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Abstract 11 

The frequency of zoonotic viral emergence within the Coronaviridae family highlights the 12 

critical need to understand the structural features of spike proteins that govern viral entry and 13 

host adaptation. Investigating the structural conservation and variation in key regions of the 14 

spike protein—those involved in host range, binding affinity, viral entry, and immune 15 

evasion—is essential for predicting the evolutionary pathways of coronaviruses, assessing the 16 

risk of future host-jumping events, and discovering pan-neutralising antibodies. Here we 17 

summarise our current structural understanding of the spike proteins similar to SARS-CoV-2 18 

from the Coronaviridae family and compare key functional similarities and differences. Our 19 

aim is to demonstrate the significant structural and sequence conservation between spike 20 

proteins from a range of host species and to outline the importance of animal coronavirus 21 

surveillance and structural investigation in our endeavour for pandemic preparedness against 22 

emerging viruses.  23 

 24 
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 28 

Introduction  29 

With international travel, climate change, and increased human contact with wild animals, the 30 

ability for emerging zoonotic viruses to spread quickly through the human population has 31 

greatly increased in the last 50 years (Allen et al., 2017; Rahman et al., 2020). Zoonotic viral 32 
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emergence events have increased in frequency in recent years, with viruses from the 33 

Coronaviridae – SARS-CoV, MERS-CoV and SARS-CoV-2 – being responsible for three 34 

pandemics in the last two decades (Allen et al., 2017; Drosten et al., 2003; Kuiken et al., 2003; 35 

Rahman et al., 2020; Stadler et al., 2003; Zaki et al., 2012; Zhou et al., 2020). SARS-CoV and 36 

SARS-CoV-2 belong to the subgenus Sarbecovirus, of which horseshoe bats (Rhinolophus sp.) 37 

are the key reservoir species (Holmes et al., 2021; Wrobel et al., 2020; Ye et al., 2020; Zhou et 38 

al., 2020). Whilst a plethora of viral, host, and environmental factors play a role in the 39 

capability of a virus to infect both the reservoir and novel host species, the spike (S) 40 

glycoprotein specifically binds angiotensin-converting enzyme 2 (ACE2) and allows viral 41 

entry into a host cell (Hoffmann et al., 2020; Ou et al., 2020; Zhou et al., 2020). It is responsible 42 

for determining the viral host range and is a key antigenic site for the immune response (Li et 43 

al., 2003; Liu et al., 2021; Mittal et al., 2022; Xu et al., 2021; Zhou et al., 2020). Consequently, 44 

the structural investigation of S proteins has been mainly focused on bat coronaviruses (bCoV) 45 

(Fan et al., 2019; Lee et al., 2023; Menachery et al., 2015; Ou et al., 2023; Qiao and Wang, 46 

2024; Wrobel et al., 2020; Xiong et al., 2022; Zhang et al., 2021c). Although SARS-CoV and 47 

SARS-CoV-2 are thought to originate in bats, it is likely these viruses reached the human 48 

population through intermediate hosts. For example, human ACE2 (hACE2) binding of 49 

bCoV_RaTG13, a close genetic relative to SARS-CoV-2, is poor and suggests there may have 50 

been recombination events within an intermediate host leading to the adaptation of effective 51 

hACE2 binding (Lam et al., 2020; Wrobel et al., 2020; Zhang et al., 2021c). While many 52 

potential intermediate hosts have been hypothesised (Crits-Christoph et al., 2024), to date only 53 

S proteins from two pangolin (pCoV) and two civet coronaviruses (cCoV) have been 54 

structurally investigated (Hills et al., 2024; Lam et al., 2020; Wrobel et al., 2021; Zhang et al., 55 

2021c; Zhao et al., 2020).   56 

The S protein follows the typical structural framework of a type I viral fusion protein 57 

with two main subunits, S1 and S2, both containing key structural domains contributing to 58 

virus-host binding, fusion, protein stability and antibody escape (Bosch et al., 2003; Walls et 59 

al., 2020; Wrapp et al., 2020). The S1 subunit houses the receptor binding domain (RBD) which 60 

includes a 70 amino acid-long receptor binding motif (RBM) that makes direct contact with 61 

the host receptor and the N-terminal domain (NTD) (Shang et al., 2020) (Figure 1a). Following 62 

the S1 subunit is the S1-S2 cleavage site, an essential motif for the series of conformational 63 

changes leading to the S protein post-fusion state following cleavage by host proteases 64 

(Belouzard et al., 2009; Lavie et al., 2022). The S2 subunit, which is highly conserved among 65 
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sarbecoviruses contains the fusion peptide (FP), heptad repeat 1 and 2 (HR1, HR2), the 66 

transmembrane domain (TM), and cytoplasmic domain (CP) (Wrapp et al., 2020) (Figure 1a).  67 

This study reviews the currently available structures of spike glycoproteins from the 68 

Sarbecovirus subgenus and unclassified Coronavirinae (Table 1; Supplementary Table 2). 69 

Technical information, PDB accession codes and research articles related to Spike glycoprotein 70 

structures reviewed can be found in Table 1, with extended information available in 71 

Supplementary Table 2.  72 

 73 

General architecture. Phylogenetic analysis shows broad-scale congruence of the 74 

major Sarbecovirus clades when comparing the whole genome and S gene topologies (Figure 75 

1b). The exception to this is the clade of bat coronaviruses most closely related to SARS-CoV-76 

2, which are separated by the pangolin and SARS-CoV-2 clade in the S gene tree. This 77 

scattering of the bat clade at the S gene level reflects an evolutionary history of frequent viral 78 

recombination events between bat coronaviruses. In contrast, the structural similarity of S 79 

proteins showed a high level of incongruence when compared to the nucleotide phylogenetic 80 

trees. However, the closest relatives to SARS-CoV-2 continue to belong to the pangolin and 81 

bat coronavirus clades, consistent with current literature (Holmes, 2024; Liu et al., 2020; 82 

Temmam et al., 2022; Ye et al., 2020). Previous structural phylogenetic analysis supports this 83 

finding by showing pCoV_GX-P4L as the most conserved S protein to SARS-CoV-2 (Aslam 84 

et al., 2023). The lowest nucleotide sequence conservation across the Sarbecoviruses exists in 85 

the RBD and NTD, corresponding to loops in the structure which are highly flexible and 86 

solvent-exposed (Figure 1c) (Buchanan et al., 2022; Cantoni et al., 2022; Cerutti et al., 2021). 87 

These regions display the greatest structural differences; however, their mobile nature may be 88 

a confounding factor in the structural phylogenetic tree (Figure 2a). For this reason, statistical 89 

confidence in the structure tree (as well as that from Aslam et al 2023) may be improved with 90 

the use of molecular dynamic methods outlined by Malik et al 2020 (Malik et al., 2020). The 91 

overall structure of S glycoproteins is highly conserved across this subgenus (Figure 2a), with 92 

bCoV_PDF-2180 as the most distant member. While root mean square deviations (RMSDs) 93 

were calculated for all structures at the whole chain, NTD, RBD, and RBM levels, PDF-2180 94 

has been excluded from visual overlays due to its lack of structural conservation in key areas 95 

(i.e. RBM), likely due to its closer relationship to MERS-CoV than SARS-CoV-2(Xiong et al., 96 

2022). The remaining 12 Sarbecovirus structures that have been resolved to date show high 97 

conservation with RMSD values of unpruned atoms ranging from 1.4 Å – 2.6 Å (Chain A), 98 
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0.46 Å – 1.6 Å (RBD), 0.52 Å – 1.6 Å (RBM), and 1.0 Å – 3.1 Å (NTD) (Supplementary 99 

Figure 3). 100 

Generally, the main chain of the RBD is the most conserved while the NTD shows the 101 

lowest structural conservation, due to highly variable NTD loops (Buchanan et al., 2022; 102 

Cantoni et al., 2022; Klinakis et al., 2021). The RMSD overlays (Figure 2a) and values 103 

(Supplementary Figure 1) align with the sequence conservation model (Figure 1b) where the 104 

main areas of divergence exist in the NTD and RBM loops, while the majority of structures 105 

show consistently high conservation within the main body of the RBD and S1 subunit. In 106 

contrast, the protein amino acid sequence similarity of bCoV-BANAL-20-52 shows the highest 107 

conservation (98.4%), followed closely by bCoV_RaTG13 (97.4%), while the protein with the 108 

highest structural conservation according to S protein structural phylogenetics and  RMSD 109 

across all domains is pCoV_GX-P4L (Ou et al., 2023; Temmam et al., 2022).  110 

There is complete conservation of disulphide bonds within the NTD and RBD across 111 

all solved S proteins (15C-136C, 131C-166C, 291C-301C, 336C-361C, 379C-432C, 391C-112 

525C, 480C-488C following SARS-CoV-2 numbering).  113 

 114 

The receptor binding motif (RBM) within SARS-CoV-2 contains five residues that 115 

form crucial hydrophilic interactions with hACE2; Y449, Q493, Q498, N501 and Y505, while 116 

F486 forms a hydrophobic interaction with hACE2 (SARS-CoV-2 numbering) (Buchanan et 117 

al., 2022; Zhang et al., 2021c). Many of the spike proteins reviewed here display variations at 118 

one or more of these site, hindering their ability to bind and infect cells expressing hACE2. 119 

However, the acquisition of amino acids present in the SARS-CoV-2 spike has been shown to 120 

greatly increase the ability of spike proteins from multiple animal host species to bind and 121 

infect cells using hACE2.  The residue F486 is conserved in pCoV_GD, bCoV_WIV1, 122 

bCoV_BANAL-20-52 and 236, while the remaining CoVs possess one of the less bulky Leu 123 

or Pro amino acids at this site, conserving the local hydrophobicity (Zhang et al., 2021c; Zhang 124 

et al., 2023b). In SARS-CoV-2, Y449 forms hydrogen bonds with hACE2 D38 and Q42 125 

(Buchanan et al., 2022). The equivalent site is conserved in all other S proteins excluding 126 

bCoV_RaTG13 and PRD-0038, which possess a Phe (Lee et al., 2023; Zhang et al., 2021c). 127 

Introducing a F449Y mutation in bCoV_RaTG13 increases hACE2 binding by ~2-fold (Zhang 128 

et al., 2021c). Q493, which potentially interacts with hACE2 K31/E35 is conserved only in 129 

pCoV_GD and bCoV_BANAL-20-52, while bCoV_BANAL-20-236, PRD-0038 and 130 

cCoV_SZ3 possess a Lys which contacts residues present in bACE2 (Lee et al., 2023). Q498 131 

has been implicated along with Q493 in host-specific ACE2 interactions (Lee et al., 2023; Ou 132 
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et al., 2023). While no other S proteins solved possess Q498, pCoV_GD and GX, and 133 

bCoV_BANAL-20-52 and 236 all have a His at this site. Research on the host recognition and 134 

cell entry of bCoV_BANAL and SARS-CoV-2 shows that introducing the Q498H mutation in 135 

SARS-CoV-2 significantly increases pseudovirus entry to cells displaying bACE2, while the 136 

H498Q mutation in BANAL-20-52 and 236 significantly decreased pseudovirus cell entry, 137 

outlining H498 as an important residue for entering bACE2 displaying cells (Ou et al., 2023). 138 

In addition, it was shown that while cCoV-hACE2 binding is low, the introduction of K493N 139 

or S498T mutations (SARS-CoV-2 numbering) significantly increases the binding and 140 

pseudovirus entry of cCoV_SZ3 to cells expressing hACE2 (Li et al., 2005; Liu et al., 2007). 141 

SARS-CoV-2 N501 interacts with a negatively charged area of hACE2 and is conserved in 142 

pCoV_GD, bCoV_BANAL-20-52 and 236, and WIV1, while pCoV_GX has a Thr at this site, 143 

likely maintaining this interaction (Zhang et al., 2021c). Interestingly, bCoV_RaTG13 144 

possesses an acidic Asp residue that would not favour interactions with the corresponding 145 

hydrophobic hACE2 region; this is supported by previous results showing the introduction of 146 

the D501N mutation in RaTG13 improves hACE2 binding 9-fold (Zhang et al., 2021c). Prior 147 

research also shows that the introduction of V490W mutation (equivalent position) in PRD-148 

0038 allows the bCoV to acquire hACE2 binding (Lee et al., 2023). Residue position Y505 is 149 

highly conserved among S proteins with only bCoV_RaTG13 and RsSHCO14 diverging with 150 

a His at this site (Lee et al., 2023; Wrobel et al., 2021; Wrobel et al., 2020; Zhang et al., 2021c). 151 

The introduction of H505Y in bCoV_RaTG13 has been linked with a ~3-fold increase in both 152 

hACE2 and mouse ACE2 binding (Zhang et al., 2021c, Li et al., 2023). Development of the 153 

H505Y mutation in spike proteins from various animal coronaviruses, along with the 154 

aforementioned RBM mutations, may assist in acquisition of  novel host species. 155 

 156 

The biliverdin binding pocket (BBP) located in the NTD was shown to contribute to 157 

immune escape when occupied with heme metabolite biliverdin (Freeman et al., 2023; Rosa et 158 

al., 2021).  The ability of SARS-CoV-2 to recruit and bind biliverdin resulted in worse disease 159 

outcome in patients (Rosa et al., 2021). Therefore, understanding the prevalence of the heme 160 

sequestering across the sarbecovirus subgenus, may better prepare us for the potential 161 

pathogenesis of zoonotically emerging human coronaviruses.   162 

While 9 of the 13 structures show some form of a conserved hydrophobic pocket, their 163 

width, height, and depth vary.  Electrostatic potential maps were assessed for density within 164 

NTD hydrophobic pockets to determine whether unmodelled ligands were present (Figure 2b). 165 
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Density which may correspond to the heme metabolite biliverdin was detected in 7 of the maps: 166 

SARS-CoV-2, cCoV_SZ3 and 007, bCoV-RsSHC014, PRD-0038, WIV1, and pCoV-GX.  167 

Both SARS-CoV and bCoV_BANAL-20-236 have a BBP that appears conserved enough to 168 

allow ligand binding but does not contain any unassigned density suggestive of a ligand 169 

present. While bCoV_PDF-2180 conserved two antiparallel -sheets in this region, it shows a 170 

complete absence of any hydrophobic pocket. Interestingly, the three remaining proteins 171 

possess the same difference in structure that prevents the formation of the BBP, a significant 172 

movement in the -chain, which forms the structure between the two -sheets comprising the 173 

BBP (SARS-CoV-2: S117-K187). When compared to SARS-CoV-2 the largest distance 174 

between the structures at L176 is 9.8 Å (bCoV-BANAL-20-52), 12.5 Å (bCoV-RaTG13), and 175 

12.7 Å (pCoV-GD). 176 

 177 

The hydrophobic fatty acid binding pocket (FABP) located next to an RBD antiparallel 178 

-sheet is occupied by the essential fatty acid, linoleic acid (LA), in SARS-CoV-2 (PDB: 179 

7QUS) with its carboxyl headgroup oriented towards the nearby R408 and Q409 (Figure 2c) 180 

(Buchanan et al., 2022). While all S proteins reviewed here maintain the R408 and Q409 181 

equivalent residues in their structure, only five have electrostatic potential maps with evidence 182 

significant enough for the authors to model LA within the FABP; SARS-CoV, bCoV_WIV1, 183 

cCoV_SZ3 and 007, and pCoV_GX.  When overlayed the LA’s show very similar areas of 184 

occupation and overlap with the electrostatic potential map of 7QUS. Authors have previously 185 

commented on the absence of LA in bCoV-RaTG13 despite conservation of key structural 186 

residues and concluded further investigation into the mechanism of LA binding was required 187 

(Zhang et al., 2021c). Acquiring the ability to bind LA may provide multiple selective 188 

advantages by preventing premature ‘open’ conformation, resulting in a more stable S protein 189 

and burying of the RBD and RBM antigenic epitopes (Berger and Schaffitzel, 2020; Qiao and 190 

Wang, 2024; Toelzer et al., 2020; Toelzer et al., 2022). However, LA binding also presents an 191 

avenue for antiviral treatment of pathogenic coronaviruses and may be effective against 192 

emerging zoonotic coronaviruses in the future. SARS-CoV-2 sequesters LA, resulting in the 193 

upregulation of cPLA2 activity, an enzyme that assists in coronavirus-induced membrane 194 

rearrangements (Toelzer et al., 2022). Treatment with excess LA interferes with virion 195 

production by inhibiting cPLA2, which results in the downregulation of membrane remodelling 196 

required for viral replication (Toelzer et al., 2022). Prior research on excess LA treatment 197 

hindering virion production has also been carried out in MERS-CoV (Yan et al., 2019). 198 
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While SARS-CoV-2 is readily found in the ‘open’ conformation, all the animal 199 

coronavirus S proteins investigated preferentially adopt a ‘closed’ conformation (Hills et al., 200 

2024; Lee et al., 2023; Ou et al., 2023; Qiao and Wang, 2024; Wrobel et al., 2021; Xiong et 201 

al., 2022; Zhang et al., 2021c). The furin cleavage site, present in SARS-CoV-2 but in none of 202 

the animal coronavirus spike proteins, is thought to be partially responsible for this phenotypic 203 

divergence (Berger and Schaffitzel, 2020; Chan and Zhan, 2022; Wrobel et al., 2020). The 204 

furin cleavage site in SARS-CoV-2 allows for the early cleavage of the S1-S2 subunits prior to 205 

mature virion release. Whilst creating a lower level of protein stability, this early cleavage 206 

primes the SARS–CoV-2 spike protein for viral fusion, providing a significant advantage in 207 

fusion with the host cell resulting in increased pathogenesis. While being more ‘primed’ for 208 

the ‘open’ conformation resulting in increased virulence, it’s thought that SARS-CoV-2 has 209 

offset this lack of stability by forming tighter interactions compared to other S proteins (Berger 210 

and Schaffitzel, 2020; Wrobel et al., 2020; Yan et al., 2021).  211 

 212 

Interacting surface areas (Å2) of the various S protein chains and trimeric interfaces 213 

(central helix) were compared, showing value ranges of ~4700 Å to ~6200 Å and 226 Å to 282 214 

Å respectively (Figure 2d).  A tightly packed closed conformation has been previously 215 

discussed to increase trimer stability and by extension virulence of SARS-CoV-2 (Xu et al., 216 

2021). A comparison of the S protein buried surface area shows that SARS-CoV-2 has the 217 

largest interacting interfaces (6222 Å) while bCoV_PRD-0038 has the smallest (4713 Å).  218 

From these observations, we assessed the differences in interactions at the trimeric interface 219 

between SARS-CoV-2 and bCoV_PRD-0038 (Figure 2e).  While four amino acid side chains 220 

are within reasonable contact distance (4 Å) in bCoV_PRD-0038 (Q988, T989, L995, I996), 221 

eight are present in SARS-CoV-2 (Q1002, Q1005, T1009, Q1010, I1013, L1012, E1017, 222 

R1019). The greater number of interactions at the interface could be a contributing factor to a 223 

more tightly bound closed conformation (Walls et al., 2016a; Xu et al., 2021). 224 

The fusion peptide proximal region (FPPR) and 630 loops are partially responsible for 225 

the RDB ‘up’ and ‘down’ conformation in S proteins (Benton et al., 2020; Cai et al., 2021; 226 

Zhang et al., 2021a; Zhang et al., 2021b). These regions are disordered in SARS-CoV-2 227 

indicating a high level of flexibility contributing to more ‘open’ conformation particles (Berger 228 

and Schaffitzel, 2020; Cai et al., 2021; Yang et al., 2021). Meanwhile, bCoV_BANAL-20-52 229 

and 236 have ordered FPPR and 630 loops which have been shown to insert between the SD2 230 

and NTD, stabilising SD2 while also restricting the movement of SD1 (Ou et al., 2023). In 231 
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bCoV_RsSHCO14, the introduction of the Y623H mutation causes a ~200-fold increase in 232 

pseudovirus entry to cells expressing hACE2 (Qiao and Wang, 2024). Current research 233 

suggests that this mutation introduces a charge that may destabilise the SD2 loop and facilitate 234 

open conformation, similar to that of mutation D614G in SARS-CoV-2 which is associated 235 

with enhanced infectivity (Berger and Schaffitzel, 2020; Dokainish and Sugita, 2023; Zhang et 236 

al., 2021a). This is supported by the H623Y mutation in WIV1 causing a reduction in RBD 237 

flexibility (Qiao and Wang, 2024).  238 

 239 

The RBD conformation. Many single amino acid substitutions have been linked to the 240 

preferentially ‘closed’ conformation of animal CoV S proteins. The NTD L50 residue is present 241 

in all S proteins excluding SARS-CoV-2 and causes an NTD rotation which promotes the 242 

‘down’ conformation (Wrobel et al., 2021). K417 found in SARS-CoV-2, bCoV_RaTG13, 243 

BANAL-20-52 and 236 forms a salt bridge with G406 (SARS-CoV-2 numbering) (Amin et 244 

al., 2020; Lee et al., 2023). While in pCoV_GX the corresponding residue (R417) retains the 245 

Gly salt bridge it also allows stacking interactions with R403 and Y505 of the neighbouring 246 

RBD (Lee et al., 2023; Wrobel et al., 2021). Finally, A372 in SARS-CoV-2, which is conserved 247 

in every other S protein as T372 (excluding PRD-0038). Previous research shows A372 is 248 

favoured in SARS-CoV-2 and the introduction of mutation A372T reduces infectivity by ~20-249 

fold (Kang et al., 2021). When the T372A mutation is introduced to BANAL-20-52 and 236, 250 

pseudovirus entry to cells expressing both hACE2 and bACE2 is increased (Ou et al., 2023). 251 

T372 allows the conservation of glycosylation at N370 which is implicated in promoting the 252 

‘down’ conformation and is absent in SARS-CoV-2 (Lee et al., 2023; Ou et al., 2023; Zhang 253 

et al., 2022; Zhang et al., 2021c). These factors contribute to a preferred ‘down’ conformation 254 

and are thought to be advantageous in bat coronaviruses due to the extra S protein stability 255 

required for the faecal-oral transmission pathway where proteins must avoid dissociation in the 256 

low pH of bat stomachs (Ou et al., 2023). Whilst advantageous to bat hosts, the loss of these 257 

stabilising factors, following a species jump to an intermediate (or human) host would increase 258 

viral tansmissibility due to the preferential ‘up’ orientation, as seen in SARS-CoV-2.  259 

 260 

Glycosylation profile. All S proteins reviewed are heavily glycosylated with a total 261 

number of N-linked glycosylations per monomer ranging from 11 – 21.  Glycan molecules seen 262 

here include N-Acetylglucosamine (NAG), β-D-mannopyranose (BMA), mannose (MAN), 263 
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and fucose (FUC). While the most common form of glycosylation is the addition of a single 264 

NAG molecule, there is a wide range of highly branched, complex glycan trees present across 265 

the proteins.  Unsurprisingly, the second most common glycan is the simple NAG-NAG 266 

addition, followed by NAG-NAG-BMA (present in 007, SZ3, WIV1, RsSHC014). The less 267 

common glycan trees contain a range of NAG, BMA, MAN, and FUC molecules in varying 268 

configurations and numbers.  While it is interesting to compare the varying configurations of 269 

complex glycan trees across S protein models, it’s important to note that the trees are solvent-270 

exposed and highly flexible structures.  Because of this, the presence of glycan density in 271 

electrostatic potential maps is only available at higher resolution and for glycan molecules 272 

closest to the S protein main chain.  This means that although it appears many S proteins only 273 

contain NAG and NAG-NAG composition glycosylations, further modifications may be 274 

present but cannot be modelled with confidence.  In addition, variation exists in the confidence 275 

between authors to model glycan molecules within different types of density.  For example, 276 

both 7CN4 and 8TC0 contain glycosylation sites (N705 and N119 respectively) which appear 277 

to have clear density for modelling but have been left empty. Meanwhile, 8U29 has two 278 

complex branched glycan trees (N162-NAG-NAG-BMA-MAN and N230-NAG-NAG-BMA-279 

MAN-MAN-MAN), for which density is present but not as defined as those sites unmodelled 280 

in 7CN4 and 8TC0. Therefore, while comparison of the extent and types of glycosylations 281 

present in S protein models is interesting it is more useful to compare the general glycosylation 282 

coverage and the presence of glycosylations with functional significance.   283 

The glycan distribution across S proteins is fairly conserved throughout key domains 284 

with the majority clustering in the NTD and RBD while the rest are spread across the remaining 285 

S1 and S2 domains. While the total S protein glycosylation is described as a ‘shield’ against 286 

the host immune response and interact with alternate receptors for increased viral attachment, 287 

specific glycosylations (i.e. N343) are involved in both the steric hindrance of antibody 288 

binding, contribute to the antigenic epitope (Peng et al., 2021; Chawla et al., 2022; Gong et al., 289 

2021; Walls et al., 2016b; Watanabe et al., 2020; Zhang et al., 2023a). Other glycosites, such 290 

as RBD N165, N234, and N370 are implicated in stabilising the open or closed conformation 291 

states of S protein by making contact with the neighbouring RBD (Gong et al., 2021; Harbison 292 

et al., 2022; Zhang et al., 2022). Glycosylated N165 is present in all S proteins assessed, as is 293 

glycosylated N234 with the exception of cCoV_SZ3 and 007 which have not conserved the 294 

Asn amino acid. Meanwhile, glycosylated N370 is present in all S proteins except SARS-CoV-295 
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2, due to the previously mentioned T372A adaptation which eliminates the glycosite sequon 296 

(Zhang et al., 2022).  297 

 298 

Concluding statements and future perspective  299 

In-depth structural comparison of spike glycoproteins closely related to SARS-CoV-2 300 

is essential in understanding the virus-host interactions that drive the evolution of 301 

coronaviruses and their tendency to jump species’ boundaries and emerge in new hosts. 302 

Structural studies of spike glycoproteins suggest that SARS-CoV-2 may have arisen from a 303 

recombination event between currently unidentified viruses with RBD sequences and binding 304 

properties similar to bCoV_RaTG13 and pCoV_GX due to the similarities SARS-CoV-2 305 

shares with both. Spike proteins compared in this study have previously shown the ability to 306 

bind and infect hACE2-presenting cells naturally or with single amino acid mutations. 307 

Surveillance studies have also shown evidence of human exposure to multiple animal 308 

coronaviruses including bCoV_RaTG13, BANAL52, LYRa11, Rs2018B, RsSHC014, WIV1 309 

and pCOV_GD1, and GX-P5L (Evans et al., 2023). This knowledge, combined with the 310 

increase in viral zoonotic emergence events in recent years, further outlines the potential risks 311 

animal coronaviruses pose to human health. Spike proteins closely related to SARS-CoV-2 312 

have been structurally investigated from a narrow range of animal hosts, preventing a full 313 

understanding of S protein-host receptor interactions and how these evolve. Advancements in 314 

this area can be made through the combined use of experimental (cryo-EM/biochemical 315 

assays), and computational (AlphaFold, Modeller, RoseTTAFold) techniques to develop a 316 

comprehensive understanding of spike proteins from diverse host species providing the 317 

fundamental knowledge for the development of broad acting sarbecovirus therapeutics, thus 318 

aiding in pandemic preparedness. 319 

 320 

Methodology 321 

Sequence-based phylogenetic trees. Maximum likelihood phylogenetic trees were estimated 322 

using IQ-Tree v1.6.12 following nucleotide alignment using MAFFT for the full genome and 323 

the gene encoding the spike protein (Katoh et al., 2002; Nguyen et al., 2015). Each 324 

phylogenetic tree contains 344 sequences obtained from GenBank 325 

(http://www.ncbi.nlm.nih.gov) (accession numbers in Supplementary figure 1) (Benson et al., 326 

2013). Trees are mid-point rooted for clarity.  327 
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Structure-based phylogenetic tree. Structural similarity dendrogram was produced by the Dali 328 

similarity matrix of pairwise Z-scores by average linkage clustering in the ‘all against all’ Dali 329 

structure comparison server (Holm et al., 2023). Branch lengths are modelled ad hoc in the 330 

Dali server as the difference in Z-score between structures. 331 

Structural conservation. To perform the sequence conservation structure, sequence alignment 332 

was carried out for all the spike glycoprotein genes using Geneious 2024.0.7 global alignment 333 

with free end gaps and the Blosum62 cost matrix. Sequence alignment was imported to 334 

ChimeraX_Daily (downloaded 13 Sept 2024), where worm representation was applied and 335 

coloured by the sequence conservation attribute on the SARS-CoV-2 S protein monomer 336 

(PDB: 7QUS) (Pettersen et al., 2021). Structural alignments were carried out using the 337 

ChimeraX 1.7.1 matchmaker function with the Needleman-walsh alignment algorithum and 338 

best chain pairing. Independent alignments were completed for the monomer (chain A), N-339 

terminal domain (NTD), receptor binding domain (RBD), and receptor binding motif (RBM). 340 

All RMSD calculations were reported using unpruned atoms. Models in hydrophobic surface 341 

representation were fit to electron microscopy (EM) maps using ChimeraX 1.7.1 map to model 342 

fit to compare both the fatty acid binding pocket (FABP) and biliverdin binding pockets (BBP) 343 

and potential ligands bound. The Å2 surface area of interacting interfaces was calculated using 344 

the PDBePISA server v1.52 (Krissinel and Henrick, 2007). 345 

Structural information. Information relating to the PDB-published structures of spike proteins 346 

was collated from the PDB validation reports and original publications where these proteins 347 

were first described (Berman et al., 2000). Validation data was obtained by importing the PDB 348 

model and map files for each structure into the comprehensive validation job in PHENIX v 349 

1.21-5207 (Liebschner et al., 2019).  350 

Data Availability 351 

GenBank accession codes for genomes included in Figure 1 can be found in Supplementary 352 

Table 1 (Benson et al., 2013). The atomic coordinates for structures compared in this review 353 

were obtained from the Worldwide Protein Data Bank, accession codes can be found in 354 

Supplementary Table 2 (Berman et al., 2000).  355 
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Figure Legends 631 

Figure 1. Phylogenetic and structural tree comparison of spike glycoproteins.  632 

(a) (left) SARS-CoV-2 (PDB: 7QUS) spike glycoprotein trimer (pink) in ribbon representation 633 

with key domains coloured in purple (N-terminal domain), mint (receptor binding domain), 634 

green (fusion protein), yellow (heptad repeat 1). (right) Zoomed in depiction of individual 635 

domains annotated above to indicate belonging with either subunit S1 or S2 (b) maximum 636 

likelihood phylogenetic trees estimated using IQ-Tree (Nguyen et al., 2015) following 637 

nucleotide alignment using MAFFT (Katoh et al., 2002) for the full genome and the gene 638 

encoding the spike protein. Each phylogenetic tree contains 344 sequences obtained from 639 

GenBank (accession numbers in Supplementary Figure 1). Trees are mid-point rooted for 640 

clarity. Structural similarity dendrogram of 13 similar spike protein structures (top to bottom 641 

PDB: 7CN8, 7QUS, 7CN4, 8HXJ, 8TC0, 8TC1, 7ZH1, 8TC5, 8U29, 7BBH, 8IW3, 8WLU, 642 

7U6R). Structural phylogeny generated from the Dali similarity matrix of pairwise Z-scores by 643 

average linkage clustering. Branch lengths were modelled ad hoc as the difference in Z-scores 644 

between pairwise structures. (c) SARS-CoV-2 structure coloured by conservation of sequence 645 

within solved coronavirus spike proteins. Geneious multiple sequence alignment was 646 

performed with free end gaps and 65% similarity cost matrix. Colouring by conservation 647 

performed with ChimeraX, an increase in pink colour shows an increase in conservation. 648 

 649 

Figure 2. Structural comparison of functionally relevant domains of sarbecovirus spike 650 

proteins.  651 

(a) Structural alignment of spike protein monomer, followed by structural alignment of 652 

receptor binding domains (RBD) and receptor binding motifs (RBM) from SARS-CoV-2 653 

(magenta)(PDB:7QUS), SARS-CoV (brown)(PDB:7ZH1), bCoV_RaTG13 (dark 654 

blue)(PDB:7CN4), bCoV_WIV1 (yellow)(PDB:8TC0), bCoV_BANAL-20-52 (light 655 

purple)(PDB:8HXJ), bCoV_BANAL-20-236 (powder blue)(PDB:8I3W), bCoV_RsSHC014 656 

(dark purple)(PDB:8WLU), bCoV_PRD-0038 (grey)(PDB:8U29), bCoV_PDF-2180 657 

(green)(PDB:7U6R), cCoV_SZ3 (light orange)(PDB:8TC5), cCoV_007 (dark 658 

orange)(PDB:8TC1), pCoV_GD (light pink)(PDB:7BBH), pCoV_GX (light 659 

blue)(PDB:7CN8). (b) Hydrophobicity surface representation of N-terminal domain 660 

hydrophobic biliverdin binding pocket (BBP). Unassigned coulombic potential density within 661 

the BBP of SARS-CoV-2, cCoV_SZ3, cCoV_007, bCoV_RsSHC014, bCoV_PDF-2180, 662 

bCoV_WIV1, pCoV_GX. (c) Fatty acid binding pocket of SARS-CoV-2 containing linoleic 663 

acid (EIC)(light pink) shown in hydrophobicity surface representation with coulombic density 664 

shown in mesh representation (blue). Structural alignment of linoleic acids present in solved 665 

sarbecovirus spike proteins, SARS-CoV (brown), bCoV_WIV1 (yellow), cCoV_SZ3 (light 666 

orange), cCoV_007 (dark orange), pCoV_GX (grey). All residues from SARS-CoV-2 667 

interacting (<4 Å distances) with linoleic acid within the fatty acid binding pocket shown in 668 

atom representation. (d) Cartoon representation of SARS-CoV-2 (pink) and bCoV_PRD-0038 669 

(grey) spike trimers followed by the central helix trimeric interface, with interacting residues 670 

(<4 Å distances) shown in atomic representation. (e) Interaction interface (Å2) of each spike 671 

protein monomer and central helix calculated by PISA. 672 
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 673 

Figure 3. Glycosylation patterns in sarbecovirus spike proteins solved through Cryo-EM. 674 

(a) Schematic of the SARS-CoV-2 spike glycoprotein gene with subunits S1 and S2 and their 675 

key domains. Structurally solved glycosylation sites are indicated with a black line and 676 

corresponding residue number. N-terminal domain (NTD), receptor binding domain (RBD), 677 

fusion peptide (FP), heptad repeat 1 (HR1), heptad repeat 2 (HR2), transmembrane domain 678 

( TM), (CP). (b) Example of each type of glycosylation present in spike protein structures, from 679 

left to right; NAG (SARS-CoV)(PDB:7ZH1), NAG-NAG (SARS-CoV-2)(PDB:7QUS), 680 

NAG-FUC-NAG (cCoV_SZ3)(PDB:8TC5), NAG-NAG-BMA (cCoV_007)(PDB:8TC1), 681 

NAG-FUC-NAG-BMA (bCoV_WIV1)(PDB:8TC0), NAG-FUC-NAG-BMA-FUC 682 

(cCoV_SZ3)(PDB:8TC5), NAG-NAG-NAG-FUC-BMA-BMA (bCoV_PRD-683 

0038)(PDB:8U29). (c) Cartoon representation of solved sarbecovirus spike protein monomers 684 

with modelled glycosylations shown in atomic sphere representations. SARS-CoV-2 (magenta), 685 

SARS-CoV (brown), bCoV_RaTG13 (dark blue)(PDB:7CN4), bCoV_WIV1 (yellow), 686 

bCoV_BANAL-20-52 (light purple)(PDB(8HXJ), bCoV_BANAL-20-236 (powder 687 

blue)(PDB:8I3W), bCoV_RsSHC014 (dark purple)(8WLU), bCoV_PRD-0038 688 

(grey)(PDB:8U29), bCoV_PDF-2180 (green)(PDB:7U6R), cCoV_SZ3 (light orange), 689 

cCoV_007 (dark orange), pCoV_GD (light pink)(PDB:7BBH), pCoV_GX (light blue)(7CN8).  690 
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Virus name Virus species Host species Methodology Resolution 
Symmetry 

imposed 

Protein 

residues 

Molprobity 

score 

Ramachandran plot: 

Favoured/Allowed/ 

Disallowed 

Refs 

SARS-CoV-2 

(PDB: 7QUS) 
SARS-related Human Cryo-EM 2.40 Å C3 3303 1.68 

97.57 

2.43 

0 

Buchanan et al., 2022 

SARS-CoV 

(PDB: 7ZH1) 
SARS-related Human Cryo-EM 2.48 Å C3 3060 1.89 

96.57 

3.43 

0 

Toelzer et al., 2022 

Banal-20-236 

(PDB: 8I3W) 
Unclassified Rhinolophus bat Cryo-EM 2.85 Å C3 3345 2.11 

92.00 

8.00 

0.00 

Ou et al., 2023 

Banal-20-52 

(8HXJ) 
Unclassified Rhinolophus bat Cryo-EM 3.52 Å C3 3399 2.13 

90.60 

9.40 

0.00 

Ou et al., 2023 

RaTG13 

(7CN4) 
SARS-related Rhinolophus bat Cryo-EM 2.93 Å C3 3360 1.89 

92.70 

6.95 

0.36 

Zhang et al., 2021 

WIV1 

(8TC0) 
SARS-related Rhinolophus bat Cryo-EM 1.88 Å C3 3273 1.4 

96.99 

3.01 

0.00 

Hills et al., 2024 

RsSHCO14 

(PDB: 8WLU) 
SARS-related Rhinolophus bat Cryo-EM 2.77 Å C3 3318 1.67 

97.49 

2.51 

0.00 

Qiao et al., 2024 

PRD-0038 

(PDB: 8U29) 
SARS-related Rhinolophus bat Cryo-EM 2.80 Å C3 3246 1.26 

95.45 

4.37 

0.19 

Lee et al., 2023 

PDF-2180 

(PDB: 7U6R) 
Unclassified Pipistrellus bat Cryo-EM 2.50 Å C3 3291 1.2 

98.23 

1.58 

0.19 

Xiong et al., 2022 

SZ3 

(PDB: 8TC5) 
SARS-related Masked civet Cryo-EM 2.11 Å C3 3261 1.22 

96.95 

3.02 

0.03 

Hills et al., 2024 

007 

(PDB: 8TC1) 
SARS-related Masked civet Cryo-EM 1.92 Å C3 3264 1.15 

97.44 

2.56 

0.00 

Hills et al., 2024 

GD 

(PDB: 7BBH) 
Unclassified Pangolin Cryo-EM 2.90 Å C3 3189 1.38 

96.13 

3.87 

0.00 

Wrobel et al., 2021 

GX-P4L 

(PDB: 7CN8) 
Unclassified Pangolin Cryo-EM 2.50 Å C3 3375 2.07 

96.05 

3.53 

0.42 

Zhang et al., 2021 

Table 1. Technical information relating to spike glycoprotein structures analysed 
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Review highlights 

• Overall structural comparison of spike glycoproteins similar to SARS-CoV-2 

reveals high levels of structural conservation and outlines potential host-jumping 

pathways.  

• Many solved spike proteins can perform in vivo human ACE2 binding and 

pseudovirus entry, which is increased up to ~200-fold with single RBD mutations.  

• Sequence and structure variation exists in S proteins similar to SARS-CoV-2 to 

preferentially adopt the RBD ‘down’ conformation, favourable for bat coronavirus 

transmission routes.  
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