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Abstract

The emergence of the Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) and its
spread since 2019 represents the major public health problem worldwide nowadays, generating a
high number of infections and deaths. That’s why, in addition to vaccination campaigns, the design
of a drug to help in the treatment of severe cases of COVID-19 is being investigated. In relation to
SARS-CoV-2, one of its most studied proteins is the spike protein (S protein), which mediates
host-cell entry and is heavily glycosylated. Regarding the latter, several investigations have been
carried out, since it plays an important role in the evasion of the host's immune system and
contributes to protein folding and the thermostability of the viral particle. For that reason, our
objective was to evaluate the impact of glycosylations on the drug recognition on two domains of
the S protein, the receptor-binding domain (RBD) and the N-terminal domain (NTD) through
molecular dynamics simulations and computational biophysics analysis. Our results show that
glycosylations in the S protein induce structural stability and changes in rigidity/flexibility related
to the number of glycosylations in the structure. These structural changes are important for its
biological activity as well as the correct interaction of ligands in the RBD and NTD regions.
Additionally, we evidenced a roto-translation phenomenon in the interaction of the ligand with
RBD in the absence of glycosylation, which disappears due to the influence of glycosylation and
the convergence of metastable states in RBM. Similarly, glycosylations in NTD promote an
induced-fit phenomenon, which is not observed in the absence of glycosylations; this process is
decisive for the activity of the ligand at the cryptic site. Altogether, these results provide an
explanation of glycosylation relevance in biophysical properties and drug recognition to S protein
of SARS-CoV-2 which must be considered in the rational drug development and virtual screening
targeting S protein.
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1. Introduction

Coronaviruses (CoVs) are a diverse group of enveloped, positive sense, single-stranded RNA
viruses causing mild to severe respiratory infections in humans (Pal et al., 2020). In December
2019, a novel coronavirus, designated as Severe Acute Respiratory Syndrome Coronavirus 2
(SARS-CoV-2), outbroke and rapidly spread causing an epidemic of unusual pneumonia in Wuhan,
China (Wu & McGoogan, 2020). This novel coronavirus disease was declared as COVID-19 by
the World Health Organization (WHO) at the beginning of 2020, since then has spread fast all over
the world and has become the major public health problem. Such has been the impact of this
pandemic that, until this submission, more than 204 million confirmed cases and more than 4
million deaths have been reported (JHU, 2021). For that reason, governments and the scientific
community developed strategies to contain the impact of COVID-19, based on epidemiological
surveillance, vaccination, and infection mechanisms research (Ibrahim, 2020). This has led to an
accelerated development of vaccines and the initiation of a worldwide vaccination campaign,
which to date has seen more than 4.56 billion people vaccinated (Randall et al., 2021). However,
many countries continue to face serious problems in obtaining vaccines and continue to record
numerous cases. The problem is exacerbated by the lack of a drug that can be used in cases of
severe symptoms. This situation highlights the need to discover a drug to help treat severe cases of
COVID-19.

Currently, one of the most studied biological processes in SARS-CoV-2 is the recognition of the
host cell-mediated by a membrane glycoprotein named Spike protein (S protein). The S protein is a
trimeric class I fusion protein. Its extracellular domain contains the subunits S1 (residues 14-685)
and S2 (residues 86-1273) (Li, 2016), associated with receptor binding and membrane fusion,
respectively (Song et al., 2018). The S1 subunit contains the Receptor Binding Domain (RBD,
residues 333-527) that interacts with the human Angiotensin-converting enzyme 2 (ACE2)
(Monteil et al., 2020). This region also contains the Recognition Binding Motif (RBM, residues
438-506) that directly contacts ACE2 (Yang et al., 2020). In such interaction, the spike protein
undergoes conformational changes that allow an asymmetric rearrangement that drives one of its
three RBDs to its "up" conformation. Only RBDs in this conformation can bind ACE2 (Roy et al.,
2020). Since this is a vital process for the initiation of infection, a lot of research has pointed to the
S protein as one of the most important therapeutic targets (Krumm et al., 2021).

The earliest studies of cryo-electron microscopy (cryo-EM) structure of the S protein in SARS-
COV-2 revealed that it is heavily glycosylated (Yao et al., 2020). Each promoter contains 22
canonical N-linked glycosylation and 3 O-glycosylation sequons (Zhao et al., 2020). Glycosylation
plays a pivotal role in the viral life cycle, as it aids in evading the host immune system (Kasuga et
al., 2021). Furthermore, glycosylations contribute to protein folding and the thermostability of the
viral particle (Kawase et al., 2019). They also can participate in viral entry by specific interactions
with the host surface (Raman et al., 2016). Therefore, understanding the molecular mechanisms of
these structures during drug recognition in SARS-CoV-2 may contribute to therapeutic alternatives.

In addition, exploring new druggable sites in the spike protein could potentially lead to inhibition
of its function. The discovery of cryptic sites precisely focuses on cryptic site forms a pocket in a
holo-structure that can be identified transiently due to conformational changes (Sztain et al., 2020).
These sites are generally not detected during the atomic resolution process (Beglov et al., 2018);
however, new algorithms have been developed to help predict potential cryptic sites, for instance,
CryptoSite (Cimermancic et al., 2016). Evaluating new druggable sites is a recent alternative being
studied in SARS-CoV-2 with the aim of expanding its druggable proteome (Cavasotto et al., 2021).

Since there is a need to develop and find effective drugs to treat COVID-19. Here, we evaluated
the impact of glycosylation in the biophysical properties and drug recognition in RBD and N-



terminal domain (NTD) of SARS-CoV-2 compared to non-glycosylated structures, through
molecular dynamics simulations and computational biophysics analysis.

2. Material and Methods

2.1. Data set. The data used in this paper was taken from work of Otazu et al. (2020), where it
shows the importance of the two ligands selected in this work, through molecular docking data.
Molecular complexes in PDB format were shared with us.

2.2. MD simulation. To explore the biological role of glycosylations on small molecules, like
drugs, we used all-atom molecular dynamics (MD) simulations. The system was built on the
CHARMM-GUI server (Jo et al., 2008) using a Spike glycosylated protein available on the
COVID-19 Proteins archive (Woo et al., 2020). The solution builder module was used to generate
the system topology on a cubic box with a padding of 1.5 nm. The TIP3P water was used to
solvate the box, following ionization with sodium (Na+) and chlorine (Cl-) ions to neutralize the
system at 154 mM. The CHARMM36m force field was selected for the calculation of the
interactions.

MD simulations were performed in GROMACS v2019.3 (Abraham et al., 2015) in four steps. First,
energy minimization using the steepest descent algorithm with 5000 steps or until reaching an
energy <10 kJ/mol/nm to eliminate bad contacts. Second, an NVT equilibrium phase at 310 K for
2 ns to equilibrate the system temperature. Third, an NPT equilibrium phase at 1 bar for 4 ns to
equilibrate the system pressure. he Berendsen thermostat (Berendsen, 1991) and the Parrinello-
Rahman barostat (Parrinello & Rahman, 1981) were used in the equilibrium phases. Fourth, a
production simulation for 50 ns with integration steps of 2 fs, under constant pressure and
temperature using leap-frog integration algorithm (van Gunsteren & Berendsen, 1988). To
generate the trajectories, the LINCS algorithm was used to constrain the interactions during
equilibrium, while the Particle-Mesh Ewald algorithm was used to constrain the long-range ionic
interactions.

2.8. Data analysis and biomolecular graphics. The trajectories were analyzed using
geometric and structural properties to determine the influence of glycosylations on molecular
recognition. These were done using a pool of in-house scripts based on tcl embedded in VMD
(Humphrey et al., 1996) and the python library MDAnalysis (Michaud-Agrawal et al., 2011). All
images were rendered with VMD.

3. Results

This work explores the impact of glycosylation and ligand interactions on RBD and NTD of
SARS-CoV-2. In figure 1, six systems built in the presence or absence of glycosylations or ligands
are shown. Two systems contain the interaction of ligand TCMDC-124223 to RBD (figure 1a),
two others the interaction of ligand TCMDC-133766 to NTD (figure 1b). Finally, two other
systems without ligands were built as controls (figure 1c).



Figure 1. System setup for molecular dynamics simulation. (a) Representation of S protein with
interaction of TSMDC-124223 in RBD in presence or absence of glycosylations (b)
Representation of S protein with interaction of TCMDC-133766 in NTD in presence or absence of
glycosylations (c) Representation of S protein without interaction of ligands in RBD or NTD in
presence or absence of glycosylations. All systems contain Na+ and Cl-, the water is represented
as the surface in white color.

3.2. Glycosylation induces important protein stability. To evaluate structural changes in
the Spike protein, an RMSD analysis was performed through in-house scripts based on
MDanalysis. These results correspond to the analysis of RBD and NTD in presence or absence of
ligands or glycosylations. The glycosylated RBD without ligand (Apo) reaches significant stability
at 20ns compared to non-glycosylated Apo structure. This stability increased in the glycosylated
RBD with ligand (Holo) in contrast to non-glycosylated Holo structure that no reaches stability at
the final of simulation, all RBD Apo and Holo structures presented structural changes until 4Å of
RMSD (figure 2a). The impact of glycosylations is very important for the biological properties of
RBD (Reis et al., 2021). In this sense, our results reveal that glycosylations introduce important
structural changes in the receptor-binding motif (RBM) compared to non-glycosylated Apo
structure, this is determinant for the recognition of ligands to RBD (figure 2b, d). On the other
hand, the analysis of NTD reveals that glycosylations maintain stable structures Apo or Holo along
the time simulation, despite ligand interaction induces light structural disturbances. This
phenomenon explains the constant changes and structural instability of non-glycosylated Apo or
Holo structures (figure 2a). Therefore, local rigid changes by glycosylations control are needed to
the fit-induced of ligand in the cryptic pocket found in NTD, this is correlated by highly
glycosylation observed on NTD compared to other components of Spike protein (figure 2c, d)



Figure 2. Conformational stability induced by glycosylations. (a) Comparison of structural
evolution of RBD and NTD with (Holo structure) or without (Apo structure) ligand interaction in
presence or absence of glycosylations. (b) Local structural changes in RBD with ligand interaction;
left structure without glycosylation and right with glycosylation. (c) Local structural changes in
NTD with ligand interaction; left structure without glycosylation and right with glycosylation. (d)
Local structural changes in RBD and NTD without ligand interaction; left structure without
glycosylation and right with glycosylation. Hue changes shown in the color bar indicate minimal
(red), intermediate (green), or high (blue) structural changes.

3.3. Rigid/flexibility changes in RBD and NTD by glycosylation. To evaluate changes
in the rigid/flexibility of protein structure, RMSF analysis of the backbone was performed using
in-house scripts based on MDanalysis. The RBD and NTD regions of the spike protein were
analyzed in the presence and absence of glycosylations or ligand interactions. The glycosylated
and non-glycosylated RBD structures without ligand (Apo) presented similar changes in flexibility
with maximum RMSF values of 30 Å in the RBM region. In contrast to the RBD structures with
ligand (Holo), the observed changes are attributed to the introduction of the ligand and not so
much to the glycosylations, so that the interaction of ligand with the non-glycosylated structure
significantly increased the structural rigidity (figure 3a). This phenomenon is important given that
the flexibility of the RBD is determinant for the interaction with receptors such as ACE2 (Chen et
al., 2020), thus the importance of local changes in rigidity/flexibility induced by glycosylations in
RBD is evident (figure 3b, d). On the other hand, analysis of the NTD region shows that the Apo
structures are stiffer in the presence of glycosylations than the non-glycosylated structure; these
changes are more evident in the region from I100 to Y200. In contrast, ligand interaction induces
local flexibility to the glycosylated structure similar to the flexibility values of the non-
glycosylated structure. This change in the flexibility of the NTD is very important for the fit-
induced by ligand recognition on the cryptic site (figure 3c, d).



Figure 3. Local changes in rigid/flexibility induced by glycosylations. (a) Comparison of
rigid/flexibility on backbone of RBD and NTD with (Holo structure) or without (Apo structure)
ligand interaction in presence or absence of glycosylations. (b) Rigid/flexibility changes in RBD
with ligand interaction; left structure without glycosylation and right with glycosylation. (c)
Rigid/flexibility changes in NTD with ligand interaction; left structure without glycosylation and
right with glycosylation. (d) Rigid/flexibility changes in RBD and NTD without ligand interaction;
left structure without glycosylation and right with glycosylation. Hue changes shown in the color
bar indicate minimal (red), intermediate (white), or high (blue) flexibility.

3.4. Glycosylation changes roto-translation to the fix binding mode. The molecular
dynamics of the glycosylated and non-glycosylated RBD structures revealed that the ligand
undergoes through different conformational states promoted by roto-translational phenomena in
the RBM region in the absence of glycosylation, the displacement was observed from the first ns,
followed by a perpendicular rotation at the opposite end of the origin, ending in a slight return of
the structure almost at the end of the simulation (figure 4a, d). In contrast, glycosylation induces
a sustained ligand interaction in loop/beta structure formed by residues T470 to F490, which
remains stable until 40ns where a major conformational change is generated before the end of the
simulation (figure 4b,d). To determine the characteristics of roto-translation phenomenon, the
distance of the RBM residue G446 to the central benzofuranic structure of the ligand was
calculated, while for the calculation of the rotation angle the residue Q493 was used as the origin
to generate angles θ with respect to the central structure of the ligand. Finally, the generation of
metastable states was evaluated through free energy landscape (FEL) matrices, all analysis was
performed by in-house scripts based on MDanalysis (figure c, g, h). The displacement to 10 Å of
the G446 residue of the ligand in the non-glycosylated structure at 20ns which was maintained
throughout the simulation was evidenced, this is related to the important rotational changes
generated in the first ns of the simulation and the generation of metastable states from 18Å to 10Å
at θ angles from 80° to 150° (figure e-g). In contrast, in the glycosylated structure the ligand
remains approximately 22Å from the G446 residue for a longer time, this is related to the
generation of metastable states at 22Å and θ angle between 100° to 140°, then a shift is observed
before 30 ns and at the end of the simulation, this shift occurs in parallel to the rotational changes
in time (figure e, f, h). The roto-translation phenomenon can be reviewed in the supplementary
videos.



Figure 4. Interaction of ligand TCMDC-124223 on RBM. Evolution of ligand conformational
states along simulation time; gray structure represents RBM and complete gray and orange
structure represent RBD (a) Ligand representation β0 at frame 91, β1 at frame 135, and β2 at frame
992 in absence of glycosylations (b) Ligand representation β0 at frame 91, β1 at frame 135 and β2

at frame 992 in presence of glycosylations. (c) Ligand distance to G466 and θ angle formed in the
roto-translation. (d) Conformational changes of ligand in presence and absence of glycosylations.
(e) Translation changes of ligand in presence and absence of glycosylations. (f) Rotational changes
of ligand in presence and absence of glycosylations. (g) Free energy landscape (FEL) matrix of
ligand in absence of glycosylations. (h) Hue changes shown in the color bar indicate minimal (red),
intermediate (green), or high (blue) probability of metastable states in FEL matrix.

3.5. Glycosylation promotes recognition by induced fit. The molecular dynamics of the
glycosylated and non-glycosylated NTD structures revealed that ligand remains inside the cryptic
pocket, throughout the simulation. In this sense, we observed that the glycosylated structure
promotes the induced fit, encapsulating the ligand at the end of the simulation. In contrast, the non-
glycosylated structure does not present this phenomenon since it maintains the structure of the
cryptic pocket without significant changes (figure 5a, b). To determine the characteristics of the
ligand in the induced fitting process we evaluated the RMSD of the ligand, the solvent accessible
surface areas (SASA), and the generation of metastable states through FEL matrices at a
temperature of 310K between the number of contacts and the SASA, all analysis was performed by
in-house scripts based on MDanalysis. The ligand presented an early reduction of the RMSD until
reaching equilibrium at 20 ns, this represents the progressive encapsulation process of the cryptic
site in the glycosylated structure, which is related to the variations of the SASA before 20 ns and
subsequent fall until reaching equilibrium (figure 5c, d). This process of encapsulation by the
induced fit significantly restricts the number of ligand contacts from 20 ns to the end of the
simulation (figure 5e). On the contrary, the non-glycosylated structure maintains the ligand
without significant variations until 40ns where it reaches another stable conformation. Related to
this, the induced fit phenomenon is not evidenced since the SASA presents slight variations
increasing the solvent area that reaches high values until the end of the simulation. This process
generates an increase in the degrees of freedom, evidenced by the increase in the number of
contacts. Additionally, the glycosylated structure generates fewer metastable states than the non-
glycosylated structure, due to the confinement by the induced fit, unlike the non-glycosylated
structure that presents dispersed metastable states due to the higher SASA and freedom of contacts
(figure g, f). The induced fit phenomenon can be reviewed in the supplementary videos.



Figure 5. Interaction of ligand TCMDC-133766 on the cryptic pocket of NTD. (a) Evolution
of ligand interaction at frames 96, 132, and 1000 in absence of glycosylations. (b) Evolution of
ligand interaction at frames 96, 132, and 1000 in presence of glycosylations. (c) Conformational
changes of ligand in presence and absence of glycosylations. (d) Solvent accessible surface areas
changes of ligand in presence and absence of glycosylations. (e) Changes in the number of protein
contacts of ligand in presence and absence of glycosylations. (f) Free energy landscape (FEL)
matrix of ligand in absence of glycosylations. (g) FEL matrix of ligand in presence of
glycosylations. Hue changes shown in the color bar indicate minimal (red), intermediate (green),
or high (blue) probability of metastable states in FEL matrix.

4. Discussion

The COVID-19 pandemic represents one of the biggest problems for public health today (Wang et
al., 2021). For this reason, researchers around the world focus their studies on drug development
targeting key structural components of SARS-COV-2 such as RBD and NTD (Hu et al., 2021). In
this sense, computer-aided drug design is a widely used approach for this purpose (Gurung et al.,
2021). However, simulating biological systems for the investigation of potential drugs requires the
correct configuration of the biophysical properties granted by macromolecules such as glycans or
other post-translational modifications.

Our results show that glycosylations are important for structural stability and local changes in
rigid/flexibility of proteins such as RBD and NTD of SARS-CoV-2. This can be explained by the
steric restrictions that O- and N-glycans generate in different protein systems (Solá & Griebenow,
2009; Watanabe et al., 2004). For instance, the study of Lee et al. showed that N-glycosylations
does not induce significant structural changes in mammalian proteins, this was attributed to the
reduction of structural dynamics and therefore increased stability (Lee et al., 2015). Similarly,
glycosylations of viral envelopes serve a wide range of functions, including regulation of viral
tropism, host immunity, and protein stability (Bagdonaite & Wandall, 2018). On the other hand,
changes in rigid/flexibility are apparently influenced by the structural complexity of the
glycosylated proteins, since in some systems it is significant while in others it is not transcendent
(Sarkar and Wintrode, 2011; Weiß et al., 2021). In our study, the local flexibility and stability
induced by glycosylations were decisive for the correct recognition of ligands in structural targets
of SARS-CoV-2.

In addition, the roto-translation phenomenon in the RBM was a characteristic pattern of ligand
interaction in the absence of RBD glycosylations. This was related to the local structural flexibility
of the pocket that plays a fundamental role in allowing or restricting this phenomenon by
modifying entropy of the ligand (Chang et al., 2007; Chang and Gilson, 2004). In this sense,
interactions of ligands with flexible binding sites can limit their roto-translation freedom, allowing
stable conformations long enough for successful activation of the ligand-receptor complex.
Moreover, stable interactions from a physicochemical view depend on other factors such as the



potential of hydrogens, temperature of the system, the number and types of bonds formed
(Majewski et al., 2019). Therefore, glycosylations induce metastable states in the loop/beta
structure formed by residues T470 to F490 to restrict the roto-translation phenomenon in a
physiological environment.

Furthermore, another widely documented form of ligand interaction was evidenced on the NTD in
presence of the glycosylations, the induced-fit phenomenon. The comparison between holo
structures demonstrates that with glycosylations, the NTD undergoes certain stable conformational
changes when forming the complex structure with its binding partner. This important type of
interaction was reported to generate a tight binding between a molecular host and guests (Kasai,
Aoyagi and Fujita, 2000; Wang et al., 2016; Hong et al., 2017), to induce signal transduction
(Maiti et al., 2014; Langton et al., 2017) and to confer allosteric regulation through conformational
changes after the binding process (Sevcsik et al., 2011; Suzuki et al., 2016). However, for
successful induced-fit ligand binding, it is necessary a conformational flexibility that enables
molecular hosts to respond to the shape and electrostatic surface of guest molecules (Zhan et al.,
2018). In this sense, glycosylations in NTD introduce the necessary conformational
rigid/flexibility to create energetically favorable states within a fit-induced pocket that
encapsulates the ligand upon binding.

Finally, our study shows that glycosylations are important components for the biophysical
properties of SARS-CoV-2 protein S. This has implications for drug recognition in the RBD and
NTD domain, therefore future virtual screening and docking studies need to consider N- and O-
glycosylations to obtain more accurate results on the interaction of ligands on druggable targets to
inhibit SARS-CoV-2 infection.

5. Conclusion

We conclude that non-protein structural components such as glycosylations play an important role
in the biophysical structural properties in S protein of SARS-CoV-2. These biophysical changes
enhance drug recognition in RBD and NTD, key structures for the development of new drugs.

Our main findings were the induction of structural stability and local changes in rigidity/flexibility
related to the number of glycosylations in RBD and NTD. These structural changes are important
for its biological activity and drug recognition, evidenced by roto-translation phenomenon in the
interaction of the ligand with RBD in the absence of glycosylation and the induced fit phenomenon
of ligand in NTD in presence of glycosylations. Therefore, glycosylations must be placed into
account for rational drug development and virtual screening targeting S protein.

Supplementary material

Movies of molecular dynamics trajectories made with VMD can be found in
https://doi.org/10.5281/zenodo.5295791 .
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