current revival of the epidemic since three doses can neutralize the Omicron
with a 40-fold drop in viral titer, although two doses are less effective [64]. We believe
that effective vaccine development, drug repurposing and other treatment therapies that
can offer long-term immunity against the Omicron and all previous (and future) variants
will be hot zones for future research directions. This is also evident from the deposition of
more S protein structures in PDB that belong to Omicron. Moreover, recent works focused
on finding antibodies for the Omicron S protein of SARS-CoV-2. However, more research
is needed into the therapeutic implications of natural and vaccine-induced immunity in
connection to the defense against infection and life-threatening illness. More contributions
are also required on the role of the T cell to the host immune response (T-cell immunity).
This may allow early, comprehensive and long-term as well as durable protection from
SARS-CoV-2, particularly from VOCs and from emerging variants in the future.
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6. Conclusions

Understanding the S protein structures of SARS-CoV-2 is critical to properly under-
stand this virus and its main functionalities and for the development of effective drugs
that block the S protein interaction and binding with the ACE2 receptor. In this work, we
compare and analyze the S protein structures of SARS-CoV-2 that were deposited in the
PDB. Moreover, the studies from PDB that deposited the S protein structures of SARS-CoV-2
were reviewed to classify the structures into variants and drug types. We found that most of
the work used NAbs, particularly, MAbs, to neutralize the entry of the S protein in the host
cell. The SARS-CoV-2 mortality rate is low but it is highly transmittable and new variants
of concern, particularly the current VOC Omicron makes this virus more resistant against
neutralizing antibodies that are already authorized and in use. VOCs carrying mutations
in the binding domains, such as RBD and NTD, of S reduce the effectiveness of many
NAbs and vaccines by evading neutralization. Thus, it is imperative to find and develop
broadly neutralizing NAbs that can offer long-term and broad-spectrum antiviral therapies
against VOCs, less susceptible to resistance and guide the design of an effective vaccine for
SARS-CoV-2. Moreover, the T-cell immunity and its importance to control SARS-CoV-2
may have been underestimated thus far and needs more attention from academia.

For future work, an extension is to include the S protein structures of SARS-CoV-2
deposited to EMDB and to comparatively analyze the protein structures for the main
protease (MP™) of SARS-CoV-2. Moreover, performing a bibliometric analysis of the
literature related to the SARS-CoV-2 S protein structures is also an interesting area. The
literature can be retrieved from online scholarly databases such as Web of Science (WoS) and
Scoups, and various software’s such as VOSviewer can be used for bibliometric analysis.
We are more interested in the future to check the effectiveness of known drug ligands on the
S protein structures for SARS-CoV-2 variants using the molecular docking and molecular
dynamics simulations. This will allow to investigate whether the performance of ligands
on different variants and their lineages is the same or not.
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