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1.16.1 Introduction

The COVID-19 pandemic has renewed the scientific community’s interest into viral infection worldwide, triggering extraordinarily
rapid advancements in the discovery of new therapeutics and prevention and diagnostic strategies.1 As a direct measure of the
scientific engagement worldwide, since January 2020 to September 2020, 1707 articles focusing on SARS-CoV-2 have been posted
on bioRxiv (www.biorxiv.org) and 6368 on medRxiv (www.medrxiv.org) online public preprint servers for biology and health
sciences, respectively.2 Of these preprints, 244 are focused specifically on various aspects concerning SARS-CoV-2 protein glycosyl-
ation, such as the glycosylation of the spike (S) fusion glycoprotein.3–7 (Data from @glycopreprint (https://twitter.com/
glycopreprint).) The surface of the SARS-CoV-2 S is covered with a dense N-glycan coat, known also as a “glycan shield,”3,8

which is a hallmark of viral fusion glycoproteins.3 This shield contributes to the intrinsic properties of the biomolecule, such
as its folding, structural stability and trafficking,9 and confers to the whole virus the ability to hide from the immune system. It can
contribute to enhancing binding specificity and affinity to glycan epitopes, antibodies and other protein receptors3 and can also,
as recently discovered specifically for the SARS-CoV-2 S, actively contribute to the mechanistic function of the protein.10 Structural
biology approaches have been instrumental in these discoveries, revealing at the atomistic level details of the fusion proteins in
different stages of viral entry.4,5,7,11–15 However, from the structural, dynamics and energetic point of view of our understanding of
how protein glycosylation can contribute to these events, experimental structural biology approaches are limited. The chemical
nature of complex carbohydrates confers on them a high degree of conformational flexibility, or intrinsic disorder, which translates
into highly dynamic behavior at room temperature that is retained in cryogenic environments. These aspects, together with the
characteristic micro (or macro) heterogeneity at each glycosylation site,16,17 complicate the determination of accurate glycan
structures. Molecular simulations have now reached the technological maturity to provide a powerful alternative method,
complementary to experimental structural biology, to advance our knowledge at the atomistic level of detail of viral glycosylation
and in glycoscience at large. In this article I discuss the methodological foundations of complex carbohydrate modelling and
illustrate a few contemporary examples in viral glycosylation research, namely studies of the SARS-CoV-2 S, the influenza
A hemagglutinin (HA) and the HIV-1 envelope (Env) fusion trimer.
1.16.2 Molecular simulations

The physico-chemical properties of all molecular systems depend on their electronic and 3D structure. The latter is determined
by the spatial arrangement of the atomic nuclei with connectivity, or topology, determined by the electronic structure within
their molecular orbitals framework. According to the principles of quantummechanics (QM), the electronic wave function of the
system, or its electron density within a density functional theory (DFT) representation,18–20 completely and uniquely defines all
molecular properties.21 Unfortunately, because of limitations imposed by the mathematical formulation of these theories, this
knowledge cannot be extracted in an exact fashion and approximations are necessary to find solutions. The specific type of
approximation defines different levels of theory that correspond to progressively more sophisticated ab-initio QM and DFT-
based computational approaches. These in turn should provide increasingly higher accuracy in the calculation of molecular
properties. Therefore, to completely understand the structure, spectroscopic properties and reactivity of any molecule we should
ideally determine its electronic structure through a QM (or DFT) description. In practice this is impossible because of the
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406 Understanding the Structure and Function of Viral Glycosylation
computational costs of these methods, which does not scale linearly with the number of atoms (N), but follows N3, N4, or up to
N7 dependencies for the highest levels of theory such as the “gold standard” QM approach Coupled-Cluster Singles and Doubles
with perturbative Triples (CCSD(T)) method. The better scaling ab initio methods (e.g. most DFT implementations, which scale
with N3) can now handle systems with up to a few hundred atoms at most.20 This excludes the large majority of the
biomolecules of interest in this specific context, which have at least tens of thousands of atoms. Also, the properties of
biomolecular systems are inextricably linked to their activity at physiological temperatures and in the presence of heterogeneous
solvent environments, neither of which can be represented through QM calculations. Fortunately, if we are not interested in the
reactivity and/or spectroscopic properties of a molecular system, its electronic structure can be disregarded. Indeed, according the
Born-Oppenheimer (BO) approximation, nuclear and electronic motions can be treated separately, because of the large mass
difference between them.

“Biomolecular simulations” is an umbrella term covering different calculation approaches that allow description of the structure,
dynamics and function of large systems, with sizes ranging from a few thousand to millions of atoms by classical mechanics or by
hybrid methods. What all these methods have in common is that the description of the majority of the system does not consider
explicitly the electron density and that the nuclear motions are approximated through Newtonian, or classical, mechanics. In fact,
the same laws of physics that govern the motion of all macroscopic objects, up to the size of planets and galaxies, work remarkably
well in describing the motion of objects as small as atoms, at the very frontier where classical mechanics and QM coexist.
In biomolecular simulations, classical mechanics is used to describe the atomic motions of a system represented by a potential
energy function known as the force field (see the subsection below for an overview of the most popular carbohydrate-specific force
fields).

According to Newton’s 2nd law of motion the time rate of change of the momentum (mv) of a body is equal to the force (F)
acting on it, both in terms of value and direction. More simply put, the structure and dynamics of the biomolecular system obtained
from a simulation is determined by the forces acting on each atom at any given time step, in case of a molecular dynamics (MD)
simulation,22 and affects the stochastic probability of visiting different conformations in a Monte Carlo (MC) approach.23 The
choice of a force field appropriate to describe the system at hand is paramount in this context, as the force acting on the atoms is
obtained as the derivative of the potential energy relative to the atoms positions. In the next two subsections, I briefly outline some
of the fundamental elements in a successful simulation experiment, namely the choice of force field and conformational space
sampling. For an in-depth discussion of these topics, the reader is referred to an excellent recent review.22
1.16.2.1 Carbohydrate force fields

A force field is a collection of parameters that within a specific mathematical framework produce the potential energy of a molecular
system as a function of the position of all its atoms, V(r). The most commonly used force fields in classical simulations are empirical
force fields, where the term empirical refers to the nature of the parameters set. Within a typical empirical force field formalism, the
interactions between atoms are divided into covalent and non-covalent, where covalent interactions comprise bond stretching,
angles bending and dihedral torsion potentials, while non-covalent interactions include an electrostatic term and a repulsion and
dispersion potential, the latter two usually combined in one term. The functional forms of these terms are shown with
a corresponding representation of the specific interactions within and between monosaccharides in Fig. 1. These terms will be
briefly described together with the specific approach used to derive them, for two of the most widely used all-atom carbohydrates
empirical force fields nowadays, namely GLYCAM0624 and CHARMM.25–28 For a more comprehensive review of carbohydrate force
fields and an historical background the reader is referred to ref. [29].
Fig. 1 Potential energy terms included in an empirical force field. Covalent (bonded) interactions, listed on the left-hand side, include Hook-type harmonic
potentials, used to represent (a) bond stretching and (b) angle bending. A periodic harmonic potential can be used to represent (c) dihedral torsions. The function of
these potentials is graphically represented on the structure of a-L-fucose. Non-covalent (non-bonded) interactions, shown on the right-hand side, include: (d) a
Lennard-Jones (LJ) potential that includes a short-range repulsion and long-range attraction (dispersion) terms and (e) a Coulomb potential to represent electrostatic
interactions. The interactions are represented through arrows through stacking (top right) and hydrogen bonded (bottom right) monosaccharides.
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1.16.2.1.1 GLYCAM06
GLYCAM06 is the first complete, stand-alone all-atom empirical force field for carbohydrates and glycoproteins.24 Historically
associated with the AMBER family of force fields,30 the GLYCAM06 parameters set was independently developed in a way that
remains consistent with AMBER parameters, while also being a stand-alone set to be used in combination with any other protein
force field.24 As a note of caution, in case of glycoproteins the linking residues with parameters developed to match the GLYCAM06
set can be found in all AMBER protein force fields.24 As one of its distinctive features, the GLYCAM06 set does not have different a
and b-anomeric atom types. This allows changes in ring conformations (or ring pucker) that are energetically accessible to different
monosaccharides31 and can be required in transitions between oligosaccharide conformations.32–34 As shown in Fig. 1, the
harmonic nature of the covalent terms requires the development of bonds, angles and dihedral constants and equilibrium values.
In GLYCAM06 these are all derived from gas-phase QM calculations on appropriate molecular fragments. The QM and MM
torsional energy barriers were fitted to minimize the error throughout the rotational potential energy curve for the force field to
correctly reproduce the high degree of flexibility of oligo- and polysaccharides. As shown in Fig. 1, the electrostatic term in
an empirical force field is represented by a Coulomb potential, where q are fixed point charges, centered on i and j atom pairs
located at a distance rij, in an environment with dielectric er. In GLYCAM06 the electrostatic charges are obtained by fitting the QM
restrained electrostatic potential (RESP) and by averaging over all anomer-specific charges, which results in accurate evaluations of
relative anomeric stability compared to QM values.24 The electrostatic potential contribution is generally not calculated for bonded
pairs (1–2,3) and in the AMBER force field is scaled for 1–4 pairs.30 As a note of caution, to reproduce correctly the unique structural
features of the glycosidic (1–6) linkage in disaccharides, the GLYCAM06 (1–4) electrostatic interactions are not scaled. Finally, the
parameters for the Lennard-Jones (LJ) potential, representing repulsion and dispersion interactions, see Fig. 1, are taken directly
from the AMBER PARM94 set, used in the current distributions.30

1.16.2.1.2 CHARMM
CHARMM parameter set for carbohydrates and glycoconjugates25–28 was developed to be compatible with the CHARMM all-atom
biomolecular force fields. As for GLYCAM06, parameters were derived from fragments and then transferred to monosaccharides,
where missing parameters were developed and the set adjusted to fit gas phase QM and condensed phase experimental data. A final
refinement was based on a comparison to MD simulation of infinite crystals and of differently diluted solutions aimed at
reproducing crystal geometries of monosaccharides25,27 and disaccharides.28 In terms of fundamental analogies with the GLY-
CAM06 force field, in the CHARMM parameters set the same atom types are used for all diastereoisomers, such as a and b anomers,
while consistently with the CHARMM all-atom biomolecular force fields, but not with the AMBER all-atom force fields, there is no
scaling of electrostatic, including (1–4), interactions or of dispersion Lennard-Jones interactions. In an important more recent
development, the CHARMM carbohydrate force field family includes now the first carbohydrate polarizable empirical force field35

based on the Drude oscillator model.36 Within this framework the point charge on the atoms responds to the electrostatic induction
from the environment, adding a charge polarization effect to the empirical force field.36 The parameters available to date cover 8
hexopyranose monosaccharides in a and b anomeric conformations,35 16 forms in total, 5 aldopentofuranoses and methyl
derivatives,37 and respective glycosidic linkages for the simulation of polysaccharides.38
1.16.2.2 Conformational sampling

The appropriate choice of empirical, additive or polarizable, force field is only one of the elements controlling the validity and
reproducibility of a molecular simulation. Indeed, just as for wet lab-based experiments, simulations need to be reproducible, at
least within the limitation of each specific force field model, to be meaningful and therefore useful. Exhaustive (or sufficient)
conformational sampling is at the very core of this issue and can be translated into a common question often asked of MD
simulations: “How long is long enough?”. Unfortunately, there is not a standard answer to this question, as the problem is highly
system dependent. In the specific case of complex carbohydrates and especially in cases where the glycan is not bound to
a receptor, thereby retaining a high degree of flexibility, complete sampling may require considerable computational resources.
An example of the problem is shown in Fig. 2, where the heat maps correspond to the free energy associated with different
conformations of two glycosidic linkages, namely a b(1–4) and a a(1–6). MD simulations within a conventional implementa-
tion22 allow exploration of the force field-defined conformational potential energy surface through a continuous walk in time.
Let us assume we are using conventional MD to determine the structure(s) corresponding to the energy maps in Fig. 2. In the case
of the b(1–4) linkage on the left-hand side, if the starting structure of our MD trajectory is the one corresponding to the red dot,
a relatively short MD will be sufficient to characterize the most stable structure and to estimate its degree of flexibility in terms of
standard deviations.

In the case of the a(1–6) linkage on the right-hand side of Fig. 2, there are several minima, as is expected from a flexible linkage.
Some of these minima are connected by low energy paths, but others are not. The dashed line in Fig. 2 shows a potential MD
trajectory that allows us to identify some, but not all, of the stable structures (minima). Indeed, the higher the energy barrier
separating local minima, the lower the probability that a conventional MD trajectory will cross it at 300 K, and thus the longer the
MD simulation should be. A better approach towards exploring the conformational space more effectively through conventional
MD is to start uncorrelated MD runs from different structures, for example from the ones corresponding to the red dots in Fig. 2
panel B. Within this framework, each MD run can be potentially shorter and sampling completeness can be estimated from the
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Fig. 2 Conformational heat maps corresponding to (A) a b(1–4) linkage and (B) an a(1–6) linkage obtained for a N-glycan through complete conformational
mapping performed with a series of conventional MD simulations run in parallel. The red dots and black dashed lines represent a hypothetical walk in time space
obtained by MD simulation. The numbers correspond to the minima identified during complete sampling,39 with the darkest shade of blue corresponding to the most
stable structure. Maps rendered with RStudio (https://rstudio.com/index2/).

408 Understanding the Structure and Function of Viral Glycosylation
degree of structural interconversion between the runs. This approach is particularly useful for the characterization of free
carbohydrates,33,39 where conformational interconversion does not generally involve crossing high energy barriers and therefore
occurs without the need for enhanced sampling techniques within reasonable trajectory lengths, except in particularly difficult
cases.32,34

In cases when the degrees of freedom of the glycan are restricted, because of interactions with the protein they are linked or
bound to, or with each other in glycan-glycan complex networks that can occur in highly dense viral glycan shields, the accessible
conformational space and its energetics can change dramatically. The number of minima can be reduced, with some conformations
becoming inaccessible and separated by very high energy barriers. These issues are especially important to consider when, as almost
always is the case in computational studies, complex carbohydrates are rebuilt de novo on the glycoprotein in conformations that
are not necessarily relevant or occupied. As we will see in specific case studies described in the next sections, when conformational
degrees of freedom are constrained, enhanced sampling techniques40–45 can help to overcome high energy barriers and to achieve
potentially complete sampling.
1.16.3 Glycosylation of viral envelope glycoproteins

Enveloped viruses are obligate pathogens encased in a lipid membrane, or envelope (Env).3,46 The fusion of the viral and host-cell
membranes results in infection,47 with the viral fusion proteins facilitating entry.6 Fusion is triggered through different, virus-
specific mechanisms of recognition of cell surface protein or glycan receptors by envelope (Env) glycoproteins on the viral
surface.3,6,46–48 Viral Env proteins are all heavily glycosylated, with varying degrees of protein surface coverage, or shielding, and
with specific N- and O-glycoforms.3 These glycans can play very different functions, ranging from stabilization of the protein
structure and assembly and trafficking through the ER/Golgi, to evasion of the immune system and enhancement of immune cell
infection.3 Specific glycans on the SARS-CoV-2 S glycoprotein play an intrinsic functional role, supporting the S protein active
conformation in the prefusion stage.10 Because viruses use the host-cell glycosylation machinery, the nature of the Env protein
glycans is dictated by the host-cell origin and its characterization is important for understanding the immune response, infectivity
and viral tropism.3 Glycoprotein glycosylation analysis involves sequential enzymatic digestion of the recombinant viral proteins,
followed by liquid chromatography (LC) coupled to mass spectrometry (MS). Recent progress in bioinformatics and sequencing
technologies have greatly advanced glycoanalytics.49–51 Nevertheless, the very nature and complexity of these steps leads to heavy
dependencies on the specific details of laboratory protocols.52 Molecular modelling has now reached the technological maturity
and methodological sophistication to be able to play a crucial role in understanding the different roles of glycans in biology at the
atomistic level. Complex glycan structures can be rebuilt on proteins and their structure, dynamics, interactions and recognition can
be fully characterized through extensive conventional MD simulations and enhanced sampling techniques to provide a direct
comparison with experimental data. In the following sections I will describe contributions that molecular simulations provided to
our knowledge of the glycan shield in the SARS-CoV-2 S, the influenza HA and in the HIV-1 Env trimer.

https://rstudio.com/index2/


Understanding the Structure and Function of Viral Glycosylation 409
1.16.3.1 The SARS-CoV-2 S glycoprotein

The COVID-19 pandemic is caused by a type of severe acute respiratory syndrome (SARS) coronavirus named CoV-2,53

an enveloped positive-sense RNA virus similar to previously identified species, such as Middle-Eastern respiratory syndrome
(MERS) and SARS-CoV.3 These are the only highly pathogenic coronaviruses out of the 7 known to infect humans, while the
remaining 4 have been found to cause much less severe “common cold”-type symptoms.54 The primary mechanism of SARS-CoV-2
infection relies on the spike, or S, glycoprotein, protruding from the viral envelope membrane, see Fig. 3, and responsible for the
virus’ initial attachment to and fusion with the host cell. The S protein is a class I fusion protein homotrimer,5–7,55,56 where each
protomer is synthesized as a single polypeptide chain. The initial step of infection hinges on the interaction of the S protein receptor
binding domain (RBD) with the angiotensin-converting enzyme 2 (ACE2), a host-cell bound receptor.5,57–59 This interaction
requires the activation of the S protein through a complex conformational transition, from a “closed” to an “open” conformation,5,7

where the RBD on one protomer, or possibly two4 or even all three in specific conditions, become exposed and accessible for
recognition and binding. Important information on the RBD opening mechanism and pathway was obtained through unbiased
enhanced sampling simulations in a model of the non-glycosylated S protein60; an effort that required enormous and unprece-
dented computational resources available through the Folding@Home distributed computing platform (www.foldingathome.org),
corresponding to the first-to-date exascale computer.60

The SARS-CoV-2 S protein is heavily glycosylated, with each protomer bearing 22 potential N-glycosylation sites, 15–22 of
which have been seen occupied in recombinant models,5,7,8,61–63 and at least 3 mucin-type O-glycosylation sites, also with different
degrees of occupancy observed.61–63 All analytical studies concur in observing the prevalence of complex N-glycans in a typically
dense shield,3,8,61–63 a unusual trait where most evasion-strong viruses show a large majority of oligomannose type glycans.3,64–67

Information on the structure and dynamics of the SARS-CoV-2 S glycan shield is unavailable through cryo-EM studies. Nevertheless,
the presence of one N-linked GlcNAc or of a chitobiose at some sites5,7 can be instrumental in indicating occupancy and
demonstrating the spatial orientation of the N-glycan root, due to the rigidity of the GlcNAc-b(1–4)-GlcNAc linkage.33,39 The
complete reconstruction of the glycan shield was the result of several computational studies that used cryo-EM data, often coupled
to homology modelling, to reconstruct the glycans with carbohydrate builder tools,68,69 with glycoforms chosen based on available
glycoanalytic data,8,61,62,70 followed by conformational sampling through MD simulations.10,62,71,72 Although the SARS-CoV-2 S
glycan shield appears to be less dense than envelope glycoproteins from evasion-strong viruses, such as HIV-111,73–76 and specific
strains of influenza HAs,77–83 it provides a very effective coverage against large molecules, with over 90% of the accessible area
shielded against 15 Å radius probes, corresponding to the approximate size of antibodies.10 This percentage decreases down to
an average of 20% for smaller molecule probes, such as water with a 1.4 Å radius.10 The same study has revealed important
vulnerabilities in the SARS-CoV-2 S glycan shield that can be exploited for the development of therapeutic, diagnostic and
prevention strategies. The SARS-CoV-2 S RBD is sparsely glycosylated, bearing only two sequons at N331 and N343 and no
O-glycosylation sites,8 and is particularly exposed when in the open conformation.10 Indeed, when the RBD is “up”, an average
Fig. 3 (A) Graphical representation of the SARS-CoV 2 viral particle with the S glycoproteins highlighted in blue and the viral membrane and Env proteins
embedded in grey. Original image from Wikipedia Commons, colorized with the GNU Image Manipulation Program GIMP (www.gimp.org). (B) Protein structure of the
SARS-CoV 2 S trimer (cyan) embedded in the viral membrane (multicolored). The open conformation of the RBD is highlighted in the red circle. (C) Structure of the
SARS-CoV 2 S trimer with the glycan shield highlighted in blue from MD simulations,10 the open conformation of the RBD is highlighted in the red circle. Images
(B) and (C) courtesy of L. Casalino and RE. Amaro. (UCSD).
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of only 9% of the receptor binding motif (RBM, i.e., the RBD region that binds ACE2) surface area across all probes, is concealed by
glycans, compared to 35% in the closed system, when the RBD is “down”.10 Furthermore, because the type of glycosylation depends
directly on the nature of the host cell and tissue origin within the same species, it is important to assess if and how this shielding
pattern can vary. Within this framework, reconstruction of the glycan shield with different glycoforms indicates similar degrees of
average shielding.71

One important and unique feature of the SARS-CoV-2 S glycan shield that was discovered through extensive MD simulations
is its integral role in stabilizing the S active “open” conformation, thus modulating its ACE2 binding activity.10 Despite the
majority of the N-glycans on the S surface being of the complex type, all available glycan analysis data on recombinant CoV-2 S
from human cell lines8,61–63 show the presence of a large oligomannose-type glycan (Man7 to Man9) at position N234 in each
protomer’s N-terminal domain (NTD). Unbiased MD simulations run in parallel on uncorrelated starting structures and with
different force fields10 have shown that a Man9 at N234 is able to rapidly crawl to fill the large volume left vacant by the opening
of the RBD, see Fig. 4. The oligomannose glycoforms are perfectly sized and spatially shaped to fill the large volume and to reach
the core of the trimer.10 The same study also indicates that the glycans at positions N165 and N343 play a role in stabilizing the
RBD open conformation and that single mutants N234A and double mutants N234A/N165A are characterized by a highly
unstable RBD.10 These computational predictions have been recently confirmed by biolayer interferometry experiments,10 and
supported by cryo-EM,84 indicating that the absence of a glycan at N234 promotes the RBD closed conformation, which is
inaccessible to ACE2.

The functional role of the glycans in the SARS-CoV-2 S-ACE2 interaction not only involves stabilization of the S glycoprotein’s
active conformation, but also directly contributes to the ACE2-RBD binding affinity.62,85 Molecular simulation studies62,85 of the
fully glycosylated complexes have independently highlighted important contacts of the glycans at N90 and N322 on the ACE2
receptor with the S RBD in the complex and also extensive glycan-glycan contacts between the ACE2 glycan at N546 and the
S glycans at N74 and N165.62

Molecular simulations are highly informative also to understand the roles of glycosaminoglycans (GAGs) in SARS-CoV-2 S
activity and infection. To date there is extensive evidence that cellular heparan sulfate (HS) promotes ACE2 binding to SARS-CoV-
2 S, potentially by forming a ternary complex that involves HS binding at the S RBD,86 and that heparin also binds the
S glycoprotein, possibly in different locations,87 and inhibits SARS-CoV-2 entry.88–90 Because structural data is still scarce,
simulation studies need to be run in parallel with complementary mutagenesis and binding assays. Furthermore, the variable
nature of GAG sequences and sulfation patterns and the characterization difficulties inherent in this context complicate the number
of different simulations that need to be run to address the many questions at hand.
Fig. 4 (A) Side view of the SARS-CoV-2 S protein from PDB 6VYB, rendered by solvent accessible surface (pyMol) and color-coded by chain (protomer). In this
structure the RBD in chain B (orange) is open, while the RBDs in chain A (grey) and C (light green) are closed. The positions of the key N-glycans in chain C are color-
coded according to the legend. Structure rendered with pyMol. (B) Top view of the SARS-CoV-2 S protein from PDB 6VYB. (C) Reconstruction of the glycans (blue)
followed by MD simulations show that the Man9 at N234 (magenta) inserts itself in the cleft left vacant by opening of the RBD, ultimately stabilizing the complex.10

Structure rendered with VMD.
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1.16.3.2 The influenza A hemagglutinin (HA)

An exceptional degree of adaptability and antigenic evolution has enabled the spread of the influenza A virus (IAV) across many
different species3,91–93 with occasionally devastating and regularly threatening consequences to human life.94,95 IAV infection is
initiated by the recognition of sialic acid-terminating sugars on the host cell surface by the envelope glycoprotein hemagglutinin
(HA),96,97 a class I fusion glycoprotein.3,55 The distribution and dynamics of HAs on the IAV membrane surface was studied
computationally through coarse-grained MD98 and was illustrated recently in a landmark mesoscale simulation of the whole
virus,99 where HA competes for sialic acid with another envelope glycoprotein, neuraminidase (NA), which is responsible for the
release of newly developed virions from the host cell. A Brownian Dynamics100 (BD) study of different IAV models provided
important information on the HA and NA binding kinetics on the viral surface101 elucidating how substrate competition between
these two proteins is balanced and how it can be exploited in therapeutic strategies.

HA is a trimer of heterodimers (Fig. 5) synthesized as a single polypeptide HA0 and then cleaved by host-cell proteases3 into
two subunits, HA1 and HA2, to produce the fully functional form of the protein.102 HA1 contains the sialyllactosamine binding
site, while HA2 is responsible for the fusion of the viral and cellular membranes, through a pH-dependent mechanism based on
a complex conformational change.103 18 subtypes of HA (H1-18) have been characterized, with aquatic birds acting as primary
reservoirs.104 HA binds sialic acid-terminating epitopes (Fig. 5A) found on the surface of epithelial cells in the upper respiratory
tract97 with affinity and specificity changing between a(2–3) and a(2–6)-linked sialic acids, depending on the IAV subtype.105

Specificity for one linkage versus the other is important for interspecies transmission. In fact, the a(2–3)-linked sialic acid is
more common in the respiratory tract of avian species, while the a(2–6)-linked is more common in mammalian
species.14,106–108

Sequence hypervariability109 especially on the HA1 subunit, the main target of antibody recognition,3,110 has posed numerous
challenges to the development of specific HA-targeted therapeutics and antiadhesives.82 The HA1 mutations can occur within
protein epitopes, and can also result in a marked increase of N-glycosylation sites, which result in radical antigenic changes.111,112 As
an example of the variability in the HA glycan shield, while the H1N1 from 1918113 HA has 3 N-glycosites per protomer, the current
H3N23,110 HA has at least 33 glycosylation sites per trimer. As opposed to the SARS-CoV-2 S, the majority of HA N-glycans are of the
oligomannose type,67 reflecting the potential restriction of the accessible space due to molecular crowding. As shown by an MD
simulation study of H5N1,80 the same molecular crowding can have a non-productive downside, reducing viral replication
fitness111 by decreasing IAV efficacy in binding sialylated receptors. MD studies of the H3N2 (3C.2a clade)114 and of H3N2
(A/Aichi/68)79 indicate that rearrangement of the N-glycan shield by loss and acquisition of different sequons in the HA1 domain
Fig. 5 (A) Structure of HA from the 1968 human H3N2 virus in complex with human receptor analogue LSTc (PDB 2YPG). The protein structure is rendered with
cartoons with different coloring corresponding to each chain as shown in the legend. The human glycan epitope is rendered in sticks, with yellow C atoms, with
sequence highlighted according to the SNFG nomenclature. (B) Protein structure rendered with solvent accessible surface with 16 N-glycosylation sites per trimer
reconstructed for graphical purposes by structural alignment of the glycan fragments resolved in PDB 4FNK with Man 9 (blue) from snapshots selected from
a 180 ns MD trajectory of the isolated glycans. All structures rendered with pyMol.

http://firstglance.jmol.org/fg.htm?mol=2YPG
http://firstglance.jmol.org/fg.htm?mol=4FNK
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can change the IAV specificity and affinity by re-morphing the accessible space in the receptor binding site through the rearrange-
ment of the glycan shield79,114 and by directly contributing to binding through glycan-glycan interactions.79
1.16.3.3 The HIV-1 Env fusion trimer

Human immunodeficiency virus 1 (HIV-1) is an enveloped retrovirus responsible for the large majority of HIV/AIDS cases
worldwide. HIV-1 primarily targets T-cells with high levels of CD4 glycoproteins and CCR5 (R5) co-receptors,115,116 and then
evolves to adhere to different cell types when immunodeficiency sets in.115,117 This is due to the main HIV-1 Env fusion protein
trimer switching preferential binding from the chemokine CCR5 (R5) co-receptor to CXCR4 (X4), which allows it to infect different
CD4+ T-cells.115–117 The HIV-1 fusion protein is a trimer of heterodimers, synthesized as a single polypeptide, namely gp160, and
then cleaved in two parts, namely gp120 and gp41, in the active form of the protein (Fig. 6). The HIV-1 Env trimer is heavily
glycosylated, with �90 potentially occupied N-glycosites,11,118 predominantly of the oligomannose type.3,11,75,76,119,120

In the prefusion conformation the HIV-1 Env trimer binds the CD4 cell-bound receptor.13 This leads to a conformational change
that promotes binding to the secondary co-receptors CCR5 or CXCR4, leading to fusion with the host cell.116 Understanding the
underlying mechanism governing these processes from the structural point of view is made particularly difficult not only by the
extensive glycosylation of the HIV-1 Env trimer, but also by the presence of highly flexible loops directly involved in recognition and
binding. Protein crystallization often requires removal of these carbohydrates and sequence modifications and
truncations,12,13,15,118,121,122 which may preclude the acquisition of important information. Indeed, the hypervariable V3 loop is
a key determinant of HIV-1 cellular tropism.123 Also, V1/2 and V3 loops are key targets of neutralizing antibodies.124,125 Within this
framework molecular simulations have contributed a great deal to elucidating the structure and dynamics of the HIV-1 Env trimer
glycan shield11,73,126–128 with sampling limitations in some cases determined by the system’s size in relation to the HPC
infrastructure available at the time the work was performed.

Crystallographic analysis of the complete and fully glycosylated trimeric HIV-1 Env fusion proteins from clades A, B and G11

shows that the glycan shield density changes from highly crowded regions around the solvent exposed gp120, to a low crowding
region around the gp41 stem. In high density regions, the oligomannose N-glycans outstretch from the gp120 surface through their
rigid chitobiose core,33 while the a(1–3) and a(1–6) arms extend perpendicularly, interacting with neighboring N-glycans to form
a dense and ordered glycan-glycan network that effectively shields the protein surface for immune evasion.11 This landmark
structural work11 was complemented by canonical MD simulations, more specifically by three 500 ns trajectories with either
Man5, Man7 or Man9 glycans at every sequon. These simulations confirm the stability of the glycan-glycan interactions and support
their contribution to the shield in high density regions and also inform on the volume of the binding regions occupied by N-glycans
required for binding CD4 and broadly neutralizing antibodies.11 To provide further insight, these MD simulations were extended to
2 ms in later work from the same group,126 which delivered a more complete picture of the collective dynamics of the shield and of
protein surface accessibility.

Although informative in terms of immediate relaxation and stability of the glycan shield, the results obtained from canonical
MD simulations of highly crowded, interacting glycans patches, such as the ones found on the gp120s of the HIV-1 Env fusion
trimer, may not always provide a significant advance relative to analysis of the structural data, when available. Notable in this
Fig. 6 (A) Structure of the HIV-1 Env trimer glycoprotein from PDB 4NCO rendered in cartoons with coloring corresponding to the legend at the bottom. The location
of the gp120 (chain A)/gp41 (chain B) protomer is highlighted with a transparent solvent accessible surface area. The position of the V3 loop in chain A is also
highlighted. (B) Structure of the HIV-1 Env trimer glycoprotein from PDB 4NCO with glycosylation (blue) reconstructed for graphical purposes in 41 sites by structural
alignment of the resolved glycan fragments with Man 9 snapshots selected from a 180 ns MD trajectory of the isolated glycans. The position of the V3 loop is
highlighted within the red dotted circle. All structures rendered with pyMol.
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particular context is the excellent work by Yang et al.73 that shows how enhanced sampling MD achieved through Hamiltonian
Replica Exchange (HREX) is a much more informative approach, when the size of the system and computational resources limit
sampling through conventional MD. Indeed, the HREX simulations reveal a complete image of the N-glycan conformational space
and heterogeneity, providing important insight on the pre-structuring of the N-glycans for recognition and binding by broadly
neutralizing antibodies and of their accessibility, as well as the accessibility of the protein surface to CD4 receptors and to CCR5 and
CXCR4 co-receptors.73
1.16.4 Conclusions and perspectives

Extensive glycosylation is a typical feature of viral envelope fusion proteins that has both intrinsic functions, regulating folding and
trafficking, and extrinsic functions, modulating immune evasion, substrate and receptor recognition and binding affinity3 and
actively participating in the protein activation mechanism.10 Advances in HPC technology, simulation software and in force fields
sophistication now allow molecular simulations to provide not only a platform technology complementary to standard structural
biology experimental techniques, but also to be an independent, primary research tool. Molecular modelling studies of the SARS-
CoV-2 S, HA and HIV-1 Env fusion trimer have supported a rapid advance in our knowledge of viral glycoscience. Similar points
apply to all cases where the structural and dynamic role of glycans are difficult to characterize by any other research method.

In the case studies discussed, the highly dynamic nature of the glycans generally allows for their conformational relaxation inmuch
more rapid timescales relative to the structured proteins to which they are linked. This is fundamentally true when the glycans interact
very little with each other or with the protein(s). Nevertheless, it is important to be aware that highly dense glycan networks and/or in
cases withmultiple interactions with the protein, ligand or receptor, the conformational energy landscape can dramatically change and
enhanced sampling techniques can provide a much more complete picture. The wider availability of very large computational
resources now allows all-atom simulations of large proteins and even mesoscale simulations of the whole viral capsid to provide
a detailed atomistic view of glycobiology and an alternative way to uncover all (or most of ) its very many secrets. Moreover, the
enormous molecular weight of transmembrane viral fusion proteins that has limited the investigative power of molecular modelling
for many years, no longer represents a barrier and the future of computational glycoscience has never looked brighter.
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