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Abstract
Complex carbohydrates (glycans) are the most abundant and
versatile biopolymers in nature. The broad diversity of
biochemical functions that carbohydrates cover is a direct
consequence of the variety of 3D architectures they can adopt,
displaying branched or linear arrangements, widely ranging in
sizes, and with the highest diversity of building blocks of any
other natural biopolymer. Despite this unparalleled complexity,
a common denominator can be found in the glycans’ inherent
flexibility, which hinders experimental characterization, but that
can be addressed by high-performance computing (HPC)-
based molecular simulations. In this short review, I present and
discuss the state-of-the-art of molecular simulations of com-
plex carbohydrates and glycoconjugates, highlighting meth-
odological strengths and weaknesses, important insights
through emblematic case studies, and suggesting perspec-
tives for future developments.
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Introduction
The chemical nature of carbohydrates is deceivingly
simple. The general definition of sugars as ‘hydrates of
carbon’’ (CH2O)n conceals their rich stereochemistry
and omits the many diverse groups that can function-
alize pyranose and furanose rings through methylation,

esterification, deoxygenation, and N-acetylation [1]. For
example, N- and O-sulfated sugars are commonly found
in glycosaminoglycans (GAGs), with different degrees of
sulfation [2-4], potentially regulating and diversifying
www.sciencedirect.com
biological functions [5]. Glycans are built by mono-
saccharide units connected through glycosidic linkages,
which retain non-negligible degrees of freedom in
standard conditions of temperature and pressure [6e8].
Furthermore, the associated conformational changes
may be accompanied, or triggered by, changes in the ring
structure [9e13], also known as pucker [14,15], see
Figure 1. This ‘intrinsic disorder’, to draw a parallel with

proteins, determines that the 3D equilibrium structures
of glycans should be described more appropriately by
weighted conformational ensembles rather than by
single conformers. This remarkable architectural feature
also renders glycans partially or completely invisible to
structural biology techniques.

Glycosidic linkages are defined by the values of the 4
(O5C1O1Cx) and j (C1O1CxCx-1) torsion angles for 1/
2-(2,3,4) linkages, with the addition of the u
(C1O1C6C5) torsion angle values for 1/2e6 linkages

[16], see Figure 2. The rotational degrees of freedom
around glycosidic linkages are remarkably restrained to
specific conformations dictated by stereoelectronic ef-
fects [6]. More specifically, for two linked pyranoses in
4C1 chair conformation, see Figure 1, the exoanomeric
effect [17] determines that the 4 torsion is found
preferentially in a � gauche conformation relative to the
O5 ring oxygen (4 = � 70�), while the j torsion will
adopt value(s) corresponding to a minimum steric
compression, usually around j = 180� in disaccharides
[18]. In 1/2e6 linkages, the u torsion can populate two

or three different energy basins at u = � 60� and 180�.
The relative populations of the resulting rotamers in 1/
2e6 linkages can change dramatically in response to a
‘gauche effect’ between the O6 and the neighboring O5
ring oxygen, or the O4, which can be axial in galacto-
pyranoses, or equatorial in gluco/mannopyranoses [6],
and to steric compression and/or intramolecular in-
teractions in large, branched glycans [19e21]. Ulti-
mately, the high conformational flexibility of glycans
derives from the existence of different preferred rota-
meric states and from the rotational degrees of freedom

associated with those states at room temperature, esti-
mated to range up to 15�e20� for each torsion [6,19,20].
As a result, the longer and more branched the glycan is,
the higher the inherent dynamics of its structure,
further enhanced when it contains 1/2e6 linkages. More
to this in the section below.
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Figure 1

Panel (a) Graphical representation of the conformational ensemble of the FA2G2S2 (mammalian) N-glycan from Ref. [19], shown with the 2D SNFG
notation [22,23] on the bottom-left corner. Snapshots from the MD simulation (collected every 50 frames over a 500 ns trajectory) are shown with grey
sticks, with a structure representative of the highest populated cluster shown with thicker red sticks. Panel (b) 2D structures, symbols, and arrows
highlighting one of the pseudorotational paths accessible to the glucopyranose ring [9] connecting the two chair conformations at the poles, based on the
Cremer–Pople puckering coordinates [14]. The longitude and latitude lines on the spheroid represent potential conformational itineraries. Molecular
rendering with vmd (https://www.ks.uiuc.edu/Research/vmd/), 3D plot of spherical coordinates rendered with seaborn (https://seaborn.pydata.org), 2D
glycan structure representation rendered with DrawGlycan-SNFG [24] (http://www.virtualglycome.org/DrawGlycan/).
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Computational methods for 3D structure
determination of glycans and
glycoconjugates
The relative conformational preference of complex
carbohydrates at equilibrium in standard conditions
depends not only on the electronic structure consider-
ations discussed above, but is also modulated by the
environment, and by intra and intermolecular contacts.
This scenario can rapidly lead to a degree of complexity
[25] that is difficult, if not impossible, to represent
accurately with the means dictated by the current
technology. The nature of the molecular insight we seek
through simulations and the size of the system at hand

are the main determinants in the choice of computa-
tional approach, ranging from a full description of the
electronic structure through quantum mechanical
(QM)-based approximations, to much less computa-
tionally demanding classical representations through all-
atom empirical force fields (MM), commonly explored
through Newtonian molecular dynamics (MD). Coarse-
grained representations are not discussed here, and on
this subject, the reader is referred to a recent compre-
hensive review [26].

QM is essential for the prediction of spectroscopic
properties of carbohydrates and for calculating reaction
coordinates with corresponding energy profiles [27].
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The latter hinges on the unique ability of fully elec-
tronic representations to accurately describe the
conformational transitions that the sugar ring undergoes
along specific reaction coordinates, a point that is
especially relevant to enzymatic catalysis [28e30].
Within the context of studies of the binding specificity
and catalytic activity of carbohydrate-active enzymes
(CAZymes), the electronic structure information ob-

tained by first-principle (ab initio) methods can be
complemented by a classical description of the sur-
rounding protein environment through QM/MM hybrid
approaches within a static or a dynamic framework
[27,31,32]. QM/MD approaches allow us to explore re-
action profiles in standard thermodynamic conditions
within a dynamic protein environment. As a recent and
notable application of this technique, Nin-Hill and
Rovira used classical MD combined with QM/MM
metadynamics [33e35] to define the reaction mecha-
nism of b-galactocerebrosidase, a glycoside hydrolase

essential for the catabolism of glycosphingolipids, found
to be mutated in Krabbe disease [36].

Molecular simulations can also be used to obtain atom-
istic insight on the recognition of glycan moieties by
glycan-binding proteins (lectins) and to understand the
effects of glycosylation on protein structure and func-
tion. To address these (very computationally expensive)
www.sciencedirect.com
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Figure 2

A representative 3D conformation of the Neu5NAc-a(2–6)-Gal-b(1–4)-GlcNAc (or sLacNAc) epitope is shown on the top-left side, with the 4, j, and u
torsion angles defining the a(2–6) linkage indicated. On the right-hand side, the 3D atomistic structure of a ‘closed’ conformation of a complex bian-
tennary N-glycan (A2G2S2), with an SNFG 2D sketch of the ‘open’ and ‘closed’ conformations on the top-right corner. The table shows the equilibrium
values of the 4 and j torsion angles corresponding to the ‘closed’ conformation of the Man-a(1–6)-Man linkage in biantennary complex N-glycans, with
changes in relative populations in function of sequence [19,21]. The u torsion angle values do not affect the open/closed equilibrium of the a(1–6) arm
and can be retrieved from the original publications. Symbols correspond to the SNFG nomenclature [22,23]. Molecular rendering with vmd (https://www.
ks.uiuc.edu/Research/vmd/), 2D glycan structure representation rendered with DrawGlycan-SNFG [24] (http://www.virtualglycome.org/DrawGlycan/).
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questions, conformational sampling based on classical
mechanics should be used to retrieve the weighted
ensembles that define the glycans 3D structure at
equilibrium. Within an MM approximation, the stereo-
electronic effects controlling the conformation of
glycosidic linkages, together with the ring pucker pref-
erences, are ‘hard coded’ into empirical force field pa-
rameters [6,37,38]. The most widely used and
developed all-atoms additive force fields for carbohy-
drates to date are GLYCAM06 [39e41] and
CHARMM36 [42e46], with parameters available for
most pyranoses and furanoses in eukaryotic, prokaryotic,

and viral glycans [47e49]. The full complementarity of
these force fields to the AMBER and CHARMM fam-
ilies of parameter sets, respectively, allows for the ac-
curate representation of complex glycoconjugates
[37,38,42] featuring both structured and disordered
protein regions [50,51], where glycosylation can affect
the protein’s conformation, both locally and globally
[52e55]. Other empirical parameter sets include the
united atoms representation in GROMOS [18,56-59]
and the all-atoms representation in OPLS-AA [60,61].
These force fields cover a narrower selection of
www.sciencedirect.com
monosaccharides and linkages and are suitable for the
simulation of unlinked glycans.

The parameterization of all empirical additive force
fields for carbohydrates follows the principles and pro-
tocols used in the development of the ‘parent’ protein
force field to ensure complementarity [38,62]. As a
limitation of the model, additive protein force fields are
known to overestimate proteineprotein interactions
relative to protein-water interactions [63e65], whicht
can lead to an unbalanced representation of structure
versus disorder, and to enhanced protein compactness

and non-physical aggregation [63,66e68]. While main-
taining the balance of the additive force field parameter
set, these effects can be mitigated by scaling
LennardeJones (LJ) parameters [65,66,69,70], as one of
the most common strategies used to weaken
proteineprotein contacts or to strengthen protein-water
interactions, or even to strengthen waterewater in-
teractions as an indirect approach [71].

It may not be surprising to realize that additive force
fields for carbohydrates suffer from a similar imbalance,
Current Opinion in Chemical Biology 2022, 69:102175
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favoring carbohydrateecarbohydrate/protein in-
teractions relative to carbohydrateewater interactions.
These effects are principally due to the overpolarization
of the hydroxyl groups in the gasphase, which is neces-
sary to obtain a correct representation of the structure
and energy of the systems in an aqueous environment.
The resulting increased electrostatic attraction between
hydroxyl groups has been shown to lead to the under-

estimation of the DHvap of glycerol [68], the collapse of
specific L-Rha polysaccharide chains [72], artificial ag-
gregation [73,74] and is most likely the cause of the
overtwisting of cellulose fibrils [75]. For simulations
with GLYCAM06, rescaling of LJ parameters [75], as
well as the use of the TIP5P water model [76,77] with
diffusion properties closer to experiment, instead of the
TIP3P model used in its parameterization [39], can
alleviate or even eliminate these issues [74,75,78]. As a
note of caution standing in all cases of mixed force fields
approaches [63,79], the benefits of using a different

water model can be due to a cancellation of errors, and
thus, the effects may not be necessarily generalizable.
The better behavior of CHARMM36 in this context may
be reconciled with a lower soluteesolute interaction
strength resulting from the original parameterization
[72,73], yet both GLYCAM06 and CHARMM36 repre-
sentations have been found to benefit from scaling of
the LJ ε values to reproduce experimental osmotic co-
efficients [73]. The use of polarizable (or non-additive)
force fields is a more coherent solution to these short-
comings [68]; more to this in the Conclusions and

Perspectives section.
Insight into the 3D structure of glycans and
glycoproteins from molecular simulations
Despite the simplicity of the MM formalism and the
limitations of the additive electrostatic charges scheme,

empirical force fields have been shown to be remarkably
successful at representing the structure and dynamics of
glycans and glycoconjugates. Indeed, classical MD sim-
ulations can be highly informative when accompanied by
sufficient sampling, necessary to retrieve all the 3D
structures representative of the conformational
ensemble with corresponding weights [80]. As
discussed earlier, the conformational propensity of the
glycosidic linkages is restricted to specific energy basins,
with flexibility determined by their relative accessibility
and by the inherent degrees of freedom around the 4, j,
and u torsions, see Figure 2. This information can be
retrieved successfully through classical MD simulations,
where the structure of short and conformationally
restrained glycans can be obtained as a combination of
accessible disaccharide blocks, as shown by Turupcu and
Oostenbrink through free energy calculations [81].

As the glycans’ structure grows in terms of length and
branching, and especially when it includes highly flexible
1/2e6 linkages, the relative populations of the rotamers
Current Opinion in Chemical Biology 2022, 69:102175
change dramatically with sequence [19,20]. Extensive
sampling through classical MD showed that the confor-
mation of the (1e6) arm in complex biantennary N-gly-
cans undergoes a transition between ‘open’ and ‘closed’
states at equilibrium, see Figure 2. In the open confor-
mation, the (1e6) arm is exposed to the solvent and thus,
easily accessible to CAZymes, while in the closed confor-
mation, the (1e6) arm folds over the GlcNAc-b(1e4)-

GlcNAc core, see Figure 2, likely hindering functionali-
zation. As summarized, in the table, in Figure 2 and
discussed inRefs. [19,21], upongalactosylation, the (1e6)
arm becomes predominantly closed, which provides a
rationale to explain why the (1e6) arm in complex N-
glycans is more difficult to functionalize than the (1e3)
arm, which remains exposed [19]. Within this framework,
further insight from MD simulations shows that the
addition of b(1e2)-linked Xyl to the central Man reverses
the open/closed equilibrium [21], providing a strategy for
the selective functionalization of the arms for synthetic

applications. Also, the presence of a bisecting GlcNAc has
been shown by replica exchange MD (REMD) to affect
conformation in shorter N-glycans [82,83].

When glycans are linked to glycoproteins, MD simula-
tions have shown that the interaction with the protein
surface can shift the conformational equilibrium of the
glycan, favoring structures that complement the sur-
rounding protein landscape. Emblematic in this case is
the recognition of a very low populated ‘open’ conforma-
tion of the Lewis X epitope [80] by the Ralstonia solana-
cearum lectin [84], where interactions with the protein
surface compensate for the high energy cost of shifting
the conformational equilibrium. Interactions with the
protein surface can also limit the accessibility of selected
(or all) branches (arms) of oligomannose N-glycans [20]
and thus canmodulate the type of glycosylation at specific
sites [20,85], as well as glycan recognition.

Classical MD simulations have also revealed some of the
many roles of glycans in the structure, stability, dynamics,
and function of glycoproteins [52,85e88], and more
recently, provided crucial insight into the role of glyco-

sylation in viral infection [89e112]. Notable among these
many contributions, is the work of the Amaro lab and
colleagues [91,92] in revealing, for the first time, in a viral
fusion protein, the functional role of the glycan shield in
the activation mechanism of the SARS-CoV-2 spike (S),
see Figure 3. Also, work from Harbison et al. [110] indi-
cated that the nature and topology of the glycan shield
can modulate the S glycoprotein’s activity and that the
evolution of the shield represents a strategy to enhance
viral infectivity, see Figure 3, as recently supported by
experimental evidence [113,114].
Conclusions and perspectives
Technological advances in HPC and in distributed
computing provided in recent years the means to show
www.sciencedirect.com
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Figure 3

Panel a) Atomistic model of the fully glycosylated SARS-CoV-2 (Wuhan-Hu-1) spike (S) glycoprotein with the receptor-binding domain (RBD) of chain A in
an open conformation from Ref. [91]. Colour coding is indicated in the legend. Panel b) Top view of the SARS-CoV-2 S A372T glycoprotein from
Ref. [110], showing the FA2G2-N370 glycan, recently lost along the SARS-CoV phylogeny, binding a cleft on the closed RBD of chain B and filling the
pocket left vacant by the opening of the RBD of chain A (cyan). Panel c) Close up of the cleft left vacant by the opening on the SARS-CoV-2 S RBD of
chain A and filled by the Man9-N234 glycan (green). The two FA2G2 N-glycans at N343 and N165 (purple) are shown supporting the RBD open
conformation [91,92,110]. Molecular rendering with vmd (https://www.ks.uiuc.edu/Research/vmd/).
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the true potential of molecular simulations for the study
of the structure and function of complex biomolecules.
This is especially true in the case of simulations of
complex carbohydrates and glycoconjugates, historically
left to the sidebench due to the inherent structural and
chemical complexity of glycans and their not-always-
obvious presence and contribution to biomolecular
function, and now attracting more attention as a
consequence of the drive for scientific advances in

response to the COVID-19 pandemic.

In this review, I have shown a few recent examples of
how molecular simulations within QM, MM, and hybrid
schemes have successfully addressed important ques-
tions on the role of carbohydrates in health and disease.
Yet, big challenges remain in terms of computing infra-
structure, which limits sampling within a fully electronic
description, and in terms of limitations of the MM ad-
ditive force field formalism, which can produce non-
physical outcomes even in the context of exhaustive
www.sciencedirect.com
sampling. Pioneering work from the Mackerell’s lab
shows that the introduction of charge polarizability
based on the classical Drude oscillator model solves
many of the problems resulting from the description of
carbohydrates by additive force fields [62,68,115-118].
Drude simulations are twice as computationally expen-
sive as conventional MD simulations with non-polarizable
force fields [62,119], which may be problematic when
dealing with large biomolecular systems, but worth the

investment in the case of simulations of heterogeneous,
dense, and dynamic environments, such as bacterial bio-
films or extracellular matrix models.

Machine learning force fields [120] represent a game-
changing methodological development that would
allow us to perform exhaustive simulations of increas-
ingly large systems within realistically complex
environments by narrowing the gap between QM ac-
curacy and MM computational efficiency. Notable ex-
amples in this context are the ANI-1 potential [121]
Current Opinion in Chemical Biology 2022, 69:102175

https://www.ks.uiuc.edu/Research/vmd/
www.sciencedirect.com/science/journal/13675931


6 Carbohydrate Bioploymers (2022)
with an excellent performance against DFT references,
TensorMol [122] reproducing vibrational spectra of
small organic molecules with DFT accuracy, and also
able to run proof-of-concept neural network MD simu-
lations of small proteins, and more recently TorchMD-
Net [123] molecular potentials, achieving the most ac-
curate predictions of QM properties to date. These
advances are an exciting prospect for a step change also

in glycoscience discovery through computing, while we
can also look forward to HPC technology revolutions,
such as the introduction of quantum computing, that
will provide unprecedented algorithmic speed-ups
[124-127].
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