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ABSTRACT: An understanding of how an antiviral monoclonal antibody recognizes its target is vital
for the development of neutralizing antibodies and vaccines. The extensive glycosylation of viral
proteins almost certainly affects the antibody response, but the investigation of such effects is
hampered by the huge range of structures and interactions of surface glycans through their inherent
complexity and flexibility. Here, we built an atomistic model of a fully glycosylated envelope protein
complex of the Lassa virus and performed molecular dynamics simulations to characterize the impact
of surface glycans on the antibody response. The simulations attested to the variety of conformations
and interactions of surface glycans. The results show that glycosylation non-uniformly shields the
surface of the complex, and only marginally affects protein dynamics. The glycans gather in distinct
clusters through interaction with protein residues, and only a few regions are left accessible by an
antibody. We successfully recovered known protein epitopes by integrating the simulation results with
existing sequence- and structure-based epitope prediction methods. The results emphasize the rich

structural environment of glycans and demonstrate that shielding is not merely envelopment by a



uniform blanket of sugars. This work provides a molecular basis for integrating otherwise elusive

structural properties of glycans into vaccine and neutralizing antibody developments.
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Introduction

Glycosylation of proteins is an ubiquitous biomolecular process whereby carbohydrates or chains of
carbohydrates are covalently attached to proteins. It adds extra functions or modulates existing
functions of proteins, thereby affecting a range of cellular processes and diseases. Many viral proteins,
such as those of HIV and the corona viruses, are extensively glycosylated.' The glycans on the surface
of a viral envelope protein can facilitate infection by either interfering with the antibody response or
aiding interaction with host cell proteins, though functional mechanisms at the molecular level remain
largely unknown.

Lassa virus (LASV) is an arenaviruses resulting in hemorrhagic fever and causes up to 5000
deaths in West African endemic countries every year.” While there are no approved LASV vaccines
yet, the study of the components and architecture of LASV relevant to infection is ongoing.>™"' The
sole antigen at the surface of the virus is a glycoprotein complex (GPC) which is a trimer of a two-
subunit heterodimer consisting of a receptor binding subunit (GP1) and a transmembrane fusion-
mediating subunit (GP2) (Figure 1a). There are 11 glycosylation sites on each of the protomers, GP1
and GP2, which are largely occupied by oligomannose-type (high mannose-type) N-glycans.'? An X-
ray crystal structure of GPC complexed with a neutralizing antibody (PDBID: 5VK?2), while missing
much of the glycan coordinates, suggests that the “glycan shield” is quite comprehensive and only a
few regions are left accessible for antibody binding.” A study of 113 human monoclonal antibodies
against LASV found that most of the antibodies bind to an assembled GPC but not to GP1 or GP2
alone."® Envelope glycans slow the binding rate of antibodies in mice."* While the impact of glycans
on the antibody response is not in doubt, the structural complexity and high flexibility of glycans
make molecular characterization extremely difficult.

Molecular dynamics (MD) simulations provide atomistic structure information, incorporating
dynamics, for complex biomolecules. The structure ensembles from the simulation can be used to
characterize structures/motions of flexible biomolecules relevant to the function of glycans, which

are difficult to obtain from experiments. Recently, successful applications of MD simulation to the



SARS-CoV-2 corona virus have revealed in atomic detail both the protective and the passive roles of
the “glycan shield” of the spike proteins in infection."”™'” The known epitopes of the virus were
successfully identified,'® thereby showing the potential of MD simulations.

In this work, we characterize the “glycan shield” and the antibody response of LASV GPC using
MD simulations. LASV exhibits dense glycosylation (shielding density of ~15% compared to 5% of
SARS) and a higher proportion of oligomannose-type glycans (50% compared to ~30% of SARS)."'®
These features raise the possibilities of a more effective “glycan shield” with respect to epitopes for
antibody recognition, and its effect on protein dynamics. The work on HIV revealed the presence of
distinct glycan clusters (“mannose patch”) which may have a bearing on function.'*'"* Here we
build an atomistic model of a fully glycosylated LASV GPC followed by micro-second scale MD
simulations. We demonstrate that the glycans indeed form distinct clusters while only marginally
affecting protein dynamics. By following the recent approach taken for SARS-CoV-2 epitope
prediction,” the simulation results are integrated with sequence- and structure-based epitope
prediction methods, enabling us to recover experimentally known epitopes. LASV is currently
classified at biosafety level of 4 (BLS-4), which requires the highest level of precautions and limits
experimental studies. This work, together with well-established in-silico epitope predictions,***
could help design anti-viral vaccines and neutralizing antibodies with glycosylation effects in

atomistic detail.

Methods

Simulation models. MD simulations were performed on three models of LASV GPC: one without
glycans and two with 11 glycans in each monomer consisting of either only oligomannose-type
(ManyGlcNAc») or a mixture of oligomannose, complex, and hybrid-type N-glycans. For the mixture
model, the glycan at each site was determined according to the experimentally derived glycoform'
(the most dominant glycoform at each site was selected) (Figures la and S1 of Supporting

Information). For all models, the X-ray crystal structure of a prefusion ectodomain LASV GPC bound



to a neutralizing antibody (PDBID: 5VK2)’ was used as an initial configuration. CHARMM-GUI
Glycan Modeler*® was used to add glycans and construct simulation boxes. Each monomer in the
models includes GP1 (residue index of 59-255) and GP2 (residue index of 260—416) subunits. The
missing residues in the crystal structures were complemented using GALAXY modeling tool.”
Asp311, Asp357, and Glu404 were protonated according to the pKa values (~7 at least in one of three
monomers) estimated from PROPKA3.?® Each system was finally solvated in 150 mM KCI solution
(e.g. 240 K, 222 CI', and 78,582 water molecules with a box dimension of 137 A? for the mixture

model after an equilibration).

MD simulations. All simulations were performed using the GENESIS program package (version
1.4.0).*° We used CHARMM36m force field*'* and TIP3P** parameters for the glycoprotein and
water molecules, respectively. All bonds involving hydrogen atoms were constrained using the
SHAKE algrithm®®, while water molecules were kept rigid using the SETTLE algorithm™. Long-
range electrostatic interactions were evaluated using Particle-mesh Ewald summation (PME).*”*® For
non-bonded interactions, force-switching function® was used to smoothly switch off the interaction
at a range of 10 — 12 A. A time step of 2.5 fs was used with r-RESPA integrator®’, where PME
calculation was performed every 2 steps. All simulations were performed in an NPT ensemble at
standard condition (300 K, 1 atm) using Bussi thermostat and barostat.*'** Each model was minimized
first, and gradually heated up to 300 K and equilibrated for 100 ns, followed by 1 us of production
simulation. One microsecond may be short, but the conformations of both protein and glycans were

sufficiently converged for the analysis (Figure S2 of Supporting Information).

Analysis of the simulation trajectory. Given that the LASV GPC is a trimer of heterodimer (GP1
and GP2), the analyses were performed for each of three protomers followed by averaging. This
increases the number of sampled conformations in the analyses (1 usX3), improving statistical

accuracy. Only the glycan-glycan contact analysis was performed over the trimer complex. The



structures for the analyses were collected every 10 ns (100 snapshots in total), except for the root
mean square fluctuation (RMSF) calculation that uses all 100,000 snapshots.

Solvent Accessible Surface Area (SASA). SASA values were obtained using measure sasa function in
VMD.** The restrict option, which considers only solvent accessible points near the user specified
region, was used to calculate SASA values either per domain or per residue. SASA values were
calculated using a range of probe radii (2 A ~ 15 A), including the typical value of 1.4 A (a sphere of
water), to examine accessibility of molecules with different sizes.'® The particular value of 7.2 A,
which approximates the hypervariable loops of anti-gp120 antibodies,'” was also used to infer the
accessible area to antibodies.

Glycan-glycan and per residue interaction analysis. Glycan-glycan interaction was evaluated by
counting the number of contacts between any heavy atoms of a glycan and those of other glycans
using the measure contact function in VMD® with a cutoff distance of 5 A. The value for each
interaction pair was normalized for the total number of contacts. Similarly, a per residue interaction
pattern (the interaction between a given residue and surroundings including other protein residues,
glycans, and water molecules) was evaluated for all GP1 and GP2 residues (residues 59-416).

PyMOL software*’ was used for generating the images of the molecular structures.

Epitope prediction. Epitope probability was predicted using publicly available online servers:
BepiPred 2.0* (http://www.cbs.dtu.dk/services/BepiPred/) for sequence-based prediction and

Ellipro*’ (http://tools.iedb.org/ellipro/) for structure-based prediction, respectively. Default settings

were used for both predictions (Epitope Threshold of 0.5 in BepiPred and Minimum score of 0.5 and
Maximum distance of 6 A in Ellipro). The input sequence in Fasta format for BepiPred was obtained
from UniProt server (https://www.uniprot.org) (Entry: P08669). The crystal structure of LASV GPC
(PDBID: 5VK2)” with missing residues complemented was used as an input for Ellipro and only one
of the monomers (chain A (GP1) and chain a (GP2) in the original PDB structure) was selected for

predictions.



Consensus epitope score. We integrated simulation results with sequence- and structure-based epitope
predictions similar to the method of Sikora and coworkers for SARS-CoV-2."> We used the inverse
of RMSF, a per residue SASA (probe radius of 7.2 A), and the per residue contact with water
molecules from the simulations. All values, including per residue epitope probabilities from BepiPred
and Ellipro, were scaled to fit a 0 to 1 range. The per residue SASA and the per residue contact with
water molecules both represent the degree of protein exposure to solvent, but the latter provides finer
information on atomistic interactions, thus they were combined with arbitrary weight factors. The
following equation was used to obtain our consensus score which was also scaled to fit in a range of
0to 1.

§= SBipePred X SEllipro X Sl/RMSF X (0-75 X SSASA + 0.25 X SContact)

Results

Structure of GPC trimer and known epitopes. The modeled structure of glycosylated GPC trimer
(mixture model) is shown in Figures 1b and 1c. There are seven and four glycans attached to GP1
(colored in yellow) and GP2 (colored in light blue), respectively. In all, 33 glycans densely shield the
trimer surface particularly at its side and lower portions. The location of putative antibody epitopes,
which were derived from an extensive analysis of memory B cell-origin 113 LASV specific
monoclonal antibodies,'? are also shown in Figure 1d. Many of these are located on the GP2 surface
(the lower part of trimer). In what follows, we mainly describe and discuss the results of the mixture

model unless otherwise specifically noted.

Effect of glycans on protein motion. We first examine the effect of the glycan shield on the protein
motions. Figure 2 shows the Ca atoms root mean-square fluctuations (RMSFs) of GPC trimers with
and without glycans. Overall, the features of the RMSFs do not change with or without attached
glycans. There are two large peaks centered at Gly174 and Lys272, which originate from interface

loop regions between different monomers. The loop region around Gly174 located in the upper part



of the trimer is invisible in the crystal structure (PDBID: 5VK?2). The region around Lys272 is located
just before the fusion loop in GP2. Two minor peaks around Ala202 and Gly391 for the GPC glycans
are noticeably reduced by glycosylation. The Gly391 locates near N390gp, and N395¢p, glycans,
suggesting rigidification by direct contact with these glycans. The same mechanism is likely
applicable to the Ala202, which locates near the Gly391 in the three-dimensional structure although

they are far apart along the sequence.

Glycans shielding of GP1 and GP2. We next examine the extent of glycan shielding. The solvent
accessible surface area (SASA) provides a useful measure of the extent of shielding.'® We calculated
SASA values for each of the GP1 and GP2 subunits with and without glycans. The extent of glycan
shielding was then calculated by subtracting the SASA value with glycan from that without glycan
and taking a ratio over the latter. The larger the obtained value, the larger the glycan shielding. The
values were calculated using a range of probe radii from 1.4 A, a typical value corresponding to a
sphere of water, to 15 A.'® As shown in Figure 3, GP1 is more significantly shielded by glycans than
GP2, where the extent of shielding reaches 47% for the probe radius of 15 A. This non-uniform
shielding is also illustrated in a collective view of ten snapshots (every 100 ns) from the simulation
(Figure 3). We also calculated SASA values for each residue (per residue SASA with a probe radius
of 7.2 A representing the hypervariable loops of antibodies'’) and mapped them on the monomer
structure, showing that glycan shielding leaves only a few portions, mainly in GP2, accessible to
antibody binding. The difference in the shielding between GP1 and GP2 increases with probe radius,
suggesting that GP1 becomes more inaccessible for binding antibody with increasing molecular size

of the partner.

Glycan-glycan interactions and clusters. The presence of a high level of under-processed

oligomannose-type N-glycans is a feature of virus envelope proteins."** The structural study of LASV

GPC'? suggests that these oligomannose-type N-glycans form a cluster, as reported for HIV-1.'%1%



To examine potential cluster formation, we calculated the probability of finding close glycan-glycan
contacts in which the distance between any heavy atoms of a pair of glycans is less than 5 A during
the simulation. In Figure 4a, a contact map representation of the glycan-glycan interactions shows
distinct intra-monomer interaction pairs involving N79cp1, N99gpi, N109cp1, N167cp1, N365cp2,
N390Gp2, and N395gp. In addition, there is an inter-monomer interaction pair involving N119gpi. A
typical snapshot from the simulation illustrates that these glycans form distinct clusters spanning GP1
and GP2 subunits (Figure 4b). Note that the clusters consist of either the under-processed
oligomannose-type glycans (N79gpi and N99¢p1) or a mixture of three types (oligomannose, hybrid,
and complex-types). The major and minor intra-monomer clusters, which involve N109gp1, N167cp1,
N3656p2, N390Gp2, and N395¢p, for the former and N79¢p1, N99¢p; for the latter, shield opposite side
of the monomer. On the other hand, the cluster consisting of N119¢p; shields the upper part of the
monomer. This inter-monomer cluster occludes the binding site residues (His141, Asn146, Phel47,
and Tyr150) toward o-dystroglycan (a-DG) relevant for host cell entry,” consistent with the
experimental results that mutation of N119 increases an antibody response'* and inhibits proteolytic
processing.”® The intra-monomer clusters do not involve N89gp; which was thought to be a member
of the oligomannose cluster.'? Our result instead shows that N89cp; spans the space left by two intra-
monomer clusters and occludes the binding site (histidine triad: His92, His93, and His230) for

lysosomal-associated membrane protein 1 (LAMP1) related to GP1 dissociation.

Glycan-protein interactions. To further quantify the effect of glycans on protein interactions, we
determined the interaction pattern of each residue of both GP1 and GP2 with surroundings, that is
with other residues of either the same monomer or different ones, with glycans, and with water
molecules (Figure 5). The interactions of each residue were obtained by counting the number of
contacts between any heavy atoms of the residue and those of each interaction partner with a distance
cutoff of 5 A. In Figure 5, the positions of functional regions and known epitopes are also shown for

comparison. There are three classes of interaction patterns representing the local environment of GPC



residues. The interactions with the same monomer (grey bar in Figure 5a) and with water molecules
(blue bar) respectively dominate the buried and solvent exposed residues, while both intra- and inter-
monomer interactions (grey and orange bars) are prominent for interface residues. Note that the
solvent-exposed regions overlap with many known epitopes (Figures 5a and 5b). While the glycans
interact with residues in each of three regions to a varying extent, we highlight two types of glycan-
protein interactions relevant for an antibody response. Firstly, the solvent-exposed residues, 114-119
(in a1 helix in GP1) and 388-395 (between GP2 T-loop and HR2), show substantial interaction with
glycans, experiencing local shielding. The former interacts with glycans at N119gp; and N167p)
(Figure 5c), while the latter with those at N3656p2, N390cp2, and N3956p: (Figure 5d). The result is
consistent with the recent experimental finding that N390gp, and N395¢p, diminish antibody
neutralization potency.’ The second feature is the glycan interaction with interface residues 323-331
(in HR1 region of GP2). Our analysis identifies several interface residues critical for trimer formation
(large orange bar in Figure 5a), including Ser138, mutation of which prevented the rescue of a
recombinant viron.*” Similarly, Arg325 and Leu326 show significant inter-monomer interactions.
Two glycans, N79¢cp1 and N99¢pi, interact with neighbors of these residues, likely stabilizing the
interface (Figure Se). These features signify that certain glycans either shield protein residues locally

or stabilize the interface between monomers.

Effect of glycoform. The surface glycans could take several different forms (different types and
various combinations of saccharides: “glycoform”). How sensitive glycan shielding is to glycoforms
is an open question. A recent structural study on glycoforms of SARS-CoV-2 suggests sensitivity is
minimal.'” We compare the aforementioned glycan shielding of the mixture model with that of an
oligomannose model, where 11 glycosylation sites are occupied solely by an oligomannose-type N-
glycan (ManyGIcNAc:). We find qualitatively the same trend for both models (Figures S3-S6 of
Supporting Information). In the oligomannose model the extent of GP2 shielding is greater, while that

of GP1 shows more variation among monomers particularly with larger probes (Figure S4 of

10



Supporting Information). Analysis of glycan-glycan interactions shows that the oligomannose model
predisposes to extra inter-monomer interactions involving GP2-attached glycans (Figure S5 of
Supporting Information), whereas protein-glycan interactions remain the same qualitatively (Figure
S6 of Supporting Information). This examination, although crude, suggests that glycan shielding is
wider and more labile before glycan processing or maturation by enzymes. The changess are

quantitative and likely hold regardless of glycoforms.

Epitope prediction. Finally, we predict potential epitopes taking glycan shielding into account.
Identification of epitopes is essential for the development of vaccines and neutralizing antibodies and
several computational methods have been developed for epitope prediction. BepiPred is a sequence-
based epitope prediction method which uses a random forest algorithm trained on epitopes annotated
from antibody-antigen protein structures.”® On the other hand, ElliPro, which is a structure-based
method, uses antigenicity, solvent accessibility, and flexibility of protein structures.*’ These methods
are powerful and fast approaches to epitope identification, but do not take glycan effects into account.
To overcome this limitation, we combine our simulation results on glycan shielding with these
methods. We follow the approach taken by Sikora and co-workers for SASRS-CoV-2 spike epitopes,
where the effect of a glycan shield was represented by the rigidity and accessibility of protein
residues.'” The present work uses the RMSF, SASA, and the interaction with water solvent to estimate
the shielding effect on each protein residue. Given that rigid and accessible regions present potential
epitopes, we set the scores higher the smaller the RMSF with both SASA and the interaction larger.
Figure 6a summarizes the epitope probabilities from BepiPred and ElliPro, RMSF, SASA, and
interaction scores, and the consensus score. While BepiPred and ElliPro predict many potential
regions, glycan shielding effectively leaves only a few regions as potential epitope candidates

(Figures 6a and 6b). As more sophisticated preceding works,'>*

we are able to recover just about all
experimentally known epitopes, demonstrating the potential of this approach. Two of the known

epitopes (GPC-A: residues 272-285 and GPC-B: residues 361-375) have low prediction scores. These

11



epitopes correspond to surface loops near the interfaces between intra-protomer subunits or different
protomers, and are partly occluded by glycans. Other conformations, not sampled by the current
simulation, may produce better scores. The low scores are also likely due to the choice of parameter
used in the SASA calculation (probe radius of 7.2 A). Regions partly shielded by glycans are
inaccessible to large molecules, but a flexible loop of antibodies may reach them. Further tuning of
the parameter should improve the prediction results. In addition to the known epitopes, we predict a
few other candidate epitopes. For example, the residues following n4 from GP1 (residues 205-210)
bind to human neutralizing antibody Fab 37.7H as shown in a collective view of 10 snapshots from
the simulation aligned to the crystal structure (PDBID: 5VK2) (Figure 6¢). The antibody binding to
these residues together with the known epitopes for GPC-A/B antibodies is consistent with the finding
that most antibody bindings require an assembled GPC."* Note that four glycans (N79gp1, N99p1,
N390gp2, and N395¢p2) nicely coordinate Fab 37.7H. Though N390¢p, and N395¢p; locally shield the
binding region to the antibody, it seems they contribute to stabilize antibody binding: the de-shielding

cost is offset by the gain through binding.

Discussion and Conclusions

The concept of glycan shielding, while not new, is gaining increasing support.”' Recently, it has
attracted attention and become a hot topic through the rapid exploration of structures of the SARS-
CoV-2 spike protein.'>'® Advances in both experimental techniques and MD simulations now enable
us to analyze glycan shielding at atomic resolution.’>*® Our results, together with previous simulations
on SARS-CoV-2 spike proteins,'>™” illustrate the diversity of glycan shielding, encompassing a
variety of structures and interactions. The glycans provide protection through a rich structural
environment — not just shielding by a uniform blanket. Our simulations of LASV GPC suggest surface
N-glycans exist in distinct clusters. Clusters of oligomannose-type N-glycans, “mannose-patch”, are
well characterized for HIV envelope proteins and have been shown to be a target for broadly

neutralizing antibodies.'>'*** The clusters in LASV GPC, such as the one of oligomannose-type
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glycans N79¢p;1 and N79¢pi, likely also serve as targets for antibody binding. There are antibodies
that bind to complex-type glycans,’*> and they may target the observed clusters made of a mixture
of oligomannose, hybrid, and complex-type glycans. We also show that certain glycans, such as
N3656p2, N390gp2, and N3956p,, directly interact with otherwise solvent-exposed GPC residues to
locally mask them. In fact, site-selective deglycosylation targeting these glycans improves
immunogenicity.'* Intriguingly, these glycans belong to one of the clusters observed in this study.
Cluster formation appears to facilitate the shielding of specific regions by concentrating certain

glycans at otherwise critical positions.

The MD simulation captures important features of glycan shielding, but how these change over a
longer time scale requires further elucidation. Conformational changes in N-glycans in general
require surmounting high-energy barriers associated with glycosidic linkages, involving costly
functional group rotations and rearrangements of hydrogen bond networks. Conventional MD
simulations of glycans tend to become trapped in one of the local minima, sampling only limited
conformational space. Enhanced-sampling methods potentially address the issues of the lifetime of
distinct clusters and the existence of other clusters.”® Previously, we applied the replica-exchange
molecular dynamics (REMD) method,’’ which effectively overcomes the high energy barriers needed
to sample a wider conformational space, to characterize the conformational ensemble of a N-glycan
in solution,*®* but extending such an approach to a heavily glycosylated protein remains challenging.
Computationally less demanding methods, such as a combined replica state exchange with
metadynamics (RSE-MTD),%! replica exchange with solute tempering (REST),*** and Gaussian

accelerated MD (GaMD)*® may be useful.®’
Epitope prediction is extremely valuable for designing vaccines and antibodies. Computational

approaches, encompassed in the field of immunoinformatics, are evolving into an essential tool for

facilitating the identification of epitopes, and are now widely applied to predict viral, bacterial and
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tumoral epitopes of B and T cells.®® Given that both antigens and antibodies are often heavily
glycosylated, it is pertinent to take into account the effect of glycans. By combining MD simulations
with immunoinformatics we are able to not only improve the accuracy of epitope prediction but also
elucidate a complex structure of an envelope protein with associated glycans. This study could be
extended to the development of molecular models of complex antigen-antibody interactions with

details of explicit glycan involvement.
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Figure 1. Structure model of GPC trimer and known epitopes. (a) Structures and positions of 11 N-
glycans attached to each monomer (GP1/GP2 heterodimer) (b) Three-dimensional structure of the
glycosylated GPC model (mixture model). Protein is shown with surface representation, while
glycans with stick representation. GP1 and GP2 of a monomer are colored in yellow and light-blue,
respectively. (c) Closeup view of the monomer. GP1 and GP2 are shown in cartoon representation in
yellow and light-blue colors, respectively. (d) Location of putative epitopes derived from experiment
(Ref. [13]) with their sequences. Epitopes are shown in different colors (blue: GP1-A/B, green: GP2-
A/B, purple: GP2-L1/L3, red: GPC-A, and orange: GPC-B), while GP1 and GP2 outside the epitopes

are colored in yellow and light-blue, respectively.
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Figure 2. Protein fluctuation. Ca atoms root mean-square fluctuations (RMSFs) of GPC trimers with
(red, mixture model) and without (blue) glycans. The corresponding color shades show the deviation
of RMSF values in three monomers. The positions of the glycosylation sites (vertical bar with inverse
triangle) and know epitopes (horizontal bar) are shown for comparison. The surface representation of

the RMSF values averaged on three monomers (blue to red for 0.47 to 5.45 A).
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Figure 3. Glycan shielding. (Top) Extent of glycan shielding in each of the GP1 and GP2 domains
estimated as a ratio of the reduction of solvent accessible surface area (SASA) upon glycosylation
(mixture model) over SASA without glycans ((SASAwogly — SASAwiey)/SASAwogly X 100)). The
values are plotted along the probe radius used for SASA calculations. (Bottom) Molecular
representation of the glycan shielding by an overlay of 10 frames (every 100 ns) of the simulation

trajectory and the surface representation of per residue SASA values (blue to red for 0 to 549 A?).
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Figure 4. Glycan-glycan interaction. (a) A contact map representation of glycan-glycan interaction
probability having the distance between any heavy atoms between a pair of glycans less than 5 A in
the simulation. Red box highlights the intra-monomer clusters. (b) A typical snapshot showing the

intra- (cyan) and inter-monomer (blue) clusters.
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Figure 5. Glycan-protein interactions. (a) Interaction pattern of GPC residues of either GP1 (left) or
GP2 (right) with their surroundings (other GPC residues, glycans, and water molecules). The
interactions between a given residue and surroundings were calculated by counting the number of
contacts in which the distance between any heavy atoms of an interaction pair is less than 5 A. The
numbers were normalized for each interaction partner to get relative frequency. For each residue, the
interaction frequencies for different partners are shown (blue: water, cyan: glycans, gray: other
residues in the same monomer, orange: other residues in the different monomer). The location of
glycosylation sites, functional region, and known epitopes are also shown for comparison. (b) Major
solvent-exposed regions (blue) mapped on the GPC monomer. (c-¢) Typical snapshots showing the

glycan-protein interactions. The protein residues interacting with glycans are colored in cyan. For
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glycans, the same color scheme as a simplified glycan representation is used.

26

ODEoOom

390 393 396 399 402 40

HR2

Solvent

Glycan

Protein in same monomer
Protein in different monomer




L

Q
BepiPred
00 06

AN VNV ANV e SV

> T T T T T T T
50 100 150 200 250 300 350 400
Residue number

Ellipro
00 06
i

T T
50 100 150 200 250 300 350 400

Residue number
BepiPred Ellipro Consensus Known epitopes
w ]
% EEn M/WMWM\/WMW\
=gl ; C

50 100 150 200 250 30 30 40 LASV GPC with glycans
Residue number -5 "

SASA
00 06
P
a
24

=

T T T T T T
150 200 250 300 350 400
Residue number

00 06

Ly
%
g4

T
300 350 400

m‘z heavy chain V-4

—
T T
350 400

Residue number

0.0 06

Consensus score  Contact with water
o
3
3
8
=
B3
S
S

- —
T T T T T T
50 100 150 200 250 300

Residue number

Figure 6. Predicted epitopes. (a) Consensus epitope score (bottom) and those of each component. All
scores were scaled to have a range of values from 0 to 1. Positions of known epitopes and 37.7H
epitope from the crystal structure (PDBID: 5vk2) are respectively marked as blue and orange bars for
comparison. (b) Three epitope scores mapped on a GPC monomer structure (white to blue for O to 1).
Know epitopes are also mapped on the same structure (blue). (c) A collection of 10 snapshots from
the simulation aligned to the crystal structure with bound neutralized antibody and closeup views of
binding region. GP1 and GP2 units are colored in yellow and light-blue, respectively. Two glycans,

N79cp1 and N3956p2, are shown in sphere representation (cyan).
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