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The N234 and N343-linked glycans of the SARS-CoV 2 spike protein are known to stabilize the up-
conformation of its receptor-binding domains (RBDs), enabling human angiotensin enzyme 2 (hACE2)
receptor binding. However, the effect of spike-hACE2 binding on these important glycans remains
poorly understood, and these changes could have implications in the development of drugs that
inhibit viral entry. In this study, Gaussian accelerated molecular dynamics (GaMD) simulations of the
hACE2-free and hACE2-bound spike protein are performed. Biophysical analyses were focused on the
accessibility of three previously suggested druggable pockets underneath the three RBD subunits. A
shielding effect by N234-linked glycans on the components of their adjacent pockets was observed.
Although deshielding of central scaffold residues was observed in the hACE2-bound state, pocket A's
accessibility was reduced due to an increase in NTD,-RBD,, contacts, restricting entry into the pocket.
For pocket B, changes in N234_and N343_ expose the central scaffold residues in the bound state,
increasing accessibility. In Pocket C, increased shielding due to N234, was found in the bound state,
reducing accessibility. Despite these changes, the pockets remain accessible to ligands in both states
and are still valid targets for drug development studies.
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The interaction between the SARS-CoV-2 spike protein and the human angiotensin-converting enzyme 2
(hACE2) receptor facilitates viral entry into cells and is a crucial determinant in the infectivity of COVID-19".
Glycosylations within both the spike protein and the hACE2 receptor are known to play a key role in the
spike-hACE2 interaction, modulating viral binding and cellular entry>. By understanding glycan-mediated
interactions, future therapeutic interventions that disrupt them can be developed.

The spike protein is a homotrimeric glycoprotein embedded in its viral membrane>®. It has three receptor
binding domains (RBDs) that can assume a combination of up, down, or transient states>’. In the absence of
hACE2, the RBDs fluctuate between these, with the stochastic up-down transitions occurring at the millisecond
timescale®®. When an RBD binds to hACE2, its up state is stabilized, and either of the other two RBDs adopts an
induced up state>!°. When at least one of the RBDs is in the up state, the spike protein is said to be in the open
conformation, with an RBD available for hACE2 binding.

The N-glycans linked to N234, N343, and N165 play a role in the binding of the spike protein to hACE2.
Studies suggest that the N234 N-glycans stabilize the up conformation of the RBDs?. Meanwhile, the N343,
N-glycan serves a role in controlling the RBD, conformational states®. Finally, the N165,,-linked glycan is found
to interact with the hACE2 receptor or its associated N-glycans directly®!!. Mechanistic investigations have
elucidated that glycans facilitate long-range interactions between the spike protein and hACE2 through a catch-
slip mechanism!2. Characterized by hydrogen bond relaxation and reformation, this mechanism is driven by the
increased flexibility imparted by glycans.
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As N-glycans can affect the stability and structure of the spike protein, it is essential to understand their
behavior and interactions in the open conformation with or without hACE2, especially for those that do not
directly interact with hACE2 or RBD,. One aspect of the SARS-CoV-2 spike protein that has yet to be explored
is the impact of hACE2 binding on its glycans. A structural and molecular approach can shed light on potential
conformational changes in spike protein N-glycans in the presence and absence of hACE2.

Aside from stabilizing the spike-hACE2 interaction!*!%, glycosylations serve as physical barriers or shields
against neutralizing antibodies®'*. Glycan shielding blocks up to 40% of the protein surface from antibody
access. Previously, the authors identified three druggable pockets beneath the RBDs!®. To determine whether or
not shielding occurs in the pockets, this paper focuses on discerning how N-glycans influence the accessibility
of drug candidates to these sites.

In this study, biophysical analysis from Gaussian accelerated molecular dynamics (GaMD) simulations of
the spike protein head under these two conditions (hACE2-free and hACE2-bound) is performed to observe
potential N-glycan contact differences and how hACE2 binding can affect the accessibility of druggable pockets
within the spike protein. These findings can be applied in structural studies of the spike protein and future drug
discovery studies against future coronaviruses.

Results

Global contacts and dynamics differ between the hACE2-free and hACE2-bound systems
Gaussian accelerated molecular dynamics simulations were used to sample the conformational space of hACE2-
free protein and hACE2-bound spike protein systems'’. The simulations utilized a boost potential, enabling
the exploration of conformational space that would typically require longer time scales or be inaccessible
with classical simulations'”. In this study, 200 ns GaMD simulations were deemed sufficient to investigate the
accessibility of highly localized pockets in an unbiased manner within the conformational landscape of hACE2-
free and hACE2-bound spike proteins. This approach focuses on capturing the general protein dynamics without
the constraints of biased techniques, such as steered MD or umbrella sampling, which are typically required to
observe rare conformational changes occurring on much longer time scales.

The receptor binding domain (RBD) of the spike protein can exhibit multiple conformations, i.e., up,
transient, and down”!. Binding requires the RBD to adopt an up conformation, which is stabilized in the
presence of hACE2!3°, hACE2 binding also contributes to the conformational change of the neighboring RBDs
to an up state. Simulations for both hACE2-free and hACE2-bound spike protein systems depict the starting
RBD conformations as up for RBD > transient for RBD,, and down for RBD... Throughout the simulations,
the conformations for the RBDs remain mostly stable and unchanged for both hACE2-free and hACE2-bound
systems. This is characterized by the distance distribution histograms between the RBD center of mass and the
central scaffold (Supplementary Fig. S1)>°. Additionally, RMSD analyses of the RBDs in Supplementary Fig.
S2a-S2c show a 2Adeviation between the hACE2-free and hACE2-bound systems, indicating minimal change
between the systems. Conformational transitions in the RBD occur on millisecond-to-second time scales and
are beyond the reach of accelerated simulations at the nanosecond level for large proteins®. However, the focus
of this study is not on the conformational transitions of the spike RBD, but rather on the effect of spike protein
glycosylations to pocket accessibility in the presence and absence of hACE2. Such interaction changes can be
correlated with conformational changes and domain accessibility?*2!.

Spike protein-glycan interactions are meaningful interactions to consider because they are found to influence
shielding and conformational transitions of the RBD. Specifically, the N234 and N343-linked glycans surround
the RBD domains within the spike protein®*®!2, The N234; and N343, glycans are situated along the RBD,,
while the N343 . glycan is situated at the upper portion of the interface between the RBD; and RBD .domains in
the hACE2-free state. The locations of the N234 glycans are also situated adjacent to the three proposed allosteric
pockets below the RBDs'®. These N-glycans are depicted in Fig. 1a.

The flexibility changes of the N234 and N343-linked glycan cores (illustrated in Fig. 1b) were assessed
through root-mean-square fluctuation (RMSF) analysis. In Fig. 1c, the N234; glycan radial plot indicates a two-
fold difference in RMSF of all glycan core carbohydrate units between the two spike protein systems, with lower
RMSF observed at hACE2-bound state. Meanwhile, the N343 . N-glycan exhibits higher RMSF for all glycan
core carbohydrate units at hACE2-bound state, as shown in Fig. 1d. This suggests that the glycan has greater
stability in the absence of hACE2. The change in RMSF across the remaining N234 and N343-linked glycans was
also calculated, as shown in Supplementary Fig. S3. Given the similarity in RMSF values of these glycan cores,
the changes observed in the N234, and N343. glycans can be interpreted as asymmetric glycan movement.

Changes in accessibility

Previously, the authors identified three potential druggable pockets beneath each RBD chain and adjacent to
the central scaffold of the spike protein'®. The residues forming the pockets are listed in Table S1. These pockets
were evaluated for druggability in both hACE2-bound and hACE2-free systems, with the primary descriptor
being the mean local hydrophobic density (p). The calculation of p depends on pocket compactness. The latter
is characterized by parameters including solvent-accessible surface area (SASA) and the number of native
contacts?®. Here, pocket accessibility is further investigated by performing biophysical analyses, including SASA
and contacts analysis. These analyses target the three N234-linked glycans near the pockets, as depicted in Fig.
la, and aim to understand the potential druggability of each pocket further.

The Shrake-Rupley method, implemented in VMD?, utilizes the Voronoi algorithm?*?° to calculate the
SASA. This method partitions space into atom-associated regions using contact planes and a hypothetical
sphere. Each atom is surrounded by a sphere of uniformly spaced dots, simplifying calculations by removing
overlaps, and SASA is computed as the total volume of the remaining dots. Understanding pocket accessibility
is of paramount importance in drug development. It offers crucial insights into the potential binding affinities of
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Fig. 1. (a) Depiction of the locations of N234,, N234,, N234 and N343_relative to the hACE2-free spike
protein. (b) The glycan sequences of N234 and N343 glycans are depicted using the format of Glycan Sequence
Reader (GRS)*. The glycan radial plots for the glycan cores of (c) N234;, and (d) N343..

drug-like compounds with these specific protein regions. According to Lipinski’s rule of five, oral drugs typically
possess a molecular weight below 500 Da, corresponding to an approximate protein surface area of 300 A2%”,

This study used different probe sizes to assess SASA across 2000 frames for the three pockets and the RBDs.
Probe sizes range from the default size of 1.4 A to larger sizes representing small drug-like molecules (2 to 5
A). The calculation also considered the presence of glycans on accessibility, and the results are presented in
Supplementary Tables S2 and S3. Additionally, a per-hydrophobic residue SASA calculation was conducted to
evaluate the exposure of spike domains in each pocket. The SASA analysis reveals that Pocket C demonstrates
the highest accessibility among all probe sizes (refer to Supplementary Tables S2, S3 and Supplementary Fig.
S4a). This increased accessibility implies a heightened ligand or small molecule binding interaction potential.
Conversely, despite its larger dimensions, Pocket A exhibits comparable accessibility to Pocket B, indicating
similar binding interaction capacities. Consequently, the observed SASA range suggests that drug-like molecules
within Lipinski’s defined size range may effectively engage with the identified pockets, notably Pocket C, given
its pronounced accessibility.

Accessibility of the RBDs (Supplementary Fig. S4b) reveals the most accessible to be the hACE2-free RBD,,
followed by hACE2-free RBD, and hACE2-bound RBDj,. This trend is expected as the most accessible RBD
should be the more exposed up conformer (RBD,) ready for hACE2 binding. Upon binding of the hACE2 on
the RBD, interface, an intuitive drop in accessibility can be observed. The second most accessible RBD is RBDy,
both in the bound and free state. This alludes to a more solvent-exposed placement of the RBDj, characteristic
of an RBD in the transient conformation. On the other hand, RBD,, both in the bound and free state, has the
lowest accessibility, which is expected for an RBD in the down conformation.

The calculated SASAs of hydrophobic residues per pocket were then grouped into respective domains to
compare the SASA in terms of the change in accessibility within components of the pockets, as shown in Fig.
2a. Generally, the SASA contributions of the RBD residues located above their respective pockets are similar,
except for RBD}, in hACE2-free, which exhibited slightly higher SASA in hACE2-bound. Instead, differences can
be observed in the contribution of the central scaffold residues adjacent to their respective pockets. The lower
SASA of the hACE2-bound state for Pocket A and Pocket C can be attributed to the lower SASA in the central
scaffold residues. The higher SASA in central scaffold residues in Pocket B could also rationalize the higher
SASA observed in the hACE2-bound spike protein.

The RMSF bound-free ratios (Fig. 2b) reveal that Pocket C is substantially more stabilized in the spike-
hACE2-free form, corroborating the SASA information on Pocket C. As visualized in Fig. 2¢c, the RMSF ratio
differences across pocket residues are not substantial across the three pockets. Evidence from the slopes of
the SASA-probe radii of the pockets (Supplementary Fig. S4a) reveals a potentially marked difference in the
topographies of the pockets. Pocket C SASA-probe radii slopes are substantially steeper than Pockets A and B,
suggestive of a rough surface pocket topography, potentially indicative of more residues buried in concavities
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Fig. 2. The SASA per domain and RMSF ratio of the three pockets. The (a) total per domain of the mean
SASA (in A2) of pocket hydrophobic residues. Each bin represents the average of 100 frames. The (b) RMSF
ratios between the hACE2-bound and hACE2-free spike protein, with color coding indicating ratios < 1 in
red (higher stability in the hACE2-bound state) and ratios > 1 in blue (higher flexibility in the hACE2-bound
state). The (c) changes in RMSF along Pockets A, B and C relative to the hACE2-free system are visualized as
an RMSF worm plot. Figure 2c is visualized using Chimera®.

in the pocket. In contrast, Pocket B residues in the spike-hACE2 bound state are collectively less rigid (Fig. 2c)
compared to the unbound form, further supporting the idea of a distinguishable increase in pocket accessibility.

Interplay of glycans and RBD state affect the accessibility of pocket A

Informed by the SASA results and the locations of glycans along the pockets, contact analysis was performed for
extensive assessment of protein-glycan and glycan-glycan interactions, which are mapped for both the hACE2-
free and hACE2-bound systems as shown in Supplementary Fig. S5.

In a previous study, the contacts of N234; glycan were deemed vital in the stability of the RBD, up
conformation®. The glycan is also within Pocket A, which lies below the RBD,. Identified residues in the
Pocket A are comprised of residues in RBD " NTDB, RBD, and the central scaffold. Understanding where the
contacts can occur is vital, as glycan interactions can effectively shield pocket residues from potential inhibitors.
Interestingly, comparison of N234,-Pocket A interactions between the hACE2-free and hACE2-bound systems
in Figs. 3a and 3b shows a drastic reduction in contacts at the hACE2-bound spike protein.

A closer look at Pocket A reveal partial deshielding of the central scaffold to be possible at the hACE2-free
state (Figs. 3c and 3d), while a lack of glycan interaction near the central scaffold is observed at the hACE2-
bound state (Fig. 3e). Visualization of N234;, glycans are displayed in Figs. 3¢, 3d, and 3e. A closer look at Pocket
A reveals partial deshielding of the central scaffold to be possible at the hACE2-free state (Figs. 3¢ and 3d), while
a lack of glycan interaction near the central scaffold is observed at the hACE2-bound state (Fig. 3e). Overall, the
contacts towards nearby domains are more frequent in the hACE2-free state compared to the hACE2-bound,
as shown in Supplementary Fig. S6a and S6b. In previous studies, the deshielding of the central scaffold region
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Fig. 3. Contact frequencies for the N234, glycan towards Pocket A residues exhibit a big difference between
(a) the hACE2-free and (b) the hACE2-bound spike protein. Residues are grouped by dashed lines according
to domain: N-terminal domain (NTD), receptor binding domain (RBD), and central scaffold (CS). Visual
representation of the N234;, glycan contacts. (c) The initial state of the hACE2-free state showing N234; glycan
contacts towards the RBD, domain. (d) The latter part of the simulations show the hACE2-free state forming
N234; glycan contacts towards RBD, and RBD . domains. (e) The hACE2-bound state maintains contacts
between N234, glycan and RBD domain throughout the simulation. Figures are depicted using ChimeraX?.

was observed on the domain level with RBD!%3%. RMSD analyses with the central scaffold (CS) region in Figs.
S2d-S2f have shown higher values for the hACE2-bound system, which could indicate higher deviation from
the starting structure. This deviation could probably be due to internal contacts within the CS that could lead
to the structural rearrangement of this domain when the spike is fully open!?. The glycan deshielding might be
an important step prior to the opening of the spike protein and may be attributed to the shift in glycan-glycan
interactions of N234;, glycan with the N165; and N343,, glycans.

Simulations show the N234,, glycan to form contacts with the N165, glycan in the hACE2-free system. In the
hACE2-bound system, the N234, glycan lacks this contact with the N165; glycan and instead forms contacts
with the N343; glycan. Contacts are also formed with the N165; glycan in the hACE2-bound system. Fig. 3c-
e shows representative snapshots of these glycan-glycan interactions. The lack of N165,-N234,, glycan-glycan
contacts suggests that the N165, and N234; glycans could shift away from each other due to conformational
changes within their parent domain NTDy, and are loosely bridged by the N343,, glycan. The changes in protein-
glycan and glycan-glycan contacts within the N234;, glycan could also help explain its increased flexibility in the
absence of hACE?2, as revealed in the RMSF glycan radial plot.

Comparing the glycan contacts between both systems in Supplementary Fig. S6a, S6b, S7a, and S7b also
reveals a shift in contacts of N234;, on the domain level: the glycan shifts from RBD,, RBD ., and central scaffold
contacts in the hACE2-free, to the RBD} in hACE2-bound. The N165; glycan also changes its contacts from
mostly RBDs in hACE2-free to RBD, and NTD;, in hACE2-bound, as seen in Supplementary Fig. S6c and
S6d. Likewise, the N343, glycan changes from only RBD,, contacts in the hACE2-free to the NTD, contacts
in the hACE2-bound system (Supplementary Fig. S6e). These shifts in interactions could be due to an internal
conformational change in NTDj, which affected the interactions between the glycans N165, and N234,,.

Another potential explanation is the reduced distance between NTD,, and the RBD, in the hACE2-bound
system, as seen in Supplementary Fig. S7e. This interaction could result from contacts between the bound state of
RBD, and the N343,, glycan. The N343 glycan serves as a gate that facilitates the transition of RBD, from down
to up state’. No contacts were observed between the N343,-linked glycan and RBD, for the hACE2-free spike
protein in this study. This is in agreement with microsecond-length weighted-ensemble simulations studying
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the down-to-up transition of the spike protein®. Since the up state of RBD, is stabilized in the hACE2-bound
spike protein, the glycan could instead engage with the neighboring NTD, and glycan residues. Such RBD-NTD
interactions could be an initial step to the up state transition of RBD accordlng to the wedge model®!. However,
the presence of these contacts limits the entrance to Pocket A, which negates the effects of glycan deshielding.
These could explain the similar accessibility of Pocket A in Fig. 2a in the hACE2-free and hACE2-bound spike
proteins.

Despite the negligible changes to the accessibility of Pocket A residues between the hACE2-free and hACE2-
bound states, the central scaffold remains highly accessible. Coupled with the deshielding of glycans, this opens
the possibility of exploring potential inhibitors for the hACE2-bound spike protein (1-up bound).

N234_and N343_ interactions influence pocket B accessibility

As the SASA reveals that Pocket B has higher SASA in the hACE2-bound state than in the hACE2-free state,
the question arises as to why this phenomenon occurs. Contacts are formed with the RBD;, RBD, and central
scaffold residues assigned to Pocket B (Figs. 4a and 4b). Notable contact differences are observed between the
hACE2-free (Supplementary Fig. S8a) and hACE2-bound (Supplementary Fig. S8b) states. In the hACE2-free
state, N234 . glycans form additional interactions with the chain C subdomain regions of Pocket B at the hACE2-
free state, while additional contacts to RBD, and RBD . are formed in the bound state. These subdomain regions
can serve as passageways to Pocket B, which affects access towards the central scaffold residues of the pocket.
Likewise, in the hACE2-bound state, the N234, glycan is buried underneath the RBD,, which could allow
unimpeded accessibility of central scaffold residues in Pocket B.

Time evolution series of Pocket B residues and N234 ., glycan contacts in the hACE2-free state (Fig. 5a) shows
the stable interaction of the N234. glycans with the RBD; residues of Pocket B. Probing the time evolution
of additional contact events in the hACE2-bound state (Fig. 5a), notable movements of the N234, glycans in
Pocket B can be observed. Noteworthy is the shifting interactions of the N234. glycans between RBD,-RBD
and NTD, domains, which explains higher RMSF of the Pocket B subdomains (Fig. 2c). Visualization of these
contacts can be found in Fig. 4e-g.

Given the position of the N343 . glycan at the top of the RBD, and RBD . interface (Fig. 4¢) and its associated
high RMSE the potential effects of the N343 glycans to Pocket B accessibility was also considered. The
differences in the contact frequency events of the N343 . glycans with RBD,, between the hACE2-free (Fig. 4c
and Supplementary Fig. S7¢) and hACE2-bound (Fig. 4d and Supplementary Fig. S7d) states show significant
loss of the N343 ., glycan contacts to the RBD;; in the hACE2 bound state. Further investigation using the time
evolution of the contacts shows that in the hACE2-free state (Fig. 5b), N343, glycans remain in contact with
the RBD;, domain interface throughout the simulation. In contrast, in the hACE2-bound state (Fig. 5b), it can
be seen that in the latter half of the GaMD simulation, the minimum distance of the N343 glycan to RBD,
increases to around 10 A. This shows dissociation of the glycan from the interface (Fig. 4f) outwards into the
solvent (Fig. 4g), breaking its interaction with the RBD, domain.

This observation is interesting as the N343, glycan was suggested to follow a gating mechanism to shift the
RBD, from a down-to-up conformation by movmg away from the RBD,-RBDjinterface®. Current literature
supports the possible formation of the 2-up from the 1-up spike-hACE2 state accompanled by the down-to-up
transition of the RBD domain'®. In this GaMD simulation, a similar glycan gating mechanism can be deduced
as the N343 ., glycans move away from the RBD,-RBD . interface, gearing the RBD;, from the initial transient
state into a potentially more open form ready for hACE2 binding. The RMSF of the RBDj, region of Pocket B is
substantially higher in the bound state (~ 30%), which further corroborates the increased mobility of the RBD,,
that could potentially be a consequence of the transient-to-up conformational change. The possible shifting of
RBD,, conformation from N343 . activity could provide an opportunity for N234. to move inwards towards the
lower part of RBDy,, allowing the central scaffold to be more accessible at the hACE2-bound state. Elucidation
of the exact mechanism of the conformational transitions of these glycans warrants further investigation, which
can be realized in more extended time regimes.

Dynamics of pocket C

The changes in Pocket C dynamics were explored from the perspective of N234, glycan motions. Contact
frequency maps in Figs. 6a and 6b show that glycan shielding via contacts in RBD, subdomain region 1 of chain
A, and the central scaffold adjacent to RBD . is possible. However, contacts towards these regions appear more
frequent in hACE2-bound rather than hACE2-free. Similar patterns are evident in the global frequency maps of
the N234, glycan, showing increased contact frequency at the subdomain regions 1 and 2 of chain A, as well as
with RBD . in the hACE2-bound state (Supplementary Fig. $9). Visualization of these contacts in Fig. 6c shows
the partial shielding of the pocket passageway along the three aforementioned regions. While this shielding can
still exist in the hACE2-free simulations, it occurs less frequently than the hACE2-bound state, which could
explain the lower SASA of the central scaffold surrounding Pocket C.

Discussion

The SARS-CoV-2 spike protein has been established as an integral component in viral pathogenicity>*2.
Interactions of its glycans are essential for hACE2 binding, shielding, and domain conformational changes®*33-3,
Spike glycans have also been known to mediate conformational states of the RBD and stabilize the core of the
spike protein®. The N234-linked glycans interact with the three potential pockets of the spike protein. These
pockets have been identified in a previous study through coarse-grained simulations of non-glycosylated spike
protein'®. Glycan conformations and interactions could potentially impact the shielding and accessibility of
pockets to bind drug candidates.
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Fig. 4. Contact frequencies of glycans N234 . with Pocket B residues show only a slight difference between the
(a) hACE2-free and (b) hACE2-bound systems. Residues are grouped by dashed lines according to domain:
N-terminal domain (NTD), receptor binding domain (RBD), and central scaffold (CS). A substantial decrease
in contact frequencies between the glycan linked to N343 . and the RBDj, in the (c) hACE2-free and the

(d) hACE2-bound system were observed. (d) Simulations show the N343 . glycan at hACE2-free state to be
maintained in the interface of RBD; and RBD, domains. (e) The hACE2-bound state initially is also located
at the interface of RBD; and RBD ., with the direction of the N343 . glycan drawn as a yellow arrow. (f) which
then shifts to favor outwards towards solvent. (g) The N343 . moves outwards in hACE2-bound state, with the
direction of the N343 _glycan drawn as a yellow arrow. Figures are depicted using ChimeraX?*’.

This study explores the interactions and behavior of the N234 and N343 glycans in the presence and absence
of hACE2. The spike RBDs can exist in up, transient, or down states, where hACE2 binds to the former!>¥.
RBD core-central scaffold distance and RMSD analysis of the RBDs show that they each assumed a unique state
at which they remained for the duration of the simulations®. However, RBD-hACE2 binding could have subtle
effects, i.e., changes in interactions, which could affect glycan shielding and conformations of the neighboring
RBDs. The study measured these changes using SASA analysis, glycan RMSE, and contact analyses.

Previously, three pockets between the RBDs and the central scaffold were characterized as potential sites for
drug binding'®. Analyses of the pocket SASA revealed that central scaffold accessibility can correlate with pocket
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Fig. 5. Time evolution of the minimum distance between (a) the Pocket B and the N234 . glycan, and (b) the
RBD, and the N343 ., glycan.
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Fig. 6. Contact frequencies for glycans N234, with pocket C residues exhibit a slight increase between the

(a) hACE2-free and (b) hACE2-bound systems. Residues are grouped by dashed lines according to domain:
N-terminal domain (NTD), subdomain 1 (SD1), receptor binding domain (RBD), subdomain 2 (SD2), and
central scaffold (CS). (c) Visual representation of contacts for N234, glycan. (c) The initial state of the hACE2-
free state showing contacts of N234, glycan towards the RBD domain. Figures are depicted using ChimeraX®.

druggability. However, nearby glycans, specifically glycan N234, could hinder access to these pockets. Contact
analyses and RMSF radial plots revealed differences in pocket shielding and glycan conformations between the
free spike and hACE2-bound systems, respectively. In Pocket A, a glycan deshielding of the pocket is observed in
the hACE2-bound state, as supported by the lack of N234;, contacts. The mechanism of deshielding could be due
to the interplay of N165,, N234;, and N343, glycans in the hACE2-bound system. The interplay could be due
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to a shift in interactions of glycan N343 from the RBD;, towards the nearby NTD, and its glycans. This shift in
interactions could be due to a decrease in distance between NTD, and RBDy, which could constrict the entrance
of Pocket A. While deshielding of the central scaffold occurs as a result of viral fusion during hACE2 binding,
the constriction of NTDj, and RBD;; could negate the CS accessibility and explain the similar SASA between the
free and bound systems. Further studies are needed to probe and understand the deshielding mechanism in the
spike pockets.

In Pocket B, SASA, RMSE and time evolution contact analyses of the dynamics of the N234. and N343_
glycans similarly suggest the change in pocket accessibility to be affected by the accessibility of the central
scaffold in the spike protein. This is based on contact analysis data that reveals increased shielding of the central
scaffold at hACE2-free, while the N234.is buried underneath the RBD; in the hACE2-bound state. Meanwhile,
hACE2-bound spike proteins simulations show the N343 . glycan to move away from the RBD,-RBD . interface,
showing similarities to the glycan gating mechanism revealed in N343; glycan. Considering that RBDj, is in
transient form, it is possible that this change could favor the RBD, towards the up conformation for hACE2
binding. Thus, N343 . glycan dynamics could be an indirect effect of a mechanism where polar interactions could
be responsible for burying the N234 ., glycan underneath the RBD,. Meanwhile, shielding was also observed by
N234, glycan along Pocket C in the hACE2-free simulations, which could affect access to the central scaffold.

Based on the biophysical analyses, important contact contributions of the N234 and N343-linked glycans and
spike protein dynamics reveal potential insights on druggability. In Pocket A, the differences in the mobilities
of the RBD, and NTD, domains in the free and bound states imply that their stabilities are an important
consequence of the hACE2 binding. Using contact information of the N234; glycans with Pocket A, the NTD,
domain in the hACE2-free state could be a crucial point of interaction that can be explored further for potential
inhibitors for the hACE2-free spike protein. Potential ligands that can disrupt these N234; glycan-NTD,
interactions could be relevant. In Pocket B, culminating the SASA information and N234, interactions, the
RBDj, region of the pocket is identified to be the most promising region for development of potential inhibitors
that could disrupt the N234 -RBDj, interactions both in the hACE2-free and the hACE2-bound (1-up) state.
In Pocket C, SASA and N234, glycan contacts reveal the central scaffold and RBD . regions to be the relevant
targets for potential inhibitors.

Glycan-protein contact shifts between the free and bound states were observed in the simulations, which
warrants further validation of the switching phenomenon. Since this study uses trajectories with different starting
points, elucidation can be done using biased sampling methods such as metadynamics to simulate the spike
protein-hACE2 binding event. Altogether, it is observed that the glycan dynamics can affect pocket accessibility
by shielding the regions surrounding the pockets, especially along the central scaffold residues adjacent to them.
While pocket accessibility can be affected, the SASA reveals that these pockets are still accessible in the presence
of glycans. Caution is necessary to interpret virtual screening studies that utilize unglycosylated spike protein, as
some hydrophobic drug interactions are affected by glycosylations. These results could offer insights for future
drug discovery studies targeting the spike protein in free and hACE2-bound states.

Conclusion

In this study, computational biophysical analysis was employed to investigate the impact of the N234 and N343-
linked glycosylations on the accessibility of the proposed pockets in the presence and absence of hACE2. SASA
calculations of the three pockets show that their hydrophobic components remain accessible in both free and
hACE2-bound states. Pockets A and C show slightly lower SASA when bound to hACE2, while Pocket B has
higher SASA in the hACE2-bound state. This can be attributed to the difference in accessibility of central scaffold
residues adjacent to the pockets.

Contact analysis shows that the N234-linked glycans affect pocket accessibility by deshielding pocket
components or further exposing the central scaffold residues adjacent to the pocket. For Pocket A, N234,
glycan contacts between RBD;, and RBD,. can potentially shield the central scaffold. While the central scaffold
is deshielded in the hACE2-bound state, the increased interactions between the NTD, and RBDj, constrict the
pocket entrance and limit the central scaffold accessibility.

For Pocket B, central scaffold accessibility is affected by the location and formation of contacts of the N234,.
glycan. In the hACE2-free state, contacts between the N234,. glycan and the adjacent RBD . can contribute to
the shielding of the central scaffold. On the other hand, in the hACE2-bound state, the N234, glycan is buried
underneath RBDj, exposing the central scaffold. Changes are also observed in the N343 . glycan, where the
glycan can be pushed outwards from the RBD;-RBD . interface at the hACE2-bound state.

Identified glycan contacts will be valuable considerations for drug design of anti-COVID-19 drugs. These
results indicate that the pockets are still potentially druggable, even after the changes in glycan shielding effects
due to hACE2 binding.

Methods

Systems preparation

The initial systems for the study are based on the atomistic structure of the wild-type trimeric spike protein
(hACE2-free) from the CHARMM-GUI COVID-19 database’. This structure is based on the existing cryo-EM
structure of the trimeric spike protein (PDB ID: 6VSB, GenBank Accession ID: YP_009724390.1)3. In this
structure, the RBD,, RBD,,, and RBD domains are at an up, transient, and down conformations, respectively”.
For the hACE2-bound spike protein complex, its structure was derived from a combination of the previously
described structure of the spike protein and the cryo-EM structure of the wild-type receptor-binding domain
(RBD)-hACE2 complex (PDB ID: 6VW1)%1,
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System Water box dimensions | Number of atoms

773,227 atoms (including 235,708 water molecules,

hACE2-bound | 252 Ax203 Ax201 A 680 KT and 665 C1~ atoms)

940,273 atoms (including 287,742 water molecules,

hACE2-free 202Ax202Ax202A 851 K+ and 811 C1~ atoms)

Table 1. Summary of systems run for GaMD simulation.

Loops absent in the crystal structure were added to the models using template-based modeling with the
GalaxyTBM and FALC programs*>~**. The spike protein tail and membrane were removed from the initial
model, leaving only the residues that comprise the spike protein head (residues 1-1146) and its corresponding
glycosylations, which include 19 N-glycans and 1 O-glycan®?. The glycan composition of each site with the
highest abundance was identified based on existing mass spectrometry data?>. The same glycosylation profile
was employed for the hACE2-bound model, which also includes 5 N-glycans at the hACE2 receptor**. The
glycosylation sites alongside their corresponding added glycan sequence to the models are available at the
COVID-19 Archive of the CHARMM-GUI Library*®42,

The Solution Builder feature of the CHARMM-GUI server was used to prepare the proteins?’. The systems
were kept neutrally charged and solvated in a 0.15M KClI solution, where the positions of the ions were
determined using the distance ion placing method. Protein, glycan, water, and ion atoms were treated with the
CHARMM36m force field with hydrogen mass partitioning*®*°. A summary of the systems is presented in Table
1.

Gaussian accelerated molecular dynamics simulations

All simulations were performed in Amber20™. Energy minimization of the systems was first performed using
the steepest descent algorithm for 2500 steps with the protein and glycans constrained at 1.0 kcal A2. This
was followed by a gradual NVT heating of the systems to 310 K for 500 ps, with temperature regulated by
the Berendsen thermostat with a thermal coupling parameter of 0.5 ps®!. NPT equilibration for 4 ns was then
applied to the systems, with the first 2 ns still including the restraints and the final 2 ns removing the restraints.
Isotropic position scaling was applied with a 1.0 ps pressure relaxation time®2.

A dual-boost GaMD simulation was performed for every system'”>. A 2 ns classical MD simulation was first
performed, followed by a 10 ns GaMD equilibration run. The threshold energy was set as the minimum potential
energy of each respective system, while the dihedral boost and potential energy boost were set to 6.0 kcal/mol.
The average mean and standard deviations of dihedral and potential energies were updated every 0.2 ns. An
NPT production GaMD run of 200 ns for every system was then performed using the dihedral and potential
energy boosts from GaMD equilibration to maximize conformational sampling. Pressure and temperature are
regulated by the Langevin piston and thermostat, respectively®. The coordinates of the GaMD production run
were written into its trajectory every 1 ps.

All simulations were conducted under periodic boundary conditions. Long-range electrostatics were
calculated using the Particle Mesh Ewald (PME) method with a cutoff distance of 8 A>°. The SHAKE algorithm®¢
was applied to handle constraints for the bonded hydrogen.

Biophysical analysis
Trajectory analysis was performed using the cpptraj module of AmberTools20®. Flexibility within the
glycoprotein is addressed by calculating the root-mean-square fluctuation (RMSF) of the Cov atoms of the amino
acid residues. The carbon atoms of the two N-acetylglucosamines (NAG) and three mannose (MAN) units that
form the N-glycan core were also calculated*>*. The total solvent-accessible surface area (SASA) was calculated
using the measure sasa function of VMD 14.5%. Five probe sizes (1.4 to 5.0 A) were used to measure the overall
accessible surface areas of the three pockets, the RBDs, and the central scaffolds of the three spike units. To
visualize the accessibility of each residue of the pockets during the simulation, a per-residue SASA analysis at
1.4 A probe size was also performed. The Mathematica 14.0 Student Edition was used to visualize the results,
Contact analysis of the systems was performed with an initial script from the CAMERRA toolkit. In a single
frame, a contact matrix is constructed from all possible residue pairs, where a binary value (1/0) is assigned
depending on the occurrence of a contact. In this study, a contact is defined when the distance between the
nearest heavy atoms of a residue pair is less than 5 A. Calculation of the contact frequencies was performed by
taking the mean of the contact values of each residue pair for all extracted frames from the trajectories.

Data availability
The data underlying this study are available in the published article and its Supporting Information.
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