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d Escuela de Genética y Biotecnología, Universidad Nacional Mayor de San Marcos, Peru   

A R T I C L E  I N F O   

Keywords: 
COVID-19 
Molecular dynamics 
N- and O-glycosylation 
Cryptic pocket 
Induced-Fit binding 
Roto-translation phenomenon 
Free Energy Landscape 

A B S T R A C T   

The emergence of COVID-19 caused by SARS-CoV-2 and its spread since 2019 represents the major public health 
problem worldwide nowadays, which has generated a high number of infections and deaths. The spike protein (S 
protein) is the most studied protein of SARS-CoV-2, and key to host-cell entry through ACE2 receptor. This 
protein presents a large pattern of glycosylations with important roles in immunity and infection mechanisms. 
Therefore, understanding key aspects of the molecular mechanisms of these structures, during drug recognition 
in SARS-CoV-2, may contribute to therapeutic alternatives. In this work, we explored 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 dis
appears due to the influence of glycosylation and the convergence of metastable states in RBM. Similarly, gly
cosylations 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.   

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 Coro
navirus 2 (SARS-CoV-2), outbroke and rapidly spread causing an 
epidemic of unusual pneumonia in Wuhan, China (Woo et al., 2020). 
This novel coronavirus disease was declared as COVID-19 by the World 
Health Organization (WHO) at the beginning of 2020; since then, it 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 353 million confirmed cases and more than 5 
million deaths have been reported (Dong et al., 2020). 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 accelerated development of vaccines and the initiation of a 
worldwide vaccination campaign, which to date has seen more than 9 
billion people vaccinated (Randall et al., 2021). However, many coun
tries continue to face serious problems in obtaining vaccines and 
continue to record numerous cases. This situation highlights the need to 
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discover a drug to help treat severe cases of COVID-19. 
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 directly 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 S 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 3O-glycosylation sequons (Zhao et al., 2020). Glyco
sylation plays a pivotal role in the viral life cycle because 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 be involved in viral 
entry by specific interactions with the host surface (Raman et al., 2016). 
Therefore, understanding key aspects of the molecular mechanisms of 
these structures, during drug recognition in SARS-CoV-2, may 
contribute to therapeutic alternatives. 

Inhibition of the protein-protein interaction (PPI) of SARS-CoV-2-S- 
hACE2 has been widely studied mostly with antibodies (Guillon et al., 
2008; Jiang et al., 2020). Here, the ability to disrupt the interaction is 
determined by the affinity of the antibodies to bind to the antigenic 
region of the protein (Fiedler et al., 2021). On the other hand, the use of 
molecules has not achieved the same success, due to the lack of a dru
gable or pocket cavity in the RBM domain. Moreover, conformational 
changes in the binding region can be difficult to target in a non-bonded 
state (Perez et al., 2021). Despite this, some small molecules have been 
reported to be potential inhibitors, due to they exhibit a high binding 
energy in the RBD domain (Bagdonaite and Wandall, 2018; Singh et al., 
2021). This leads us to the compulsion of searching for molecules that 
possess a high affinity for the S protein; especially those new chemical 
entities that have not been explored so far, as is the case with The 
Pathogen Box library, a collection of drug-like compounds selected for 
their potential against several of the world’s most important diseases 
(Veale, 2019). 

Nowadays, computational methods have long been used in drug 
design and discovery (Lin et al., 2020). By applying these, molecular 
interactions can be described at an atomistic level (Zheng et al., 2018). 
These in silico methods are a fundamental part of the laboratory work
flow, that have made it possible to transfer part of the screening process 
to computers. Among these, methods such as MD simulations and virtual 
screening and docking methods have been widely used to accelerate the 
drug discovery process (Zheng et al., 2018). 

In addition, exploring new druggable sites in the S protein could 
potentially lead to inhibition of its function. The discovery of cryptic 
sites precisely focuses on that these forms a pocket in a holo-structure 
that can be identified transiently due to conformational changes 
(Sztain et al., 2021). These sites are generally not detected during the 
atomic resolution process (Beglov et al., 2018); however, new algo
rithms have been developed to help predict potential cryptic sites, for 
instance, CryptoSite (Cimermancic et al., 2016). Evaluating new drug
gable 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 bio
physical properties and drug recognition in RBD and N-terminal domain 
(NTD) of SARS-CoV-2. We have also estimated the implications of non- 
glycosylated systems in both. For this purpose, we have performed 
extensive molecular dynamics simulations and a thorough analysis of 
the structural changes upon drug-receptor interaction. 

2. Material and methods 

2.1. Data set 

Information about the ligands and binding pockets in the S protein 
systems were taken from the protocol of Otazu et al. (2020), where it 
shows the importance of two small molecules, TCMDC-124223 and 
TCMDC-133766 (Veale, 2019). Both compounds belong to The Path
ogen Box library which through molecular docking assays showed good 
binding energy with the S protein. About these, the first compound 
targeted the active site of the RBD region and the second the cryptic site 
of the NTD region. We build our systems from the docking modes 
described in this study. 

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 
systems were 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 for the glycoprotein system and CHARMM 
General Force Field (CGenFF) for ligands were selected for the calcula
tion of the interactions (Vanommeslaeghe et al., 2010). 

MD simulations were performed in GROMACS v2021.4 (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 pres
sure. The Berendsen thermostat (Berendsen et al., 1998) and the 
Parrinello-Rahman barostat (Parrinello and Rahman, 1981) were used 
in the equilibrium phases. Fourth, a production simulation for 300 ns 
with integration steps of 2 fs, under constant pressure and temperature 
using leap-frog integration algorithm (Van Gunsteren and Berendsen, 
1987). 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. 

2.3. Data analysis and biomolecular graphics 

The trajectories were analyzed using geometric and structural 
properties to determine the influence of glycosylations on molecular 
recognition. RMSD, RMSF, FEL, β-factor, number and types of contacts 
were calculated with in-house python scripts using MDAnalysis library 
(Michaud-Agrawal et al., 2011). Geometric calculations of roto trans
lation distances, angles and SASA were done using a pool of in-house 
scripts based on tcl embedded in VMD (Humphrey et al., 1996). The 
residues interacting with the ligand were analyzed with PLIP v2.1.6 
software (Adasme et al., 2021), via a script that performs the analysis for 
each frame, iterates the interactions and plots the interaction percent
ages per residue. All images were rendered with VMD and all the ani
mations with Molywood (Wieczór et al., 2020). 
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3. Results 

This work explores the impact of glycosylation and ligand in
teractions on RBD and NTD of SARS-CoV-2. In Fig. 1, six systems built in 
the presence or absence of glycosylations or ligands are shown. Two 
systems without ligands were built to be used as controls (figura 1a). 
Two systems with the interaction of ligand TCMDC-124223 to RBD 
(Fig. 1b) and two others with the interaction of ligand TCMDC-133766 
to NTD (Fig. 1c). In the figure, the systems in the top (bottom) row are in 
the absence (presence) of glycosylations. 

3.1. Glycosylation induces important protein stability 

Our RMSD analysis suggests that both RBD and NTD have a similar 
flexibility independent of glycosylation in the APO structure. However, 
the glycosylated protein presented a slightly higher RMSD, and espe
cially in the RBD, a conformational change of ~2 Å after 250 ns was 
observed (Fig. 2a). In terms of the motifs of each region, they maintain a 
similar flexibility in both states, which can be distinguished in the heat 
map (Fig. 2b). 

Simulations with the ligand indicated that glycosylations have a 
significant effect on the interaction. As can be seen in Fig. 1a (Holo), the 
glycosylated RBD presented an RMSD of up to ~4 Å, while in the 
absence of glycosylations the RMSD increases up to ~5 Å. In addition, 
we note that the glycosylated structure stabilizes early, at 50 ns, while 
the other stabilizes after 200 ns. Here, we also note that the ligand has a 
better fit in the RBM when glycosylations are present, being observed to 
integrate favorably in the loop region between residues T470-F490 
(Fig. 2c up). This also affect the flexibility of the loop, tending to have 
less RMSD. 

On the other hand, the analysis of NTD reveals that glycosylations 
induce modifications in the stability of the Holo structure. Here, we 

observed that the protein without glycosylations promotes major flexi
bility in the R246-G260 residues. In contrast, the presence of glycosyl
ations tends to stabilize this region in the NTD. This effect is in 
agreement with the lower RMSD in this region (Fig. 1a and Fig. 2c 
down). 

3.2. 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. The glycosylated and 
non-glycosylated NTD structures without ligand (Apo) did no presented 
differences about flexibility, with maximum RMSF values of ~50 Å. 
Interestingly, we observe that the motifs in the NTD are much rigid only 
when they are close to a glycosylation (Fig. 3b, down). In contrast, the 
RBD region tends to be much more flexible across the domain, even with 
a single glycosylation (Fig. 3b, up). 

Besides, we have been able to corroborate modifications in the 
flexibility of each domain due to the interaction with each ligand. In the 
RBD domain, the Holo structure is much more rigid compared to the Apo 
structure, however the absence of glycosylations stabilizes the RBD 
domain more. On the other hand, our analysis of the NTD domain shows 
that the non-glycosylated Holo state modifies the flexibility of the whole 
protein compared to the Apo; whereas, the glycosylated Holo state 
causes an opposite effect, since we observed lower RMSF in the whole 
protein. This is partly due to an induced adjustment effect that compacts 
the whole domain (Fig. 3a, down and Fig. 3c, down). 

3.3. Glycosylation changes roto-translation to the fix binding mode 

The molecular dynamics of the RBD structures revealed that the 
ligand undergoes through different conformational states promoted by 
roto-translational phenomena in the RBM region in the absence of 

Fig. 1. System setup for molecular dynamics simulation. (a) Representation of S protein without interaction of ligands in RBD or NTD in absence (up) or presence 
(down) of glycosylations. All systems contain ions of Na+ (skyblue) and Cl- (yellow), while the water is represented as the surface in white color (b) Representation of 
S protein with interaction of TSMDC-124223 in RBD in absence (up) and presence (down) of glycosylations. (c) Representation of S protein with interaction of 
TCMDC-133766 in NTD in absence (up) or presence (down) of glycosylations. 
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glycosylations. These changes are observed from early stages of molec
ular dynamics, followed by a perpendicular rotation at 29.7 ns and 
translation until 60 ns, finally the ligand remains at the opposite end of 
RBM until the end of the simulation (Fig. 4a,d). In contrast, glycosyla
tion induces a sustained ligand interaction in loop/β structure formed by 
residues T470-F490, which promote less conformational changes and 
rotations until the end of simulation (Fig. 4b,d). 

To determine the characteristics of roto-translation phenomenon, the 
distance of central benzofuranic structure of the ligand to the RBM 
residue G446 was calculated, while for angle rotations the RBM residue 
Q493 was used as the origin to generate angles θ with respect to the 
central structure of the ligand. Then, the generation of metastable states 
was evaluated through free energy landscape (FEL) matrices (Fig. 4c,g, 
h). The displacement to 10 Å of the G446 residue of the ligand in the 
non-glycosylated structure at 20 ns 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 18 Å to 10 Å at θ angles from 80◦ to 150◦ (figure 
e-g). In contrast, in the glycosylated structure the ligand remains 
approximately 22 Å from the G446 residue for a longer time, this is 
related to the generation of metastable states at 22 Å and θ angle be
tween 100◦ and 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 viewed in 
the supplementary videos (S1_movie_1_v2). 

3.4. 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, 

Fig. 2. Conformational stability induced by glycosylations. (a) Comparison of structural changes of RBD and NTD in the Apo and Holo structure, in presence and 
absence of glycosylations. (b) Local structural changes in RBD (up) and NTD (down) in Apo structure; left structure without glycosylation and right with glyco
sylation. The major conformational changes are observed in the loop region between residues T470-F490 of the RBD (blue site); while in the NTD domain, residues 
R246-G260 from the most unstable region (blue site). This dynamics was observed for both, with and without glycosylations, with a slight increase in instability in 
the glycosylated structure. (c) Changes in the stability of the loop region between residues T470-F490 of the RBD are observed in the ligand-bound and glycosylated 
structure (right), while the same region with ligand but without glycosylation shows no significant differences in stability compared to the APO structure. The same 
dynamics is observed in the NTD domain, where the R246-G260 region is much stable in the glycosylated state. 

Fig. 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 glyco
sylation. (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. 
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throughout the simulation. In this sense, we observed that the glycosy
lated 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 (Fig. 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 tempera
ture of 310 K between the number of contacts and the SASA. 

In the non-glycosylated structure, the ligand presented a progressive 
reduction of the RMSD up to 100 ns, after which it is more stable. On the 

other hand, the glycosylated structure presented marked fluctuations in 
the RMSD throughout the simulation, due to the effect of the adjustment 
induced in this cryptic site (Fig. 5c). Likewise, the SASA values were 
higher in the non-glycosylated structure from 140 ns of simulation, 
while in the glycosylated structure the SASA was lower due to the effect 
of the induced adjustment (Fig. 5d). This process of encapsulation by the 
induced fit significantly restricts the number of ligand contacts from 
20 ns to the end of the simulation (Fig. 5e). On the contrary, the non- 
glycosylated structure maintains the ligand without significant varia
tions until 40 ns where it reaches another stable conformation. Related 
to this, the induced fit phenomenon is not evidenced since the SASA 

Fig. 4. Interaction of ligand TCMDC-124223 on RBM. Evolution of ligand conformational states along simulation. Gray structure represents RBM and complete gray 
and orange structure represents RBD. The β0 state was the initial ligand conformation, the β1 state was an intermediated conformation of ligand and β2 state was the 
final conformation of ligand in the simulation. (a) Ligand conformation β0 at frame 1 (0.3 ns), β1 at frame 99 (29.7 ns), and β2 at frame 1000 (300 ns). An effect of 
roto-translation of ligand is evident in absence of glycosylations. (b) Ligand conformation β0 at frame 1 (0.3 ns), β1 at frame 99 (29.7 ns), and β2 at frame 1000 
(300 ns), system in presence of glycosylations. The ligand is more stable in the presence of glycosylations. (c) Ligand distance to G466 and θ angle formed in the roto- 
translation. (d) Translation changes of ligand in presence and absence of glycosylations. (e) Rotational changes of ligand in presence and absence of glycosylations. (f) 
Conformational changes of ligand in presence and absence of glycosylations. (g) Free energy landscape (FEL) matrix of ligand with different θ angles and distance of 
G466 in absence of glycosylations. (h) FEL matrix of ligand with different θ angles and distance of G466 in presence of glycosylations. Hue changes shown in 
the color. 

Fig. 5. Interaction of ligand TCMDC-133766 on the cryptic pocket of NTD. Evolution of ligand conformational states along simulation; yellow structure represents 
the NTD of S protein. The β0 state was the initial ligand conformation, the β1 state was an intermediated conformation of ligand and β2 state was the final 
conformation of ligand in the simulation (a) Evolution of ligand interaction in the cryptic pocket at frames 1 (0.3 ns), 15 (4.5 ns), and 1000 (300 ns) in absence of 
glycosylations. (b) Evolution of ligand interaction in the cryptic pocket at frames 1 (0.3 ns), 15 (4.5 ns), and 1000 (300 ns). An induced fit of ligand is observed in 
presence of glycosylations. (c) Conformational changes of ligand in presence and absence of glycosylations. (d) Solvent accessible surface areas (SASA) 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 with different contacts of protein and SASA in absence of glycosylations. (g) FEL matrix of ligand with different contacts of protein 
and SASA 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. 
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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 (Fig. 5g,f). The induced fit phenomenon can be 
reviewed in the supplementary videos (S2_movie_2_v2). 

3.5. Glycosylation modify the pattern of molecular interactions 

Clear modifications in the interaction patterns due to the presence of 
glycosylations have been observed (Fig. 6). In the RBD, TCMDC-124223 
interacts mainly with 4 residues (R403, D405, S494, and G504) via 
hydrogen bonds, while 4 other residues form hydrophobic interactions 
(Y505, Y489, Y449, and Q493). In the presence of glycosylations, the 
ligand in RBD forms major hydrophobic contacts with 7 residues (Y489, 
Y473, F486, N487, L455, F456, and A475) and hydrogen bonds only 
with 2 residues (Y473 and N487). Besides, TCMDC-133766 presented 
hydrophobic interactions mostly in the NTD. In the non-glycosylated 
structure, only 9 interactions were observed (W104, F194, F192, 
F168, L229, I231, I128, I119, and F92); whereas, in the glycosylated 
NTD, 11 mostly hydrophobic interactions were observed (W104, T240, 
I101, F92, F192, F175, V126, Q173, L226, F194, and F106) which are 
related to the induced fit effect. 

4. Discussion 

In this work, we employed molecular dynamics simulations to study 
the effects of glycosylations on biophysical properties and drug recog
nition upon RBD and NTD of SARS-CoV-2. Our results confirmed the 
hypothesis that glycosylations introduce important structural stability, 
local changes in rigid/flexibility, and enhance interactions of drugs on 
RBD and NTD. 

The analysis showed that, independently of the glycosylations, the 
APO state does not undergo significant structural modifications, both in 
the RBD and in the NTD of the spike protein. We emphasize that the most 
flexible regions of these domains are found between the T470-F490 
loop/β of RBD. Such flexibility was to be expected since this site be
longs to the RBM subdomain that directly contacts the human ACE2 

receptor (Roy et al., 2020). In contrast, our observations suggest that 
glycosylations significantly modify the stability of the protein in a Holo 
state. The improved binding of the TCMDC-124223 ligand to the RBD 
may be due to a long-range effect exerted by glycosylation at N343. This 
glycosylation is of special interest since it has been reported to be 
responsible for the conformational change from the "down" to "up" state 
(Tian et al., 2021). In this sense, it is consistent to expect that the 
presence of small molecules will have far-reaching effects of glycosyla
tions in this system. Likewise, the effects caused by glycosylation during 
drug-receptor interaction are reflected in the fluctuations of the RMSD. 
Thus, we can attribute the difference between the RMSD values 
observed in the RBD domain to this effect. 

Furthermore, RMSF analysis showed an increase of superior flexi
bility in the drug binding region on the RBD glycosylated. Whereas, 
multiple glycosylations of NTD conferred greater structural rigidity. 
Studies on bovine alpha-chymotrypsin reveal that the increase of the 
molar mass and amount of glycans in the protein structure correlates 
with the degree of restriction of the structure dynamics (Solá and 
Griebenow, 2006). These changes can be explained by the local steric 
constraints that O- and N-glycans generate in different protein systems 
(Sola and Griebenow, 2009; Watanabe et al., 2004). For example, the 
study by Lee et al. showed that N-glycosylations do not induce signifi
cant global and local structural changes in different mammalian pro
teins, this was attributed to reduced structural rearrangement and thus 
increased stability (Lee et al., 2015). However, changes in rigid
ity/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). The latter may be the case for the RBD domain, which needs to 
possess characteristic flexibility to accomplish its biological function. 
Therefore, we consider it necessary to evaluate the effect of O- and 
N-glycans in each particular system, since there may be greater or lesser 
effects depending on the type of system. 

In addition, our simulations suggest a rotation phenomenon on the 
RBM as a characteristic ligand interaction pattern in the presence of RBD 
glycosylations. The local structural flexibility of the pocket plays a key 
role in allowing or restricting this phenomenon by modifying the ligand 
entropy (Chang and Gilson, 2004). Therefore, the increased amount of 
hydrophobic interactions of the ligand with the flexible binding sites of 
RBD may limit its translational freedom, but allow its rotation, leading 
to a longer interaction time in the T470-F490 loop/β-loop of RBD. On 

Fig. 6. Ligand-interaction analysis. Interactions 
appearing with more than 4% frequency are 
shown for both ligands in the RBD and NTD 
with and without glycosylations. (a) The 
TCMDC-124223 ligand interacts preferentially 
by hydrophobic interactions and hydrogen 
bridges in the absence of glycosylations. (b) In 
the presence of glycosylations, a completely 
different interaction pattern is observed where 
hydrophobic interactions predominate. (c) The 
ligand TCMDC-133766 interacts mainly by hy
drophobic interactions with 9 NTD residues. (d) 
Hydrophobic interactions are observed with 11 
residues corresponding to the induced fitting 
effect in the glycosylated structure.   
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the other hand, the number of glycosylations in RBD may explain the 
changes in local flexibility, since a higher degree of glycosylations re
duces the free energy and structural fluctuations in various folded state 
proteins (Shental-Bechor and Levy, 2009). However, stable ligand in
teractions from a physicochemical point of view depend on other factors 
such as hydrogen potential, temperature of the system, number and 
types of bonds formed (Majewski et al., 2019). 

The structural changes observed during the simulation confirm the 
presence of an induced fit phenomenon in NTD, generated by glyco
sylations in the presence of a ligand. This is due to the fact that the 
presence of sugars induces changes that trigger an induced adjustment 
of the ligand towards the inner part of the NTD domain. The adaptation 
of the ligand in the induced fit requires prior molecular matching, suf
ficient affinity and rapid kinetic equilibrium (Nussinov et al., 2014). In 
our simulations, the ligand TCMDC-133766 exhibited optimal affinity 
characteristics, and the FEL suggests a single metastable energy state 
with a high number of mostly hydrophobic contacts. We attribute this 
phenomenon to the changes in rigidity/flexibility when forming the 
glycosylated complex with ligand and confirmed by SASA and contacts 
analysis. However, the degree of glycosylations could also suggest the 
presence of a possible allosteric effect. This phenomenon has been re
ported in glycoproteins such as acid-β-glucosidase, a lysosomal hydro
lase, where N-glycosylations in a region distant from the active site 
generated conformations with catalytic residues (E430 and E235) more 
than 10 Å from the substrate (Souffrant et al., 2020). On the other hand, 
there are systems, such as G protein, where the allosteric phenomenon 
can occur even in the absence of ligands (Renault et al., 2019). The re
sults of our work do not allow us to affirm the presence of allosterism 
induced by glycosylations in S protein, for which further replicate sim
ulations are required. 

Glycosylations of viral envelopes serve a wide range of functions, 
including regulation of viral tropism, host immunity, and protein sta
bility (Bagdonaite and Wandall, 2018). Our study shows that glycosyl
ations are important components for the biophysical properties of 
SARS-CoV-2 protein S such as NTD dynamics promoting the up state 
of RBD in different types of coronaviruses including the current 
SARS-CoV-2 (Qing et al., 2021) or the flexibility of the T470-F490 
loop/β-loop important for the affinity properties of SARS-CoV-2 RBD 
to human ACE2 (Reis et al., 2021). Moreover, glycosylations have im
plications for drug recognition in the RBD and NTD domain, so future 
virtual screening and molecular dynamics should consider N- and 
O-glycosylations for more accurate results on ligand interaction on drug 
targets to inhibit SARS-CoV-2 infection. The absence of these structural 
features may lead to misinterpretations. 

5. Conclusion 

We conclude that non-protein structural components such as glyco
sylations 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 biological properties 
of SARS-CoV-2, therefore 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 phenome
non in the interaction of the ligand with RBD in the absence of glyco
sylation and the induced fit phenomenon of ligand in NTD in presence of 
glycosylations. Therefore, glycosylations must be placed into account 
for rational drug development, virtual screening, and molecular dy
namics targeting S protein. 
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