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Abstract 

 
Glycosylation of the SARS-CoV-2 spike (S) protein represents a key target for viral evolution 
because it affects both viral evasion and fitness. Successful variations in the glycan shield are 
difficult to achieve though, as protein glycosylation is also critical to folding and to structural 
stability. Within this framework, the identification of glycosylation sites that are structurally 
dispensable can provide insight into the evolutionary mechanisms of the shield and inform 
immune surveillance. In this work we show through over 45 μs of cumulative sampling from 
conventional and enhanced molecular dynamics (MD) simulations, how the structure of the 
immunodominant S receptor binding domain (RBD) is regulated by N-glycosylation at N343 and 
how this glycan’s structural role changes from WHu-1, alpha (B.1.1.7), and beta (B.1.351), to 
the delta (B.1.617.2) and omicron (BA.1 and BA.2.86) variants. More specifically, we find that 
the amphipathic nature of the N-glycan is instrumental to preserve the structural integrity of the 
RBD hydrophobic core and that loss of glycosylation at N343 triggers a specific and consistent 
conformational change. We show how this change allosterically regulates the conformation of 
the receptor binding motif (RBM) in the WHu-1, alpha and beta RBDs, but not in the delta and 
omicron variants, due to mutations that reinforce the RBD architecture. In support of these 
findings, we show that the binding of the RBD to monosialylated ganglioside co-receptors is 
highly dependent on N343 glycosylation in the WHu-1, but not in the delta RBD, and that affinity 
changes significantly across VoCs. Ultimately, the molecular and functional insight we provide in 
this work reinforces our understanding of the role of glycosylation in protein structure and 
function and it also allows us to identify the structural constraints within which the glycosylation 
site at N343 can become a hotspot for mutations in the SARS-CoV-2 S glycan shield.        
 
Introduction 
 
The SARS-CoV-2 spike (S) glycoprotein is responsible for viral fusion with the host cell, 
initiating an infection that leads to COVID-19(Walls et al., 2020; Wrapp et al., 2020). S is a 
homotrimer with a structure subdivided in two topological domains, namely S1 and S2, see 
Figure 1a, separated by a furin site, which is cleaved in the pre-fusion architecture(Walls et al., 
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2020; Wrapp et al., 2020). In the Wuhan-Hu-1 strain (WHu-1), and still in most variants of 
concern (VoCs), host cell fusion is predominantly triggered by S binding to the Angiotensin-
Converting Enzyme 2 (ACE2) receptor located on the host cell surface(Jackson et al., 2022; 
Wrapp et al., 2020). This process is supported by glycan co-receptors, such as heparan sulfate 
(HS) in the extracellular matrix(Clausen et al., 2020; Kearns et al., 2022) and by monosialylated 
gangliosides oligosaccharides (GM1os and GM2os) peeking from the surface of the host 
cells(Nguyen et al., 2021). The interaction with ACE2 requires a dramatic conformational 
change of the S, known as ‘opening’, where one or more Receptor Binding Domains (RBDs) in 
the S1 subdomain become exposed. The region of the RBD in direct contact with the ACE2 
surface is known as receptor binding motif (RBM)(Jackson et al., 2022; Lan et al., 2020; Yi et 
al., 2020). Ultimately, S binding to ACE2 causes shedding of the S1 subdomain and the 
transition to a post-fusion conformation, which exposes the fusion peptide near the host cell 
surface, leading to viral entry(Dodero-Rojas et al., 2021; Jackson et al., 2022).  
 
To exert its functions, S sticks out from the viral envelope where it is exposed to recognition. To 
evade the host immune system, enveloped viruses hijack the host cell’s glycosylation machinery 
to cover S with a dense coat of host carbohydrates, known as a glycan shield(Casalino et al., 
2020; Chawla et al., 2022; Grant et al., 2020; Turoňová et al., 2020; Watanabe et al., 2020b, 
2020a, 2019). In SARS-CoV-2 the glycan shield screens effectively over 60% of the S protein 
surface(Casalino et al., 2020), leaving the RBD, when open, and regions of the N-terminal 
domain (NTD) vulnerable to immune recognition(Bangaru et al., 2022; Carabelli et al., 2023; 
Chawla et al., 2022; Chen et al., 2022; Harvey et al., 2021; Piccoli et al., 2020). The RBD 
targeted by approximately 90% of serum neutralising antibodies(Piccoli et al., 2020) and thus a 
highly effective model not only to screen antibody specificity(Du et al., 2020; Lan et al., 2020; 
Lin et al., 2022) and interactions with host cell co-receptors(Clausen et al., 2020; Mycroft-West 
et al., 2020; Nguyen et al., 2021), but also as a protein scaffold for COVID-19 vaccines(Dickey 
et al., 2022; Kleanthous et al., 2021; Montgomerie et al., 2023; Ochoa-Azze et al., 2022; Tai et 
al., 2020; Valdes-Balbin et al., 2021; Yang et al., 2022).  
 
As a direct consequence the RBD is under great evolutionary pressure. Mutations of the RBD 
leading to immune escape are particularly concerning(Cao et al., 2023; Starr et al., 2021), 
especially when such changes enhance the binding affinity for ACE2 or give access to 
alternative entry routes(Baggen et al., 2023; Cervantes et al., 2023). The identification of 
mutational hotspots(Cao et al., 2023) and the effects of mutations in and around the RBM have 
been and are under a great deal of scrutiny(Barton et al., 2021; Bloom et al., 2023; Cao et al., 
2023; Dadonaite et al., 2022; Greaney et al., 2021; Starr et al., 2022a, 2022b, 2021). Yet, less 
attention is devoted to mutations in the glycan shield, which have been shown to lead to 
dramatic changes in infectivity(Harbison et al., 2022; Kang et al., 2021; Zhang et al., 2022) and 
in immune escape(Newby et al., 2022; Pegg et al., 2023). Successful changes in the glycan 
shield are evolutionarily difficult to achieve, since the nature and pattern of glycosylation of the S 
is crucial not only to the efficiency of viral entry and evasion, but also to facilitate folding and to 
preserve the structural integrity of the functional fold. Therefore, identifying potential 
evolutionary hotspots in the S shield is a complex matter, yet of crucial importance to immune 
surveillance.  
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Potential changes of the shield, e.g. loss, shift or gain of new glycosylation sites, can likely 
occur only where these do not negatively impact the integrity of the underlying, functional 
protein architecture. In this work we present and discuss the case of N343, a key glycosylation 
site on the RBD. Results of extensive sampling from molecular dynamics (MD) simulations 
exceeding 45 μs, show how the loss of N-glycosylation at N343 affects the structure, dynamics 
and co-receptor binding of the RBD and how these effects are modulated by mutations in the 
underlying protein, going from the WHu-1 strain through the VoCs designated as alpha 
(B.1.1.7), beta (B.1.351), delta (B.1.617.2) and omicron (BA.1). In addition, we provide 
important insight into the structure and dynamics of the omicron BA.2.86 RBD. This variant, 
designated as variant under monitoring (VUM) and commonly referred to as ‘pirola’, carries a 
newly gained N-glycosylation site at N354, which represents the first change in the RBD 
shielding since the ancestral strain. 
 
The SARS-CoV-2 S RBD (aa 327-540) from the WHu-1 (China, 2019) to the EG.5.1 (China, 
2023) shows two highly conserved N-glycosylation sites(Harbison et al., 2022), one at N331 and 
the other at N343(Watanabe et al., 2020a). While glycosylation at N331 is located on a highly 
flexible region linking the RBD to the NTD, the N343 glycan covers a large portion of the 
RBD(Casalino et al., 2020; Harbison et al., 2022), stretching across the protein surface and 
forming a bridge connecting the two helical regions that frame the beta sheet core, see Figure 
1b. In this work we show that removal of the N343 glycan induces a conformational change 
which in WHu-1, alpha and beta allosterically controls the structure and dynamics of the RBM, 
see Figure 1c. In delta and omicron these effects are significantly dampened by mutations that 
strengthen the RBD architecture. Further to this molecular insight, we show that enzymatic 
removal of the N343 glycan affects binding of monosialylated ganglioside co-receptors(Nguyen 
et al., 2021) in the WHu-1 RBD, but not in delta. We also observe that the affinity of the RBD for 
GM1 GM1os and GM2 GM1os changes significantly across the VoCs, with beta and omicron 
exhibiting the weakest binding. 
 
Ultimately, the molecular insight we provide in this work adds to the ever-growing evidence 
supporting the role of glycosylation in protein folding and structural stability. This information is 
not only central to structural biology, but also critical to the design of novel COVID-19 vaccines 
that may or may not carry glycans(Huang et al., 2022), as well as instrumental to our 
understanding of the evolutionary mechanisms regulating the shield.  
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Figure 1. Panel a) Atomistic model of the SARS-CoV-2 (WHu-1) S glycoprotein trimer embedded in a lipid bilayer as
reported in ref(Casalino et al., 2020). In the conformation shown, the S bears the RBD of chain A in an open
conformation, highlighted with a solvent accessible surface rendering. The topological S1 and S2 subdomains are
indicated on the left-hand side. Glycans are represented with sticks in white, the protein is represented with cartoon
rendering with different shades of cyan to highlight the chains. Panel b) Close-up of the open RBD (WHu-1) in a
ACE2-bound conformation (PDB 6M0J), with regions colour-coded as described in the legend. Key residues for
anchoring the FA2G2 (GlyTouCan-ID G00998NI) N343 glycan, namely S371, S373 and S375, across the beta sheet
core are highlighted also in the Symbol Nomenclature for Glycans (SNFG) diagram on the bottom-right with links to
the monosaccharides corresponding to primary contacts. Key residues of the hydrophobic patch (orange) found to be
inverted in the recently isolated FLip XBB1.5 variant are also indicated. Panel c) Heat map indicating the interactions
frequency (%) classified in terms of hydrogen bonding and van der Waals contacts between the N343 glycan and the
RBD residues 365 to 375 for each VoC, over the cumulative conventional MD (cMD) and enhanced GaMD sampling.
Panel d) Side view of the RBD with the antigenic Region 1 (green), Region 2 (or RBM in yellow), and Region 3
(orange) highlighted. Key residues Y351 and L452 at the intersection between Region 1 and the Receptor Binding
Motif (RBM) are indicated, together with the predicted site for the GM1 co-receptor binding. Rendering with VMD
(https://www.ks.uiuc.edu/Research/vmd/).  
 
Results 
 
In this section we start with a brief overview of the architecture of the RBD, we then explain how
the RBD structure is modulated by interactions with ACE2 and why the N343 glycan is integral
to its stability. We then describe how and why the loss of N343 glycosylation affects the RBD
structure and its binding affinity for GM1os and GM2os to different degrees in the VoCs.  
 
SARS-CoV-2 S RBD structure and antigenicity. The SARS-CoV-2 S RBD encompasses both
structured and intrinsically disordered regions. The structured region is supported by a largely
hydrophobic beta sheet core, framed by two flanking, partially helical loops (aa 335-345 and aa
365-375), linked by a bridging N-glycan at N343, see Figure 1b. The aa 335-345 loop carries
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the N343 glycosylation site and it is part of an important antigenic region targeted by Class 2 
and 3 antibodies(Bangaru et al., 2022; Barnes et al., 2020; Carabelli et al., 2023; Chen et al., 
2022). In the bridging conformation, the N343 glycan pentasaccharide extends across the RBD 
beta sheet to reach the aa 365-375 loop forming highly populated hydrogen bonding and 
dispersion interactions with the backbone and with the sidechains of residues 365 to 375, see 
Figures 1b,c and S.2. The bridging N343 glycan shields the hydrophobic beta sheet core of the 
RBD from the surrounding water, preventing energetically unfavourable contacts. Due to its 
amphipathic nature, the N343 forms dispersion interactions with the hydrophobic residues of the 
beta sheet through its core GlcNAc-β(1-4)GlcNAc, while engaging in hydrogen bonds with the 
surrounding water and with the aa 365-375 helical loop. Notably, the key anchoring residues 
S371, S373 and S375 within this loop are all mutated to hydrophobic residues in all omicron 
variants (BA.1-2, BA.4-5, BQ.1.1, EG.5.1, XBB.1.5). 
 
The receptor binding motif (RBM) encompasses aa 439-506 and counts all the RBD residues in 
direct contact with ACE2(Lan et al., 2020). The RBM is heavily targeted by both Class 1 and 2 
antibodies(Bangaru et al., 2022; Barnes et al., 2020; Carabelli et al., 2023; Chen et al., 2022) 
and under high evolutionary pressure, with all VoCs carrying mutations in this region. As shown 
by earlier MD simulations studies(Casalino et al., 2020; Harbison et al., 2022; Sztain et al., 
2021; Williams et al., 2022), the RBM in unbound S is largely unstructured and dynamic, an 
insight also supported by the low resolution cryo-EM maps of this region(Gobeil et al., 2022; 
Walls et al., 2020; Wrapp et al., 2020). The RBM’s inherent flexibility is likely an important 
feature in the opening and closing mechanism of the RBD, where the N343 from adjacent RBDs 
engage with the protein in closed conformation and gate RBD opening(Sztain et al., 2021). The 
only relatively structured region of the RBM is what we define here on as the hydrophilic patch, 
see Figure 1b, a hairpin stabilised by a network of interlocking salt-bridges and polar residues, 
namely R454, R457, K458, K462, E465, D467, S469, and E471, that faces the interior of the S 
when the RBD is closed.  
 
When in complex with ACE2 or with antibodies, the RBM adopts a structured fold, also shared 
by the SARS-CoV-1 S RBD(Li et al., 2005). In this conformation only the terminal hairpin of the 
RBM (aa 476 to 486) retains a high degree of flexibility, as shown in this work and by 
others(Williams et al., 2022). The RBM bound fold is stabilised by a hydrophobic patch 
supported by the stacking of the aromatic and aliphatic residues L455, F456, Y473, A475, see 
Figure 1b, which are part of the protein interface with ACE2. Notably, all residues in the 
hydrophobic and hydrophilic patches are highly conserved across the VoCs, possibly due to 
their critical function in inducing and/or stabilising the RBD into its ACE2-bound conformation. 
As an interesting observation, the loss of stacking in the hydrophobic patch due to the recent 
F456L mutation in the EG.5.1 variant (China, 2023) is recovered by the L455F mutation in the, 
appropriately named, FLip variant.  
 
Based on evidence from screenings(Bangaru et al., 2022; Carabelli et al., 2023; Chen et al., 
2022), we subdivided the RBD into three different antigenic regions known to be targeted by 
different classes of antibodies, see Figure 1d. Region 1 stretches from aa 337-353, which 
includes the N343 glycosylation site, and counts residues targeted by class 2 and 3 
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antibodies(Bangaru et al., 2022; Carabelli et al., 2023; Harvey et al., 2021). The aa sequence in 
Region 1 has been highly conserved so far, allowing specific antibodies to retain their 
neutralisation activity across all VoCs, such as S309(Piccoli et al., 2020; Pinto et al., 2020), 
whose binding mode also directly involves the N343 glycan(Liu et al., 2021). A notable and 
dramatic exception to this high degree of conservation in Region 1 is given by the BA.2.86 
variant (Denmark, 2023), known as ‘pirola’, where the K356T mutation introduces a new N-
glycosylation sequon at N354. Region 2 coincides with the RBM, which, in addition to binding 
ACE2 and neutralising antibodies, used to bind the N370 glycan from adjacent RBDs(Allen et 
al., 2023; Harbison et al., 2022; Watanabe et al., 2020b). N370 glycosylation is lost in SARS-
CoV-2 with the RBM binding cleft available to bind glycan co-receptors, such as 
glycosaminoglycans(Clausen et al., 2020; Kearns et al., 2022), blood group antigens(Nguyen et 
al., 2021; Wu et al., 2023), monosialylated gangliosides(Nguyen et al., 2021), among others. 
Region 3 is a short, relatively structured loop stretching between aa 411-426, located on the 
opposite side of the RBD relative to Region 1, see Figure 1d.  
 
Effect of the loss of N343 glycosylation on the structure of the WHu-1, alpha and beta 
RBDs. Results obtained for the WHu-1 strain and for the alpha (B.1.1.7) and beta (B.1.351) 
VoCs are discussed together due to their sequence and structure similarity, with alpha counting 
only one mutation (N501Y) and beta three mutations (K417N, E484K and N501Y) relative to the 
WHu-1 RBD. Extensive sampling through conventional MD, i.e. 4 μs for the alpha and beta VoC 
and 8 μs with an additional 4 μs of Gaussian accelerated MD (GaMD) for the WHu-1 RBD, see 
Table S.1, shows that the loss of N343 glycosylation induces a dramatic conformational change 
in the RBD, where one or both helical loops flanking the hydrophobic beta sheet core pull 
towards each other, see Figure 2. This conformational change can occur very rapidly upon 
removal of the N-glycan or after a longer delay due to the complexity of the conformational 
energy landscape. The data used for the analysis corresponds to systems that have reached 
structural stability, i.e. equilibrium; we discarded the timeframes corresponding to 
conformational transitions.  
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Figure 2. Panel a) Kernel Density Estimates (KDE) plot of the backbone RMSD values calculated relative to frame 1
(t = 0) of the trajectory for Region 1 (green) aa 337-353, Region 2 (yellow) aa 439-506, and Region 3 (orange) aa
411-426 of the glycosylated (left plot) and non-glycosylated (right plot) WHu-1 RBDs. Duration of the MD sampling is
indicated on the top-right corner of each plot with the conformational equilibration time subtracted as the
corresponding data were not included in the analysis. Representative structures from the MD trajectories of the WHu-
1 RBD glycosylated (cyan) and non-glycosylated (blue) at N343 are shown on the right-hand side of the panel. The
N343 glycan (GlyTouCan-ID G00998NI) is rendered with sticks in white, the hydrophobic residues underneath the
N343 glycan are highlighted with VDW spheres, while the protein structure is represented with cartoons. Panel b)
KDE plot of the backbone RMSD values (see details in panel a) above) calculated for the alpha (B.1.1.7) RBD
glycosylated (left) and non-glycosylated (right) at N343. Representative structures from the MD simulation of the
alpha RBDs are shown on the right-hand side of the panel, with the N343 glycosylated RBD shown with pink cartoons
and the non-glycosylated alpha RBD in purple cartoons. Panel c) KDE plots of the backbone RMSD values
calculated for the beta (B.1.351) RBD glycosylated (left) and non-glycosylated (right) at N343. Representative
structures from the MD simulation of the beta RBDs are shown on the right-hand side of the panel, with the N343
glycosylated RBD shown with orange cartoons and the non-glycosylated alpha RBD in red cartoons. Panel d)
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Binding affinities (1/Kd, x103 M-1) for interactions between different RBDs (including intact and endoF3 treated WHu-1 
RBD and alpha and beta RBD) and the GM1os (GlyTouCan-ID G46613JI) and GM2os (GlyTouCan-ID G61168WC) 
oligosaccharides. HEK293a samples(Nguyen et al., 2021) and shown here as reference. HEK293b samples all carry 
FLAG and His tags and are shown for WHu-1 (glycosylated and treated with endoF3 treated), alpha and beta 
sequences. Further details in Supplementary Material. Panel e) Predicted complex between the WHu-1 RBD and 
GM1os, with GM1os represented with sticks in SNFG colours, the protein represented with cartoons (cyan) and the 
N343 with sticks (white). Residues directly involved in the GM1os binding or proximal are labelled and highlighted with 
sticks. All N343 glycosylated RBDs carry also a FA2G2 N-glycan (GlyTouCan-ID G00998NI) at N331, which is not 
shown for clarity. Rendering done with VMD (https://www.ks.uiuc.edu/Research/vmd/), KDE analysis with seaborn 
(https://seaborn.pydata.org/) and bar plot with MS Excel.  

 
To explore the effects of the loss of N343 glycosylation in the WHu-1 RBD, we started the MD 
simulations from different conformations. In one set of conventional sampling MD trajectories 
(MD1) and in the GaMD simulations the starting structure corresponds to an open RBD from an 
MD equilibrated S ectodomain obtained in earlier work(Harbison et al., 2022). In this system the 
RBM is unfolded and retains the maximum degree of flexibility. MD2 was started from a 
conformation corresponding to the ACE2-bound structure(Lan et al., 2020). Results obtained 
from MD2 and GaMD are entirely consistent with results from MD1, and thus are included as 
Supplementary Material in Figure S.2. The GaMD simulation shows a lower degree of contact 
of the N343 glycan with the aa 365-375 stretch of the opposite loop, see Figure 1c, because 
most of the contacts are with residues further downstream from position 365. Nevertheless, the 
N343 remains engaged in a bridging conformation throughout the simulation. As shown by the 
RMSD values distributions, represented through Kernel Density Estimates (KDE) in Figure 2, 
the structure of Region 1 in the WHu-1 RBD is stable. In the glycosylated RBD the stability of 
Region 1 is largely due to the contribution of the bridging N343 FA2G2 glycan, forming 
hydrogen bonds with the residues in loop aa 365-375 throughout the simulations, see Figures 
1c and S.2. Conversely the conformation of the RBM (Region 2) is very flexible in both 
glycosylated and non-glycosylated forms. Loss of N343 glycosylation triggers a conformational 
change in the Region 1 of the WHu-1 RBD, shown by a broader KDE peak in Figure 2a. This 
conformational change ultimately triggers the complete detachment of the hydrophilic loop from 
Region 1, see Figure 1c, through rupture of the non-covalent interactions network between 
Y351 (Region 1) and S469 or T470 (Region 2) via of hydrogen bonding, and Y351 and L452 
(Region 2) via CH-π stacking. Structural changes in Region 3 upon loss of glycosylation at 
N343 appear to be negligible.  
 
The starting structure used for the simulations of the alpha RBD derives from the ACE2-bound 
conformation of the WHu-1 RBD (PDB 6M0J) modified with the N501Y mutation. The 
reconstructed glycan at N343 interacts with the aa 365-375 throughout the entire trajectory, but 
it adopts a stable conformation only after 830 ns, where we started collecting the data shown in 
Figure 2b. Again, we see that the loss of glycosylation at N343 causes a swift conformational 
change that brings the aa 335-345 and aa 365-375 loops closer together, see Figure 2b. This 
conformational change involves primarily Region 1, and just like the previous case, it ultimately 
determines the detachment of the hydrophilic patch from the Y351 in Region 1. Also shown by 
the KDE plot in Figure 2b, a small conformational change in Region 3, which involves a partial 
disruption and refolding of a helical turn, can be observed during the trajectory of the N343 
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glycosylated alpha RBD. As in the previous case the structure of Region 3 appears to be 
unaffected by N343 glycosylation, at least within the sampling accumulated in this work.  
 
In the beta RBD (starting structure from PDB 7LYN) the reconstructed N343 glycan adopts a 
bridging conformation quite rapidly and retains this conformation throughout the trajectory with 
only minor deviations. The corresponding RMSD values KDE distributions for Regions 1 to 3, 
see Figure 2c, reflect this structural stability. The stability of the RBM (Region 2) is supported 
by interactions between Y351 (Region 1) and the hydrophilic loop, as noted earlier. Loss of 
glycosylation at N343 causes a rapid tightening of the RBD core helical loops towards each 
other, which again in this case ultimately causes the detachment of the hydrophilic loop from 
Y351 in Region 1 towards the end of the MD trajectory, i.e. after 1.9 μs of sampling.  
 
Effect of the loss of N343 glycosylation on the binding affinity of GM1os /2 os for the WHu-
1, alpha and beta RBDs. In earlier work we presented a model of the complex between GM1 
and the WHu-1 RBD(Garozzo et al., 2022) to understand the role of monosialylated 
gangliosides as co-receptors in SARS-CoV-2 infection(Nguyen et al., 2021). The predicted 
binding site we validated through extensive MD sampling is located at the junction between 
Region 1 and Region 2 of the WHu-1 RBD and it involves all the residues that stabilise the 
region, namely Y351, L452, S469 and T470, see Figures 1c and 2e. As part of our investigation 
of glycan co-receptors binding to the SARS-CoV-2 RBD, we used direct ESI-MS assay to 
determine the impact of the loss of N343 glycosylation on GM1os and GM2os binding. Here, we 
used endoF3-treatment to trim down the fucosylated biantennary and triantennary complex N-
glycans into core nonfucosylated or fucosylated GlcNAc (Gn or GnF, respectively). LC-MS 
analysis suggests that N-glycans on N343 but not N331 of WHu-1 RBD were trimmed down 
(Figure S.6). From the zero-charge mass spectra of endoF3-treated WT RBD (Figure S.5), we 
performed glycan assignment (Table S.8) and found that 31% of detected glycoforms contained 
Gn/GnF at N343 while the remaining was the intact form. Affinity data in Figure 2d show that 
the enzymatic removal of the N343 glycan from the WHu-1 RBD causes a complete loss of 
GM1os/2os binding, which is consistent with both, the involvement of the junction between 
Regions 1 and 2 the binding and its allosteric control of the RBM dynamics. Furthermore, while 
binding of GM1os and GM2os to the alpha RBD appears to be slightly decreased relative to WHu-
1, binding to the beta RBD is dramatically reduced. We can reconcile this finding with the 
mutation E484K in beta, which changes the key interaction between E484 and GM1os, see 
Figure 2 and with changes in structure and dynamics of the RBM terminal hairpin induced by 
mutations(Williams et al., 2022),  which have also been suggested to affect the S opening 
kinetics(Y. Wang et al., 2021).  
  
Effects of N343 glycosylation on the structure of the delta RBD. The delta (B.1.617.2) RBD 
carries two mutations, namely L452R and T478K, relative to the WHu-1 strain. The open RBD in 
the cryo-EM structure PDB 7V7Q was used as starting conformation for the MD simulations of 
both the glycosylated, and the non-glycosylated delta RBDs. To understand how the mutations 
in delta affect the RBD structure and modulate the response to the loss of glycosylation at 
N343, we ran two uncorrelated conventional MD simulations (2 μs) and one GaMD simulation (2 
μs) for both the glycosylated and non-glycosylated systems, for a total (cumulative) sampling of 
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12 μs. Results are shown in Figure 3. In the glycosylated delta RBD the N343 glycan is 
observed to be much more dynamic than in the WHu-1, alpha and beta RBDs, engaging in 
contacts with different regions of the RBD in addition to the loop aa 365-375. In response to 
these fluctuations the conformation of the RBD remains stable with only minor deviations from 
the average structure of Regions 1 and 3. All trajectories, and in particular the results of the 
GaMD simulation in Figure 3c, show that RBM (Region 2) of delta is highly dynamic. This 
flexibility appears to involve specifically the terminal hairpin of the RBM (aa 476 to 486), which 
includes the T478K mutation, while the rest of the RBM is tightly anchored due to the L454R 
mutation. More specifically, the R452 of delta can establish a new hydrogen bond with Y351, in 
addition to S469 and T470, reinforcing the junction between Regions 1 and 2. Furthermore, in 
the delta RBM the role of L452 in CH-π stacking to Y351 is taken by the proximal L492, through 
a twist of the beta sheet, see Figure 3e. These interactions also contribute to reinforcing the 
R454 orientation, tightening the link with the RBM hydrophilic patch.  
  
 

 
 
Figure 3. Panel a) KDE plot of the backbone RMSD values calculated relative to frame 1 (t = 0) of the MD1 trajectory 
for Region 1 (green) aa 337-353, Region 2 (yellow) aa 439-506, and Region 3 (orange) aa 411-426 of the N343 
glycosylated delta (B.1.617.2) RBD. The MD1 simulation was started from the open RBD conformation from the cryo-
EM structure PDB 7V7Q. Based on the conformation of the N-glycan reconstructed at N353, the first 100 ns of the 
MD1 production trajectory were considered part of the conformational equilibration and not included in the data 
analysis. Panel b) KDE plot of the backbone RMSD values calculated relative to frame 1 (t = 0) of the MD2 trajectory 
for Regions 1-3 (see details above) of the N343 glycosylated delta (B.1.617.2) RBD. The MD2 simulation was started 
from the open RBD conformation from the cryo-EM structure PDB 7V7Q with different velocities relative to MD1. The 
first 350 ns of the MD2 production trajectory were considered part of the conformational equilibration and not included 
in the data analysis. Panel c) KDE plot of the backbone RMSD values calculated relative to frame 1 (t = 0) of the 
GaMD trajectory for Regions 1-3 of the N343 glycosylated delta (B.1.617.2) RBD. The first 400 ns of the GaMD 
production trajectory were considered part of the conformational equilibration and not included in the data analysis. 
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Panel e) Graphical representation of the delta RBD with the protein structure (lime cartoon) from a representative 
snapshot from MD1. The N343 FA2G2 glycan (GlyTouCan-ID G00998NI) is represented in different colours, 
corresponding to the different MD trajectories, as described in the legend, with snapshots taken at intervals of 100 ns. 
Residues in the hydrophobic core of the delta RBD are represented with VDW spheres partially visible under the N-
glycans overlay. Panel f) Insert showing the junction between Regions 1 and 2 from the left-hand side of the RBD in 
panel e). The residues involved in the network solidifying the junction are highlighted with sticks and labelled. Panel f) 
Affinities (1/Kd, x103 M-1) for interactions between GM1os (GlyTouCan-ID G46613JI) and GM2os (GlyTouCan-ID 
G61168WC) oligosaccharides and the intact and endoF3-treated delta RBD and omicron RBD. Rendering done with 
VMD (https://www.ks.uiuc.edu/Research/vmd/), KDE analysis with seaborn (https://seaborn.pydata.org/) and bar plot 
with MS Excel.  

  
The effect of the loss of glycosylation at N343 on the delta RBD was assessed by running two 
uncorrelated MD simulations, one by conventional sampling (MD1 of 3 μs) and the other 
through enhanced sampling (GaMD of 2 μs). As a consequence of the L452R mutation shown 
in Figure 3, the tightening of the helical loops aa 335-345 and aa 365-375 over the hydrophobic 
core of the RBD occurring upon loss of glycosylation at N343 does not affect the structure and 
dynamic of the junction between Regions 1 and 2, see Figure S.3. Results of the conventional 
MD simulation show that the tightening of the loops is mainly achieved by a larger displacement 
of the aa 365-375 loop rather than of Region 1, while the GaMD results show tightening of both 
loops, see Figure S.3. In all simulations the structure of the junction between Regions 1 and 2 
remains undisturbed, with no detachment of the hydrophilic patch within the sampling we 
collected.  
 
Effect of the loss of N343 glycosylation on the binding affinity of GM1/2 for the delta 
RBD. To examine the effect of N343 glycosylation on glycan binding of delta RBD, we used the 
direct ESI-MS assay to quantify the binding affinities between endo F3-treated delta and GM1os 
and GM2os. From the zero-charge mass spectra of endoF3-treated RBD, see Figure S.5, we 
performed glycan assignment, see Table S.9, and found that both N331 and N343 glycans were 
trimmed down to Gn/GnF. Direct ESI-MS data in Figure 3f show no loss of GM1/2 binding in 
the delta RBD upon loss of N343 glycosylation, which further supports the involvement of the 
Region 1 to 2 junction in sialylated glycans recognition.  
 
Effects of N343 glycosylation on the RBD structure in the omicron BA.1 SARS-CoV-2. The 
omicron BA.1 RBD carries 15 mutations relative to the WHu-1 strain, namely S371L, S373P, 
S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, G496S, Q498R, N501Y, 
Y505H, and T547K. The S371L, S373P, and S375F mutations, retained in all omicron VoCs 
including the most recently circulating XBB.1.5, EG.5.1 and BA.2.86, remove all hydroxyl 
sidechains that we have seen being involved in hydrogen bonding interactions with the N343 
glycan in the WHu-1, alpha, beta and delta RBDs, see Figures 1c and S.3. We investigated the 
effects of the loss of glycosylation at N343 in the structure of the BA.1 RBD through two sets of 
uncorrelated conventional MD simulations (MD1 and MD2) and one set of GaMD, with total 
cumulative simulation time of 12 μs. Starting structures correspond to the open RBD in PDB 
7QO7 (MD1) and in PDB 7WVN (MD2 and GaMD), where the N343 glycan was reconstructed 
in different conformations, depending on the spatial orientation of the N343 sidechain. The 
results of the MD1 and GaMD simulations show that, despite the S371L, S373P, and S375F 
mutations, the N343 glycan is still forms stable contacts with the aa 365-375 loop, see Figures 
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1c and S.3, and these interactions contribute to the stability of the RBD structure, see Figure 4.
In the starting structure we used for MD2 the N343 glycan was built with the core
pentasaccharide pointing away from the RBD hydrophobic core. Consequently, the N-glycan
adopts different transient conformations during the MD2 trajectory, which terminate with an
interaction with the hydrophobic interior of the RBD and with the N331 glycan, see Figure S.6.
In all simulations the loss of glycosylation at N343 causes a tightening of the aa 335-345 and aa
365-375 loops, which in omicron is stabilised by more efficient packing of the aa 365-375 loop
within the hydrophobic core, driven by the embedding of the L371 and F375 sidechains. The
non-glycosylated RBD adopts a stable conformation where we do not see a detachment of the
hydrophilic patch. The stabilising effect of the aa 365-375 loop mutations in omicron could not
be tested by means of affinity for GM1os/2os as omicron (BA.1) binds those epitopes only weakly,
see Figure 3f. Based on the binding site we predicted by MD simulations in earlier
work(Garozzo et al., 2022), see Figures 1d and 2e, and as observed for beta, the loss of E484
due to the E484A mutation in omicron may negate GM1os/2os binding.      
 
The stability of the RBD structure is further enhanced by the presence of an additional
glycosylation site at N354, which appeared in the recently detected omicron BA.2.86 ‘pirola’
variant. As shown in Figure 4d-f, the N-glycans at N343 and N354 are tightly intertwined
throughout the trajectory stabilising Region 1, also shielding the area very effectively. The
presence of an additional N-glycosylation site at N354 also changes the conformation of the
loop that hosts the site relative to the BA.1 starting structure we used as a template to run the
MD simulation, see Figure 4f. To note, based on earlier glycoproteomics analysis(Newby et al.,
2022; Watanabe et al., 2020a) and on the exposure to the solvent of the reconstructed glycan
structure at N354, we chose to occupy all glycosylation sites with FA2G2 N-glycans.         
 

Figure 4. Panel a) KDE plot of the backbone RMSD values calculated relative to frame 1 (t = 0) of the GaMD
trajectory for Region 1 (green) aa 337-353, Region 2 (yellow) aa 439-506, and Region 3 (orange) aa 411-426 of the
glycosylated omicron (BA.1) RBD. Panel b) KDE plot of the backbone RMSD values calculated relative to frame 1 (t
= 0) of the GaMD trajectory (see details above) of the non-glycosylated omicron (BA.1) RBD. Panel c) Graphical
representation of the glycosylated (protein in yellow cartoons and N343-FA2G2 in white sticks, N331 omitted for
clarity) and non-glycosylated (protein in cyan cartoons) of the omicron (BA.1) RBD. Structures correspond to the last
frame of the GaMD trajectories, see details in the legend. Panel d) KDE plot of the backbone RMSD values
calculated relative to frame 1 (t = 0) of the MD trajectory of the omicron BA.2.86 RBD glycosylated with FA2G2 N-
glycans at N343, N354 and N331(not shown). Panel e) Graphical representation of the omicron BA.2.86 RBD
(protein in violet cartoons and N-glycans in violet sticks) structurally aligned to the glycosylated omicron (BA.1) RBD
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(protein in yellow cartoons) for reference. The N343 and N354 glycans are intertwined throughout the trajectory. 
Panel f) Same graphical representation of the omicron BA.2.86 and BA.1 RBDs with the N-glycans not shown. The 
purple arrow points to the displacement of the loop in response to the presence of the N354 glycan in BA.2.86. 
Rendering with VMD (https://www.ks.uiuc.edu/Research/vmd/) and KDE analysis with seaborn 
(https://seaborn.pydata.org/).  

 
Discussion 
 
Quantifying the role of glycosylation in protein folding and structural stability is a complex task 
due to the dynamic nature of the glycan structures(Fadda, 2022; Woods, 2018) and to the 
micro- and macro-heterogeneity in their protein functionalization(Čaval et al., 2021; Riley et al., 
2019; Struwe and Robinson, 2019; Thaysen-Andersen and Packer, 2012; Zacchi and Schulz, 
2016) that hinder characterization. Yet, the fact that protein folding occurs within a context 
where glycosylation types and occupancy can change on the fly, suggests that not all 
glycosylation sites are essential for the protein to achieve and retain a native fold and that those 
sites may be displaced without consequences to function. In this work we investigated the 
structural role of the N-glycosylation at N343 in the SARS-CoV-2 S RBD, one of the most highly 
conserved sites in the viral phylogeny(Harbison et al., 2022). Extensive MD simulations in this 
and in earlier work by us and others(Casalino et al., 2020; Grant et al., 2020; Harbison et al., 
2022; Sikora et al., 2021) show that the RBD core is effectively shielded by this glycan. 
Furthermore, the N343 glycan has been shown to be mechanistically involved in the opening 
and closing of the S(Sztain et al., 2021), making this glycosylation site functionally essential 
towards viral infection.  
 
In this work we performed over 45 μs of cumulative MD sampling with both conventional and 
enhanced schemes to show that the N343 glycan also plays a fundamental structural role in the 
WHu-1 SARS-CoV-2 and that this role has changed in the variants circulating thus far. While we 
cannot gauge how fundamental is N343 glycosylation towards RBD folding, we see that the 
amphipathic nature of the complex N-glycan(Watanabe et al., 2020a) at N343 enhances the 
stability of the RBD architecture, bridging between the two partially helical loops that frame a 
highly hydrophobic beta sheet core. To note, we determined the same bridging structures also 
for oligomannose types N-glycans at N343 in earlier work(Harbison et al., 2022). In all variants 
we observe that the removal of the glycan at N343 triggers a tightening of the loops in a 
response likely aimed at limiting access of water into the hydrophobic core. In WHu-1, alpha 
and beta RBDs this event allosterically controls the dynamics of the RBM, ultimately causing the 
detachment of the hydrophilic patch and misfolding from the ACE2-recognized conformation. 
These results are in agreement with the drastic reduction of viral infectivity observed upon 
deletion of both N331 and N343 glycosylation in the WHu-1 strain (Li et al., 2020), where loss of 
structure may add to the loss of function through gating(Sztain et al., 2021) or vice versa.  
 
As a functional assay to support this molecular insight, we determined how the binding affinity of 
the RBD for the oligosaccharides of the monosialylated gangliosides GM1os and GM2os is 
modulated by N343 glycosylation. These were shown in earlier work by us and others to 
function as co-receptors in WHu-1 infection(Nguyen et al., 2021). We predicted through 
extensive MD sampling that GM1os and GM2os bind the RBD into a site corresponding precisely 
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to the location occupied by the 6-arm of an ancestral N-glycan at N370(Garozzo et al., 2022; 
Harbison et al., 2022). Note, the N370 site is still occupied in zoonotic sabercoviruses(Allen et 
al., 2023). The GM1os binding site, see Figure 2e, is located precisely at the junction between 
Regions 1 and 2, which is disrupted by the loss of N343 glycosylation in WHu-1. Accordingly, 
we find that enzymatic removal of the N343 glycan abolishes GM1os and GM2os binding in the 
WHu-1 RBD, see Figure 2d. While we expect a similar loss of binding in alpha, within the 
context of a lower affinity relative to the WHu-1 RBD, we find that the beta RBD does not bind 
GM1os and GM2os, regardless of its glycosylation state. Based on the structure of the GM1-RBD 
complex we identified, see Figure 2e, where E484 represents a key contact to the 
oligosaccharides, the mutation of E484K in beta may be key to the loss of binding, together with 
change in the RBM kinetics linked to this mutation and to variations within the same region(Y. 
Wang et al., 2021; Williams et al., 2022).  
 
In the delta variant we observed that the L452R mutation is responsible for an increased 
structural stability of the RBD, reinforcing the non-covalent interactions network between Region 
1 and the RBM. Indeed, the tightening of the loops occurring upon loss of N343 glycosylation 
does not trigger a misfolding of the RBM, see Figure 3. Accordingly, we observe that the delta 
RBD with the trimming down of N331 and N343 glycans shows no significant change in binding 
affinity for GM1os and GM2os relative to the fully glycosylated form, see Figure 3f.  
 
In all omicron variants, including all the currently circulating VoCs and VUMs, the loop aa 365-
375 that the N343 glycan hooks on, carries similar mutations, with the highly conserved S371, 
S373 and S375 all mutated to hydrophobic residues, see Figure S.1. Our MD results on the 
BA.1 and BA.2.86 RBDs show that hydrophobic residues at positions 371, 372 and 373 can 
pack within the RBD core, while leading to a loop structure that can support the N343 glycan 
branches through interactions with the backbone, see Figure 4. We have shown for all variants 
that the contacts between the N343 glycan and the aa 365-375 stretch of the opposite loop are 
fairly equally distributed, between hydrophilic (hydrogen bonding) and hydrophobic (dispersion 
or van der Waals) type interactions, see Figure 1c. Therefore, it is expected that the loss of 
anchoring hydrogen bonding residues can be supported through other interactions. Within this 
context, the removal of the N343 glycan does still cause a tightening of the loops, yet through a 
different mechanism relative to the other variants that ultimately does not appear to affect the 
RBM dynamics. As in beta, for omicron there is negligible binding of the N343 glycosylated RBD 
to GM1os and GM2os, likely due to the E484A mutation, which would deny a key interaction 
within the predicted binding site, see Figure 2e.  
 
Taken together, our results show that since the WHu-1, alpha and beta strains, the RBD has 
evolved to make the N-glycosylation site at N343 structurally dispensable. Within this 
framework, provided that an N-glycosylation site in the immediate vicinity of N343 is necessary 
for folding and for function, a shift of the site within the sequence can potentially occur. Such a 
modification may negatively affect recognition and binding by neutralising antibodies(Liu et al., 
2021; Piccoli et al., 2020; Pinto et al., 2020) and thus promote evasion. We have also shown for 
the BA.2.86 that the new glycosylation site at N354 can effectively contribute to the stability of 
Region 1, while significantly increasing shielding.  
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Moreover, we show that specific VoCs lost affinity for monosialylated ganglioside 
oligosaccharides with a trend in agreement with a binding site located at the junction between 
Region 1 and the RBM, which is part of the N370 glycan binding cleft on the RBD(Harbison et 
al., 2022). This conclusion is further supported by how binding affinities for GM1os and GM2os 
change upon the loss of N343 glycosylation, in agreement with the MD results. Further to this, 
as mutations we identified dampened binding to monosialylated ganglioside oligosaccharides, it 
is also possible that further mutations may switch the affinity back on or determine a shift of 
preference of the RBD towards other glycans that can still be recognised within the N370 cleft. 
Further work is ongoing in this area.    
 
Finally, the results from this work point to the importance of understanding the impact of N-
glycosylation in protein structure and stability, with immediate consequences to COVID-19 
vaccine design. Indeed, earlier work shows SARS-CoV-2 S-based protein vaccines with 
increased efficacy due to the removal of N-glycans(Huang et al., 2022), and of RBD-based 
vaccines in use and under development(Cohen et al., 2022; Más-Bermejo et al., 2022; Valdes-
Balbin et al., 2021) that may be designed with and without N-glycans. The design of such 
constructs may benefit from understanding which N-glycosylation sites are structurally essential 
and which are dispensable.                   
 
Material and Methods 
 
Computational methods. All simulations were performed using additive, all-atom force fields, 
namely the AMBER 14SB parameter set(Maier et al., 2015) to represent protein atoms and 
counterions (200 mM of NaCl), GLYCAM06j-1(Kirschner et al., 2008) to represent glycans, and 
TIP3P for water molecules(Jorgensen et al., 1983). All production trajectories from conventional 
(deterministic) MD simulations were run for a minimum of 2 μs to ensure convergence. In some 
cases, we extended the simulations up to 3 μs to assess the stability of specific conformational 
transitions, where deemed necessary. All Gaussian accelerated MD (GaMD)(Miao et al., 2015; 
J. Wang et al., 2021) production trajectories were run for 2 μs. All simulations of the N343 
glycosylated and non-glycosylated RBDs were started from identical 3D structures. The glycans 
at N331 and N343 were rebuilt as FA2G2 (GlyTouCan-ID G00998NI) based on glycoproteomics 
data(Newby et al., 2022; Watanabe et al., 2020a) with 3D structures from our GlycoShape 
database(Ives et al., 2023) (https://glycoshape.org). Further information on the RBD structures 
and PDB IDs for all variants, together with details on the MD systems set-up, equilibration 
protocols and total sampling times allocations are available as Supplementary Material. 
Sequences for all VoCs and VUM RBDs (aa 327-540) from https://viralzone.expasy.org/9556.      
  

Proteins and glycans. Expression and purification of recombinant WHu-1, Alpha, Beta, Delta 
and Omicron RBD (EG319RVQP…VN541F, UniProt number P0DTC2) with C-terminal FLAG 
(SGDYKDDDDKG) and His tags (HHHHHHG) used in the current study were described 
elsewhere(Akache et al., 2021; Colwill et al., 2022). Mutations of SARS-CoV-2 RBD VOCs are 
shown in Figure S1.  Proteins were purified using standard immobilised metal-ion affinity 
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chromatography (IMAC), followed by size-exclusion chromatography on Superdex-75 to remove 
dimers as decribed(Forest-Nault et al., 2022). To obtain endo F3-treated WHu-1 and Delta 
RBD, 100 μg of each RBD was treated with endo F3 (purchased from New England Biolabs) in 
1x Glycobuffer (50 mM sodium acetate, pH 4.5) at 37 oC overnight. Each protein was dialyzed 
and concentrated against 100�mM ammonium acetate (pH 7.4) using an Amicon 0.5-mL 
microconcentrator (EMD Millipore) with a 10-kDa MW cutoff and stored at –80�°C until used. 
The concentrations of protein stock solutions were estimated by UV absorption (280 nM). The 
oligosaccharides of GM1 and GM2, Galβ1-3GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glc (MW 998.34 
Da, GM1os) and GalNAcβ1-4(Neu5Acα2-3)Galβ1-4Glc (MW 836.29 Da, GM2os), respectively, 
were purchased from Elicityl SA (Crolles, France). 1�mM stock solutions of each glycan were 
prepared by dissolving a known mass of glycan in ultrafiltered Milli-Q water. All stock solutions 
were stored at -20�°C until needed. 

ESI-MS affinity measurements. Affinities (Kd) of glycan ligands for RBD were measured by the 
direct ESI-MS binding assay. The ESI-MS affinity measurements were performed in positive ion 
mode on a Q Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific). The capillary 
temperature was 150�°C, and the S-lens RF level was 100; an automatic gain control target of 
5�×�105 and maximum injection time of 100�ms were used. The resolving power was 17,500. 
The instrument was equipped with a modified nanoflow ESI (nanoESI) source. NanoESI tips 

with an outer diameter (o.d.) of ∼5�µm were pulled from borosilicate glass (1.2 mm o.d., 0.69 

mm i.d., 10 cm length, Sutter Instruments, CA) with a P-97 micropipette puller (Sutter 
Instruments). A platinum wire was inserted into the nanoESI tip, making contact with the sample 
solution, and a voltage of 0.8�kV was applied. Each sample solution contained a given RBD (5 
μM) and GM1os or GM2os (at three different concentrations ranging from 10 to 150 μM) in 
ammonium acetate (100 mM, pH 7.4). Data acquisition and pre-processing was performed 
using the Xcalibur software (version 4.1); ion abundances were extracted using the in-house 
software SWARM(Kitov et al., 2019). A brief description of the data analysis procedures used in 
this work is given as the Supporting Information. 

Protease digestion. 20 µg of a given purified protein (intact and endoF3-treated WT RBDs) 
were dissolved in 100 μL of 8 M urea in 100 mM Tris-HCl (pH 8.0) containing 3 mM EDTA and 
incubated at room temperature for 1 h. The denatured protein was then reduced with 5 μL of 
500 mM dithiothreitol (DTT; Sigma-Aldrich) at room temperature for 1 h; followed by alkylation 
with 12�µL of 500�mM iodoacetamide (Sigma-Aldrich) at room temperature for 20�min in the 
dark. The reaction was quenched by adding 5�µL of 250�mM DTT, and the solution buffer was 
exchanged using a 10-kDa Amicon Ultra centrifugal filter. The samples were loaded onto the 
filter and centrifuged at 14 000×g for 15 min. The glycoprotein solution was subsequently 
digested with trypsin/chymotrypsin (substrate/enzyme (wt/wt)�=�50) in 50�mM ammonium 
bicarbonate (pH 8.0) for 18�h at 37�°C. The reaction was quenched by heat inactivation at 
100�°C for 10�min. The lyophilized sample was stored at -20�°C until LC–MS analysis. 

Peptide analysis by Reverse-Phase Liquid Chromatography (RPLC)-MS/MS. The digested 
samples were separated using a RPLC-MS/MS on a Vanquish UHPLC system (Thermo Fisher 
Scientific) coupled with ESI-MS detector (Thermo Q Exactive Orbitrap). Peptide separation was 
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achieved using a Waters Acquity UPLC Peptide BEH C18 column (1.7 μm, 2.1 mm × 150 mm; 
Waters). The eluents were 0.1% formic acid in water (solvent A) and 0.1% formic acid in 
acetonitrile (solvent B). The separation was performed at 60�°C. The following gradient was 
used for MS detection: t�=�0�min, 95% solvent A (0.2�mL min–1); t�=�45�min, 40% solvent 
A (0.2�mL min–1); t�=�55�min, 5% solvent A (0.2�mLmin–1); t�=�55.1�min, 95% solvent A 
(0.2�mL min–1). During LC–MS analysis, the following parameters were used: sheath gas flow 
rate of 10 arbitrary units (AU), capillary temperature of 250�°C and spray voltage of 1.5�kV. 
The mass spectra were acquired in positive mode with an m/z range of 200–3,000 at a 
resolution of 70,000. The automatic gain control target was set at 1�×�106, and a maximum 
injection time of 100�ms was used. HCD mass spectra were acquired in the data-dependent 
mode for the five most abundant ions with a resolution of 17,500. Automatic gain control target, 
maximum injection time and isolation window were set at 2�×�105, 200�ms and 2.0�m/z, 
respectively. HCD-normalized collision energy was 25%. The data were recorded by Xcalibur 
(Thermo, version 4.1) and analyzed using Thermo BioPharma Finder software. 

The peptide sequences (EG319RVQP…VN541FS with C-terminal FLAG (SGDYKDDDDKG) and 
His tags (HHHHHHG), UniProt number P0DTC2) were then identified using the theoretical 
digest feature of the software. Carbamidomethylation and carboxymethylation at cysteine 
residues were used as a fixed modification. Common mammalian N- and O-glycans were also 
used as variable modifications. A precursor mass tolerance of 5 ppm was set. For quantification, 
the abundance of each N-glycan at each N-glycosylation site (N331 and N343) is the sum of MS 
areas under the peak curve divided by the corresponding charge states. Next, for each N-
glycosylation site, the relative abundance of each N-glycan is calculated as its abundance over 
the total abundance of all N-glycans detected. 

Acknowledgements  
 
The Science Foundation of Ireland (SFI) Frontiers for the Future Programme is gratefully 
acknowledged for financial support of CMI postdoctoral training (20/FFP-P/8809). The opinions, 
findings, and conclusions or recommendations expressed in this material are those of the 
author(s) and do not necessarily reflect the views of the Science Foundation Ireland. CMI and 
EF gratefully acknowledge ORACLE for Research for the generous allocation of computational 
and data storage resources. CAF acknowledges the Irish Research Council (IRC) for funding 
through the Government of Ireland Postgraduate Scholarship Programme (GOIPG/201912212). 
CMI, CAF, AMH and EF acknowledge the Irish Centre for High-End Computing (ICHEC) for 
generous allocation of computational resources. Large part of the computational work described 
here was run on the HPC cluster kay at ICHEC, soon to be decommissioned. We would like to 
take this opportunity to thank kay for her invaluable service to the Irish scientific computing 
community, together with all the staff at ICHEC that took great care of her during the past 5 
years. JSK and LN acknowledge the Natural Sciences and Engineering Research Council of 
Canada, the Canada Foundation for Innovation and the Alberta Innovation and Advanced 
Education Research Capacity Program for funding. We are grateful to the members of the NRC-
HHT Mammalian Cell Expression Section for their contribution to the cloning, expression and 
purification of the various recombinant proteins used in this study and to the Pandemic 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


18 

Response Challenge Program of the National Research Council of Canada for its financial 
support.   
 
Data Availability 
 
All MD trajectories are available for download at https://doi.org/10.5281/zenodo.10441732  
 
References  
 

Akache B, Renner TM, Tran A, Deschatelets L, Dudani R, Harrison BA, Duque D, Haukenfrers 
J, Rossotti MA, Gaudreault F, Hemraz UD, Lam E, Régnier S, Chen W, Gervais C, 
Stuible M, Krishnan L, Durocher Y, McCluskie MJ. 2021. Immunogenic and efficacious 
SARS-CoV-2 vaccine based on resistin-trimerized spike antigen SmT1 and SLA 
archaeosome adjuvant. Sci Rep 11:21849. doi:10.1038/s41598-021-01363-7 

Allen JD, Ivory DP, Song SG, He W-T, Capozzola T, Yong P, Burton DR, Andrabi R, Crispin M. 
2023. The diversity of the glycan shield of sarbecoviruses related to SARS-CoV-2. Cell 
Rep 42:112307. doi:10.1016/j.celrep.2023.112307 

Baggen J, Jacquemyn M, Persoons L, Vanstreels E, Pye VE, Wrobel AG, Calvaresi V, Martin 
SR, Roustan C, Cronin NB, Reading E, Thibaut HJ, Vercruysse T, Maes P, De Smet F, 
Yee A, Nivitchanyong T, Roell M, Franco-Hernandez N, Rhinn H, Mamchak AA, Ah 
Young-Chapon M, Brown E, Cherepanov P, Daelemans D. 2023. TMEM106B is a 
receptor mediating ACE2-independent SARS-CoV-2 cell entry. Cell 186:3427-3442.e22. 
doi:10.1016/j.cell.2023.06.005 

Bangaru S, Antanasijevic A, Kose N, Sewall LM, Jackson AM, Suryadevara N, Zhan X, Torres 
JL, Copps J, de la Peña AT, Crowe JE Jr, Ward AB. 2022. Structural mapping of 
antibody landscapes to human betacoronavirus spike proteins. Sci Adv 8:eabn2911. 
doi:10.1126/sciadv.abn2911 

Barnes CO, Jette CA, Abernathy ME, Dam K-MA, Esswein SR, Gristick HB, Malyutin AG, 
Sharaf NG, Huey-Tubman KE, Lee YE, Robbiani DF, Nussenzweig MC, West AP Jr, 
Bjorkman PJ. 2020. SARS-CoV-2 neutralizing antibody structures inform therapeutic 
strategies. Nature 588:682–687. doi:10.1038/s41586-020-2852-1 

Barton MI, MacGowan SA, Kutuzov MA, Dushek O, Barton GJ, van der Merwe PA. 2021. 
Effects of common mutations in the SARS-CoV-2 Spike RBD and its ligand, the human 
ACE2 receptor on binding affinity and kinetics. Elife 10:e70658. doi:10.7554/eLife.70658 

Bloom JD, Beichman AC, Neher RA, Harris K. 2023. Evolution of the SARS-CoV-2 Mutational 
Spectrum. Mol Biol Evol 40. doi:10.1093/molbev/msad085 

Cao Y, Jian F, Wang J, Yu Y, Song W, Yisimayi A, Wang J, An R, Chen X, Zhang N, Wang 
Yao, Wang P, Zhao L, Sun H, Yu L, Yang S, Niu X, Xiao T, Gu Q, Shao F, Hao X, Xu Y, 
Jin R, Shen Z, Wang Youchun, Xie XS. 2023. Imprinted SARS-CoV-2 humoral immunity 
induces convergent Omicron RBD evolution. Nature 614:521–529. doi:10.1038/s41586-
022-05644-7 

Carabelli AM, Peacock TP, Thorne LG, Harvey WT, Hughes J, Peacock SJ, Barclay WS, de 
Silva TI, Towers GJ, Robertson DL. 2023. SARS-CoV-2 variant biology: immune 
escape, transmission and fitness. Nat Rev Microbiol 1–16. doi:10.1038/s41579-022-
00841-7 

Casalino L, Gaieb Z, Goldsmith JA, Hjorth CK, Dommer AC, Harbison AM, Fogarty CA, Barros 
EP, Taylor BC, McLellan JS, Fadda E, Amaro RE. 2020. Beyond Shielding: The Roles of 
Glycans in the SARS-CoV-2 Spike Protein. ACS Cent Sci 6:1722–1734. 
doi:10.1021/acscentsci.0c01056 

Čaval T, Heck AJR, Reiding KR. 2021. Meta-heterogeneity: Evaluating and Describing the 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


19 

Diversity in Glycosylation Between Sites on the Same Glycoprotein. Mol Cell Proteomics 
20:100010. doi:10.1074/mcp.R120.002093 

Cervantes M, Hess T, Morbioli GG, Sengar A, Kasson PM. 2023. The ACE2 receptor 
accelerates but is not biochemically required for SARS-CoV-2 membrane fusion. Chem 
Sci 14:6997–7004. doi:10.1039/D2SC06967A 

Chawla H, Fadda E, Crispin M. 2022. Principles of SARS-CoV-2 glycosylation. Curr Opin Struct 
Biol 75:102402. doi:10.1016/j.sbi.2022.102402 

Chen Y, Zhao X, Zhou H, Zhu H, Jiang S, Wang P. 2022. Broadly neutralizing antibodies to 
SARS-CoV-2 and other human coronaviruses. Nat Rev Immunol 23:189–199. 
doi:10.1038/s41577-022-00784-3 

Clausen TM, Sandoval DR, Spliid CB, Pihl J, Perrett HR, Painter CD, Narayanan A, Majowicz 
SA, Kwong EM, McVicar RN, Thacker BE, Glass CA, Yang Z, Torres JL, Golden GJ, 
Bartels PL, Porell RN, Garretson AF, Laubach L, Feldman J, Yin X, Pu Y, Hauser BM, 
Caradonna TM, Kellman BP, Martino C, Gordts PLSM, Chanda SK, Schmidt AG, Godula 
K, Leibel SL, Jose J, Corbett KD, Ward AB, Carlin AF, Esko JD. 2020. SARS-CoV-2 
Infection Depends on Cellular Heparan Sulfate and ACE2. Cell 183:1043-1057.e15. 
doi:10.1016/j.cell.2020.09.033 

Cohen AA, van Doremalen N, Greaney AJ, Andersen H, Sharma A, Starr TN, Keeffe JR, Fan C, 
Schulz JE, Gnanapragasam PNP, Kakutani LM, West AP, Saturday G, Lee YE, Gao H, 
Jette CA, Lewis MG, Tan TK, Townsend AR, Bloom JD, Munster VJ, Bjorkman PJ. 
2022. Mosaic RBD nanoparticles protect against challenge by diverse sarbecoviruses in 
animal models. Science 377:eabq0839. doi:10.1126/science.abq0839 

Colwill K, Galipeau Y, Stuible M, Gervais C, Arnold C, Rathod B, Abe KT, Wang JH, Pasculescu 
A, Maltseva M, Rocheleau L, Pelchat M, Fazel-Zarandi M, Iskilova M, Barrios-Rodiles M, 
Bennett L, Yau K, Cholette F, Mesa C, Li AX, Paterson A, Hladunewich MA, Goodwin 
PJ, Wrana JL, Drews SJ, Mubareka S, McGeer AJ, Kim J, Langlois M-A, Gingras A-C, 
Durocher Y. 2022. A scalable serology solution for profiling humoral immune responses 
to SARS-CoV-2 infection and vaccination. Clin Transl Immunology 11:e1380. 
doi:10.1002/cti2.1380 

Dadonaite B, Crawford KHD, Radford CE, Farrell AG, Yu TC, Hannon WW, Zhou P, Andrabi R, 
Burton DR, Liu L, Ho DD, Neher RA, Bloom JD. 2022. A pseudovirus system enables 
deep mutational scanning of the full SARS-CoV-2 spike. bioRxiv. 
doi:10.1101/2022.10.13.512056 

Dickey TH, Tang WK, Butler B, Ouahes T, Orr-Gonzalez S, Salinas ND, Lambert LE, Tolia NH. 
2022. Design of the SARS-CoV-2 RBD vaccine antigen improves neutralizing antibody 
response. Sci Adv 8:eabq8276. doi:10.1126/sciadv.abq8276 

Dodero-Rojas E, Onuchic JN, Whitford PC. 2021. Sterically confined rearrangements of SARS-
CoV-2 Spike protein control cell invasion. Elife 10:e70362. doi:10.7554/eLife.70362 

Du S, Cao Y, Zhu Q, Yu P, Qi F, Wang G, Du X, Bao L, Deng W, Zhu H, Liu J, Nie J, Zheng Y, 
Liang H, Liu R, Gong S, Xu H, Yisimayi A, Lv Q, Wang B, He R, Han Y, Zhao W, Bai Y, 
Qu Y, Gao X, Ji C, Wang Q, Gao N, Huang W, Wang Y, Xie XS, Su X-D, Xiao J, Qin C. 
2020. Structurally Resolved SARS-CoV-2 Antibody Shows High Efficacy in Severely 
Infected Hamsters and Provides a Potent Cocktail Pairing Strategy. Cell 183:1013-
1023.e13. doi:10.1016/j.cell.2020.09.035 

Fadda E. 2022. Molecular simulations of complex carbohydrates and glycoconjugates. Curr 
Opin Chem Biol 69:102175. doi:10.1016/j.cbpa.2022.102175 

Forest-Nault C, Koyuturk I, Gaudreault J, Pelletier A, L’Abbé D, Cass B, Bisson L, Burlacu A, 
Delafosse L, Stuible M, Henry O, De Crescenzo G, Durocher Y. 2022. Impact of the 
temperature on the interactions between common variants of the SARS-CoV-2 receptor 
binding domain and the human ACE2. Sci Rep 12:11520. doi:10.1038/s41598-022-
15215-5 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 

Garozzo D, Nicotra F, Sonnino S. 2022. “Glycans and Glycosylation in SARS-COV2 Infection” 
session at the XVII Advanced School in Carbohydrate Chemistry, Italian Chemical 
Society. July 4th -7th 2021, Pontignano (Si), Italy. Glycoconj J 39:327–334. 
doi:10.1007/s10719-022-10054-y 

Gobeil SM-C, Henderson R, Stalls V, Janowska K, Huang X, May A, Speakman M, Beaudoin E, 
Manne K, Li D, Parks R, Barr M, Deyton M, Martin M, Mansouri K, Edwards RJ, 
Sempowski GD, Saunders KO, Wiehe K, Williams W, Korber B, Haynes BF, Acharya P. 
2022. Structural diversity of the SARS-CoV-2 Omicron spike. bioRxiv. 
doi:10.1101/2022.01.25.477784 

Grant OC, Montgomery D, Ito K, Woods RJ. 2020. Analysis of the SARS-CoV-2 spike protein 
glycan shield reveals implications for immune recognition. Sci Rep 10:14991. 
doi:10.1038/s41598-020-71748-7 

Greaney AJ, Loes AN, Crawford KHD, Starr TN, Malone KD, Chu HY, Bloom JD. 2021. 
Comprehensive mapping of mutations in the SARS-CoV-2 receptor-binding domain that 
affect recognition by polyclonal human plasma antibodies. Cell Host Microbe 29:463-
476.e6. doi:10.1016/j.chom.2021.02.003 

Harbison AM, Fogarty CA, Phung TK, Satheesan A, Schulz BL, Fadda E. 2022. Fine-tuning the 
spike: role of the nature and topology of the glycan shield in the structure and dynamics 
of the SARS-CoV-2 S. Chem Sci. 

Harvey WT, Carabelli AM, Jackson B, Gupta RK, Thomson EC, Harrison EM, Ludden C, Reeve 
R, Rambaut A, COVID-19 Genomics UK (COG-UK) Consortium, Peacock SJ, Robertson 
DL. 2021. SARS-CoV-2 variants, spike mutations and immune escape. Nat Rev 
Microbiol 19:409–424. doi:10.1038/s41579-021-00573-0 

Huang H-Y, Liao H-Y, Chen X, Wang S-W, Cheng C-W, Shahed-Al-Mahmud M, Liu Y-M, 
Mohapatra A, Chen T-H, Lo JM, Wu Y-M, Ma H-H, Chang Y-H, Tsai H-Y, Chou Y-C, 
Hsueh Y-P, Tsai C-Y, Huang P-Y, Chang S-Y, Chao T-L, Kao H-C, Tsai Y-M, Chen Y-H, 
Wu C-Y, Jan J-T, Cheng T-JR, Lin K-I, Ma C, Wong C-H. 2022. Vaccination with SARS-
CoV-2 spike protein lacking glycan shields elicits enhanced protective responses in 
animal models. Sci Transl Med 14:eabm0899. doi:10.1126/scitranslmed.abm0899 

Ives CM, Singh O, D’Andrea S, Fogarty CA, Harbison AM, Satheesan A, Tropea B, Fadda E. 
2023. Restoring Protein Glycosylation with GlycoShape. bioRxiv. 
doi:10.1101/2023.12.11.571101 

Jackson CB, Farzan M, Chen B, Choe H. 2022. Mechanisms of SARS-CoV-2 entry into cells. 
Nat Rev Mol Cell Biol 23:3–20. doi:10.1038/s41580-021-00418-x 

Jorgensen WL, Chandrasekhar J, Madura JD, Impey RW, Klein ML. 1983. Comparison of 
simple potential functions for simulating liquid water. J Chem Phys 79:926–935. 
doi:10.1063/1.445869 

Kang L, He G, Sharp AK, Wang X, Brown AM, Michalak P, Weger-Lucarelli J. 2021. A selective 
sweep in the Spike gene has driven SARS-CoV-2 human adaptation. Cell 184:4392-
4400.e4. doi:10.1016/j.cell.2021.07.007 

Kearns FL, Sandoval DR, Casalino L, Clausen TM, Rosenfeld MA, Spliid CB, Amaro RE, Esko 
JD. 2022. Spike-heparan sulfate interactions in SARS-CoV-2 infection. Curr Opin Struct 
Biol 76:102439. doi:10.1016/j.sbi.2022.102439 

Kirschner KN, Yongye AB, Tschampel SM, González-Outeiriño J, Daniels CR, Foley BL, Woods 
RJ. 2008. GLYCAM06: a generalizable biomolecular force field. Carbohydrates. J 
Comput Chem 29:622–655. doi:10.1002/jcc.20820 

Kitov PI, Han L, Kitova EN, Klassen JS. 2019. Sliding Window Adduct Removal Method 
(SWARM) for Enhanced Electrospray Ionization Mass Spectrometry Binding Data. J Am 
Soc Mass Spectrom 30:1446–1454. doi:10.1007/s13361-019-02204-8 

Kleanthous H, Silverman JM, Makar KW, Yoon I-K, Jackson N, Vaughn DW. 2021. Scientific 
rationale for developing potent RBD-based vaccines targeting COVID-19. NPJ Vaccines 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


21 

6:128. doi:10.1038/s41541-021-00393-6 
Lan J, Ge J, Yu J, Shan S, Zhou H, Fan S, Zhang Q, Shi X, Wang Q, Zhang L, Wang X. 2020. 

Structure of the SARS-CoV-2 spike receptor-binding domain bound to the ACE2 
receptor. Nature 581:215–220. doi:10.1038/s41586-020-2180-5 

Li F, Li W, Farzan M, Harrison SC. 2005. Structure of SARS Coronavirus Spike Receptor-
Binding Domain Complexed with Receptor. Science 309:1864–1868. 
doi:10.1126/science.1116480 

Li Q, Wu J, Nie J, Zhang Li, Hao H, Liu S, Zhao C, Zhang Q, Liu H, Nie L, Qin H, Wang M, Lu 
Q, Li Xiaoyu, Sun Q, Liu J, Zhang Linqi, Li Xuguang, Huang W, Wang Y. 2020. The 
Impact of Mutations in SARS-CoV-2 Spike on Viral Infectivity and Antigenicity. Cell 
182:1284-1294.e9. doi:10.1016/j.cell.2020.07.012 

Lin S, Chen Z, Zhang X, Wen A, Yuan X, Yu C, Yang J, He B, Cao Y, Lu G. 2022. 
Characterization of SARS-CoV-2 Omicron spike RBD reveals significantly decreased 
stability, severe evasion of neutralizing-antibody recognition but unaffected engagement 
by decoy ACE2 modified for enhanced RBD binding. Signal Transduct Target Ther 7:56. 
doi:10.1038/s41392-022-00914-2 

Liu H, Yuan M, Huang D, Bangaru S, Zhao F, Lee C-CD, Peng L, Barman S, Zhu X, Nemazee 
D, Burton DR, van Gils MJ, Sanders RW, Kornau H-C, Reincke SM, Prüss H, Kreye J, 
Wu NC, Ward AB, Wilson IA. 2021. A combination of cross-neutralizing antibodies 
synergizes to prevent SARS-CoV-2 and SARS-CoV pseudovirus infection. Cell Host 
Microbe 29:806-818.e6. doi:10.1016/j.chom.2021.04.005 

Maier JA, Martinez C, Kasavajhala K, Wickstrom L, Hauser KE, Simmerling C. 2015. Ff14SB: 
Improving the accuracy of protein side chain and backbone parameters from ff99SB. J 
Chem Theory Comput 11:3696–3713. doi:10.1021/acs.jctc.5b00255 

Más-Bermejo PI, Dickinson-Meneses FO, Almenares-Rodríguez K, Sánchez-Valdés L, 
Guinovart-Díaz R, Vidal-Ledo M, Galbán-García E, Olivera-Nodarse Y, Morgado-Vega I, 
Dueñas-Carrera S, Pujol M, Hernández-Bernal F, Limonta-Fernández M, Guillén-Nieto 
G, Muzio-González VL, Ayala-Ávila M. 2022. Cuban Abdala vaccine: Effectiveness in 
preventing severe disease and death from COVID-19 in Havana, Cuba; A cohort study. 
The Lancet Regional Health – Americas 16. doi:10.1016/j.lana.2022.100366 

Miao Y, Feher VA, McCammon JA. 2015. Gaussian Accelerated Molecular Dynamics: 
Unconstrained Enhanced Sampling and Free Energy Calculation. J Chem Theory 
Comput 11:3584–3595. doi:10.1021/acs.jctc.5b00436 

Montgomerie I, Bird TW, Palmer OR, Mason NC, Pankhurst TE, Lawley B, Hernández LC, 
Harfoot R, Authier-Hall A, Anderson DE, Hilligan KL, Buick KH, Mbenza NM, Mittelstädt 
G, Maxwell S, Sinha S, Kuang J, Subbarao K, Parker EJ, Sher A, Hermans IF, Ussher 
JE, Quiñones-Mateu ME, Comoletti D, Connor LM. 2023. Incorporation of SARS-CoV-2 
spike NTD to RBD protein vaccine improves immunity against viral variants. iScience 
26:106256. doi:10.1016/j.isci.2023.106256 

Mycroft-West CJ, Su D, Pagani I, Rudd TR, Elli S, Gandhi NS, Guimond SE, Miller GJ, 
Meneghetti MCZ, Nader HB, Li Y, Nunes QM, Procter P, Mancini N, Clementi M, Bisio A, 
Forsyth NR, Ferro V, Turnbull JE, Guerrini M, Fernig DG, Vicenzi E, Yates EA, Lima MA, 
Skidmore MA. 2020. Heparin Inhibits Cellular Invasion by SARS-CoV-2: Structural 
Dependence of the Interaction of the Spike S1 Receptor-Binding Domain with Heparin. 
Thromb Haemost 120:1700–1715. doi:10.1055/s-0040-1721319 

Newby ML, Fogarty CA, Allen JD, Butler J, Fadda E, Crispin M. 2022. Variations within the 
Glycan Shield of SARS-CoV-2 Impact Viral Spike Dynamics. J Mol Biol 435:167928. 
doi:10.1016/j.jmb.2022.167928 

Nguyen L, McCord KA, Bui DT, Bouwman KM, Kitova EN, Elaish M, Kumawat D, Daskhan GC, 
Tomris I, Han L, Chopra P, Yang T-J, Willows SD, Mason AL, Mahal LK, Lowary TL, 
West LJ, Hsu S-TD, Hobman T, Tompkins SM, Boons G-J, de Vries RP, Macauley MS, 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


22 

Klassen JS. 2021. Sialic acid-containing glycolipids mediate binding and viral entry of 
SARS-CoV-2. Nat Chem Biol 1–10. doi:10.1038/s41589-021-00924-1 

Ochoa-Azze R, Chang-Monteagudo A, Climent-Ruiz Y, Macías-Abraham C, Valenzuela-Silva C, 
de Los Ángeles García-García M, Jerez-Barceló Y, Triana-Marrero Y, Ruiz-Villegas L, 
Dairon Rodríguez-Prieto L, Guerra-Chaviano PP, Sánchez-Ramírez B, Hernández-
García T, Orosa-Vázquez I, Díaz-Hernández M, Chiodo F, Calcagno A, Ghisetti V, 
Rodríguez-Acosta M, Noa-Romero E, Enríquez-Puertas J, Ortega-León D, Valdivia-
Álvarez I, Delahanty-Fernández A, Palenzuela-Díaz A, Rodríguez-Noda L, González-
Mugica R, Valdés-Balbín Y, García-Rivera D, Verez-Bencomo V. 2022. Safety and 
immunogenicity of the FINLAY-FR-1A vaccine in COVID-19 convalescent participants: 
an open-label phase 2a and double-blind, randomised, placebo-controlled, phase 2b, 
seamless, clinical trial. Lancet Respir Med 10:785–795. doi:10.1016/S2213-
2600(22)00100-X 

Pegg CL, Modhiran N, Parry R, Liang B, Amarilla AA, Khromykh AA, Burr L, Young PR, 
Chappell K, Schulz BL, Watterson D. 2023. The role of N-glycosylation in spike 
antigenicity for the SARS-CoV-2 Gamma variant. bioRxiv. 
doi:10.1101/2023.04.03.535004 

Piccoli L, Park Y-J, Tortorici MA, Czudnochowski N, Walls AC, Beltramello M, Silacci-Fregni C, 
Pinto D, Rosen LE, Bowen JE, Acton OJ, Jaconi S, Guarino B, Minola A, Zatta F, 
Sprugasci N, Bassi J, Peter A, De Marco A, Nix JC, Mele F, Jovic S, Rodriguez BF, 
Gupta SV, Jin F, Piumatti G, Lo Presti G, Pellanda AF, Biggiogero M, Tarkowski M, 
Pizzuto MS, Cameroni E, Havenar-Daughton C, Smithey M, Hong D, Lepori V, Albanese 
E, Ceschi A, Bernasconi E, Elzi L, Ferrari P, Garzoni C, Riva A, Snell G, Sallusto F, Fink 
K, Virgin HW, Lanzavecchia A, Corti D, Veesler D. 2020. Mapping Neutralizing and 
Immunodominant Sites on the SARS-CoV-2 Spike Receptor-Binding Domain by 
Structure-Guided High-Resolution Serology. Cell 183:1024-1042.e21. 
doi:10.1016/j.cell.2020.09.037 

Pinto D, Park Y-J, Beltramello M, Walls AC, Tortorici MA, Bianchi S, Jaconi S, Culap K, Zatta F, 
De Marco A, Peter A, Guarino B, Spreafico R, Cameroni E, Case JB, Chen RE, 
Havenar-Daughton C, Snell G, Telenti A, Virgin HW, Lanzavecchia A, Diamond MS, Fink 
K, Veesler D, Corti D. 2020. Cross-neutralization of SARS-CoV-2 by a human 
monoclonal SARS-CoV antibody. Nature 583:290–295. doi:10.1038/s41586-020-2349-y 

Riley NM, Hebert AS, Westphall MS, Coon JJ. 2019. Capturing site-specific heterogeneity with 
large-scale N-glycoproteome analysis. Nat Commun 10:1311. doi:10.1038/s41467-019-
09222-w 

Sikora M, von Bülow S, Blanc FEC, Gecht M, Covino R, Hummer G. 2021. Computational 
epitope map of SARS-CoV-2 spike protein. PLoS Comput Biol 17:e1008790. 
doi:10.1371/journal.pcbi.1008790 

Starr TN, Czudnochowski N, Liu Z, Zatta F, Park Y-J, Addetia A, Pinto D, Beltramello M, 
Hernandez P, Greaney AJ, Marzi R, Glass WG, Zhang I, Dingens AS, Bowen JE, 
Tortorici MA, Walls AC, Wojcechowskyj JA, De Marco A, Rosen LE, Zhou J, Montiel-
Ruiz M, Kaiser H, Dillen JR, Tucker H, Bassi J, Silacci-Fregni C, Housley MP, di Iulio J, 
Lombardo G, Agostini M, Sprugasci N, Culap K, Jaconi S, Meury M, Dellota E Jr, 
Abdelnabi R, Foo S-YC, Cameroni E, Stumpf S, Croll TI, Nix JC, Havenar-Daughton C, 
Piccoli L, Benigni F, Neyts J, Telenti A, Lempp FA, Pizzuto MS, Chodera JD, Hebner 
CM, Virgin HW, Whelan SPJ, Veesler D, Corti D, Bloom JD, Snell G. 2021. SARS-CoV-2 
RBD antibodies that maximize breadth and resistance to escape. Nature 597:97–102. 
doi:10.1038/s41586-021-03807-6 

Starr TN, Greaney AJ, Hannon WW, Loes AN, Hauser K, Dillen JR, Ferri E, Farrell AG, 
Dadonaite B, McCallum M, Matreyek KA, Corti D, Veesler D, Snell G, Bloom JD. 2022a. 
Shifting mutational constraints in the SARS-CoV-2 receptor-binding domain during viral 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

evolution. Science 377:420–424. doi:10.1126/science.abo7896 
Starr TN, Greaney AJ, Stewart CM, Walls AC, Hannon WW, Veesler D, Bloom JD. 2022b. Deep 

mutational scans for ACE2 binding, RBD expression, and antibody escape in the SARS-
CoV-2 Omicron BA.1 and BA.2 receptor-binding domains. PLoS Pathog 18:e1010951. 
doi:10.1371/journal.ppat.1010951 

Struwe WB, Robinson CV. 2019. Relating glycoprotein structural heterogeneity to function - 
insights from native mass spectrometry. Curr Opin Struct Biol 58:241–248. 
doi:10.1016/j.sbi.2019.05.019 

Sztain T, Ahn S-H, Bogetti AT, Casalino L, Goldsmith JA, Seitz E, McCool RS, Kearns FL, 
Acosta-Reyes F, Maji S, Mashayekhi G, McCammon JA, Ourmazd A, Frank J, McLellan 
JS, Chong LT, Amaro RE. 2021. A glycan gate controls opening of the SARS-CoV-2 
spike protein. Nat Chem. doi:10.1038/s41557-021-00758-3 

Tai W, He L, Zhang X, Pu J, Voronin D, Jiang S, Zhou Y, Du L. 2020. Characterization of the 
receptor-binding domain (RBD) of 2019 novel coronavirus: implication for development 
of RBD protein as a viral attachment inhibitor and vaccine. Cell Mol Immunol 17:613–
620. 

Thaysen-Andersen M, Packer NH. 2012. Site-specific glycoproteomics confirms that protein 
structure dictates formation of N-glycan type, core fucosylation and branching. 
Glycobiology 22:1440–1452. doi:10.1093/glycob/cws110 

Turoňová B, Sikora M, Schürmann C, Hagen WJH, Welsch S, Blanc FEC, von Bülow S, Gecht 
M, Bagola K, Hörner C, van Zandbergen G, Landry J, de Azevedo NTD, Mosalaganti S, 
Schwarz A, Covino R, Mühlebach MD, Hummer G, Krijnse Locker J, Beck M. 2020. In 
situ structural analysis of SARS-CoV-2 spike reveals flexibility mediated by three hinges. 
Science 370:203–208. doi:10.1126/science.abd5223 

Valdes-Balbin Y, Santana-Mederos D, Quintero L, Fernández S, Rodriguez L, Sanchez Ramirez 
B, Perez-Nicado R, Acosta C, Méndez Y, Ricardo MG, Hernandez T, Bergado G, Pi F, 
Valdes A, Carmenate T, Ramirez U, Oliva R, Soubal J-P, Garrido R, Cardoso F, Landys 
M, Gonzalez H, Farinas M, Enriquez J, Noa E, Suarez A, Fang C, Espinosa LA, Ramos 
Y, González LJ, Climent Y, Rojas G, Relova-Hernández E, Cabrera Infante Y, Losada 
SL, Boggiano T, Ojito E, León K, Chiodo F, Paquet F, Chen G-W, Rivera DG, Garcia-
Rivera D, Verez Bencomo V. 2021. SARS-CoV-2 RBD-Tetanus Toxoid Conjugate 
Vaccine Induces a Strong Neutralizing Immunity in Preclinical Studies. ACS Chem Biol 
16:1223–1233. doi:10.1021/acschembio.1c00272 

Walls AC, Park Y-J, Tortorici MA, Wall A, McGuire AT, Veesler D. 2020. Structure, Function, 
and Antigenicity of the SARS-CoV-2 Spike Glycoprotein. Cell 183:1735. 
doi:10.1016/j.cell.2020.11.032 

Wang J, Arantes PR, Bhattarai A, Hsu RV, Pawnikar S, Huang Y-MM, Palermo G, Miao Y. 
2021. Gaussian accelerated molecular dynamics (GaMD): principles and applications. 
Wiley Interdiscip Rev Comput Mol Sci 11. doi:10.1002/wcms.1521 

Wang Y, Xu C, Wang Yanxing, Hong Q, Zhang C, Li Z, Xu S, Zuo Q, Liu C, Huang Z, Cong Y. 
2021. Conformational dynamics of the Beta and Kappa SARS-CoV-2 spike proteins and 
their complexes with ACE2 receptor revealed by cryo-EM. Nat Commun 12:1–13. 
doi:10.1038/s41467-021-27350-0 

Watanabe Y, Allen JD, Wrapp D, McLellan JS, Crispin M. 2020a. Site-specific glycan analysis of 
the SARS-CoV-2 spike. Science 369:330–333. doi:10.1126/science.abb9983 

Watanabe Y, Berndsen ZT, Raghwani J, Seabright GE, Allen JD, Pybus OG, McLellan JS, 
Wilson IA, Bowden TA, Ward AB, Crispin M. 2020b. Vulnerabilities in coronavirus glycan 
shields despite extensive glycosylation. Nat Commun 11:2688. doi:10.1038/s41467-020-
16567-0 

Watanabe Y, Bowden TA, Wilson IA, Crispin M. 2019. Exploitation of glycosylation in enveloped 
virus pathobiology. Biochim Biophys Acta Gen Subj 1863:1480–1497. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/


24 

doi:10.1016/j.bbagen.2019.05.012 
Williams JK, Wang B, Sam A, Hoop CL, Case DA, Baum J. 2022. Molecular dynamics analysis 

of a flexible loop at the binding interface of the SARS-CoV-2 spike protein receptor-
binding domain. Proteins 90:1044–1053. doi:10.1002/prot.26208 

Woods RJ. 2018. Predicting the Structures of Glycans, Glycoproteins, and Their Complexes. 
Chem Rev 118:8005–8024. doi:10.1021/acs.chemrev.8b00032 

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh C-L, Abiona O, Graham BS, McLellan JS. 
2020. Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation. Science 
367:1260–1263. doi:10.1126/science.abb2507 

Wu S-C, Arthur CM, Jan H-M, Garcia-Beltran WF, Patel KR, Rathgeber MF, Verkerke HP, 
Cheedarla N, Jajosky RP, Paul A, Neish AS, Roback JD, Josephson CD, Wesemann 
DR, Kalman D, Rakoff-Nahoum S, Cummings RD, Stowell SR. 2023. Blood group A 
enhances SARS-CoV-2 infection. Blood 142:742–747. doi:10.1182/blood.2022018903 

Yang J, Liu M-Q, Liu L, Li X, Xu M, Lin H, Liu S, Hu Y, Li B, Liu B, Li M, Sun Y, Chen Y-Q, Shi 
Z-L, Yan H. 2022. A triple-RBD-based mucosal vaccine provides broad protection 
against SARS-CoV-2 variants of concern. Cell Mol Immunol 19:1279–1289. 
doi:10.1038/s41423-022-00929-3 

Yi C, Sun X, Ye J, Ding L, Liu M, Yang Z, Lu X, Zhang Y, Ma L, Gu W, Qu A, Xu J, Shi Z, Ling 
Z, Sun B. 2020. Key residues of the receptor binding motif in the spike protein of SARS-
CoV-2 that interact with ACE2 and neutralizing antibodies. Cell Mol Immunol 17:621–
630. doi:10.1038/s41423-020-0458-z 

Zacchi LF, Schulz BL. 2016. N-glycoprotein macroheterogeneity: biological implications and 
proteomic characterization. Glycoconj J 33:359–376. doi:10.1007/s10719-015-9641-3 

Zhang S, Liang Q, He X, Zhao C, Ren W, Yang Z, Wang Z, Ding Q, Deng H, Wang T, Zhang L, 
Wang X. 2022. Loss of Spike N370 glycosylation as an important evolutionary event for 
the enhanced infectivity of SARS-CoV-2. Cell Res. doi:10.1038/s41422-021-00600-y 

Forest-Nault C, Koyuturk I, Gaudreault J, Pelletier A, L’Abbé D, Cass B, Bisson L, Burlacu A, 
Delafosse L, Stuible M, Henry O, Crescenzo GD, Durocher Y. 2022. Impact of the 
temperature on the interactions between common variants of the SARS-CoV-2 receptor 
binding domain and the human ACE2. Sci Rep 12:11520. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 18, 2024. ; https://doi.org/10.1101/2023.12.05.570076doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.05.570076
http://creativecommons.org/licenses/by-nc-nd/4.0/

