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Abstract

Complex carbohydrates are ubiquitous in nature, and together with proteins and nucleic acids they
comprise the building blocks of life. But unlike proteins and nucleic acids, carbohydrates form
nonlinear polymers, and they are not characterized by robust secondary or tertiary structures but
rather by distributions of well-defined conformational states. Their molecular flexibility means
that oligosaccharides are often refractory to crystallization, and nuclear magnetic resonance
(NMR) spectroscopy augmented by molecular dynamics (MD) simulation is the leading method
for their characterization in solution. The biological importance of carbohydrate—protein
interactions, in organismal development as well as in disease, places urgency on the creation of
innovative experimental and theoretical methods that can predict the specificity of such
interactions and quantify their strengths. Additionally, the emerging realization that protein
glycosylation impacts protein function and immunogenicity places the ability to define the
mechanisms by which glycosylation impacts these features at the forefront of carbohydrate
modeling. This review will discuss the relevant theoretical approaches to studying the three-
dimensional structures of this fascinating class of molecules and interactions, with reference to the
relevant experimental data and techniques that are key for validation of the theoretical predictions.
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INTRODUCTION

Historically, the development of carbohydrate modeling methods was motivated by a desire
to interpret solution data from nuclear magnetic resonance (NMR) spectroscopy in terms of
three-dimensional (3D) structure.1® And the approaches (protocols and force fields, for
example) for modeling carbohydrates initially evolved independently from the concurrent
development of biomolecular force fields for modeling proteins and nucleic acids.
Carbohydrate modeling approaches such as geometry of saccharides (GESA)® and geometry
of glycopeptides (GEGOP)? treated the monosaccharides as rigid, and focused on searching
the conformational space defined by the glycosidic angles using Monte Carlo sampling,®
adopting the hard-sphere exo-anomeric (HSEA) force field.? These early studies provided
much insight into the basic properties of disaccharide linkages and were analogous in some
aspects to the empirical conformational energy program for peptides (ECEPP) force field for
modeling proteins, in which only the interresidue backbone angles were treated as flexible.
While the protein modeling community largely adopted molecular dynamics (MD)
simulations, the carbohydrate community was influenced by the HSEA/Monte Carlo
strategy well into the 1990s. During the HSEA period, small-molecule modeling methods,
such as the molecular mechanics (MM2/MM3) series of programs, were also adapted for use
with carbohydrates.”~12 Prior to the widespread adoption of solvated MD simulations for
oligosaccharide modeling, much effort was devoted to determining the lowest potential
energy (adiabatic) path for glycosidic angle rotation13-18 or monosaccharide ring flipping,1°
in vacuo. But with the recognition of the importance of water and dynamics to
oligosaccharide conformations, these methods have largely been replaced in favor of
traditional biomolecular force fields.29-24 Indeed, the development and refinement of
carbohydrate force fields for AMBER,2>-22 CHARMmM,14:30-34 and GRO-MQS20:35-39 jg
still ongoing, as weaknesses are discovered and corrected and limitations are removed.
Advances in computer performance and software algorithms now permit conformational
sampling well into the microsecond time scale, permitting convergence of MD simulations,
which in turn facilitates quantitative comparisons with experimental data.*® Such
comparisons highlight the predictive strengths of current modeling methods, and identify
areas that require further development.
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1.1. Scope of This Review

2.

This review will present a summary of carbohydrate 3D structure modeling. Additionally,
given that the majority of mammalian proteins are modified by the covalent coupling of
oligosaccharides (glycans) to their surfaces*! and that the biological function of
oligosaccharides frequently derives from their noncovalent interaction with receptor
proteins, the review would be incomplete without discussing approaches to modeling
glycoproteins and carbohydrate-protein complexes. Methods for computing the interaction
energies of carbohydrate-protein complexes have been reviewed in detail recently*? and will
not be discussed here. A brief history of the development of carbohydrate modeling*3-4°
will also be presented as some aspects bear repeating, particularly as they remain relevant to
the interpretation of theoretical data and to the design and development of carbohydrate
modeling methods. The review will focus on modeling methods that are extensible beyond
monosaccharides to biologically relevant oligosaccharides, and will not include significant
discussions of quantum mechanical approaches. Finally, emerging methods and challenges
will be summarized.

NMR SPECTROSCOPY AND CARBOHYDRATE MODELING

As a result of the flexibility of carbohydrates, the ability to relate NMR observables to
populations of oligosaccharide conformers has been at the core of their 3D characterization.
In contrast, early protein modeling was largely centered on reproducing crystallographic
data.*8 Initially, carbohydrate modeling consisted simply of providing plausible 3D
structures for glycosidic linkages that could subsequently be combined into models of
oligosaccharides.#748 These additive structures could then be used as models for simulations
that employed NMR data as constraints.*® However, the use of NMR data as constraints for
deriving the 3D structure of a flexible molecule is problematic. Attempting to generate a 3D
structure from NMR data, which arise from the contributions from more than one
conformational state, will lead to a 3D structure that may be considered the average shape of
the molecule. When the states are significantly different, such constrained refinements can
lead to the generation of a “virtual conformation”, 50 which has long been recognized as a
potential pitfall in deriving the structures of glycans from NMR data.4?->1 Consequently, it is
far more appropriate to pose the question not as “What shape best agrees with the NMR
data?” but instead as “What ensemble of shapes leads to the best agreement?”

From this latter perspective, the role of modeling is to generate reasonable shapes of the
oligosaccharide, whose NMR properties may be computed and compared to experiment.52:53
Scalar three-bond couplings (3.) relate to the magnitude of the dihedral angle between the
coupled spins and are often convenient to measure by NMR. Considerable effort has been
dedicated to the development of 3dihedral angle relationships (so-called Karplus curves)>*
that may include dependence not only on dihedral angle but also on atomic sequence and
substituent patterns.52:55-57

2.1. Comparison to NMR Observables

One of the challenges of deriving NMR properties from gasphase energy-minimized
structures is the fact that, in vacuo, the strengths of intramolecular hydrogen bonds are
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overestimated, leading to inaccurate potential energy surfaces and geometries.16:19 Nor are
idealized geometries or crystallographic structures necessarily representative of solution
behavior.58:59 Explicitly solvated MD simulation has become by far the most widely used
method for predicting the properties of oligosaccharides in solution. Moreover, with
routinely accessible time scales entering the microsecond range, many of the earlier
concerns relating to lack of conformational convergence have been removed. With advances
in computer performance and in the accuracy of quantum mechanical (QM) basis sets, it is
now common for Karplus relationships to be derived by fitting to QM-predicted Jvalues®°
for theoretical structures rather than by fitting to experimental data for conformationally
constrained molecules. Indeed, with the ability to compute Jvalues quickly and accurately,
they may be computed directly for each conformation of the carbohydrate, eliminating
approximations associated with derivation of a Karplus curve.51:62 When theoretical and
experimental JFvalues are compared, it is common to compute the theoretical values for all
of the structures produced from an MD simulation. This approach is particularly useful for
validating the performance of a given force field or simulation protocol.52:63 It should be
noted that comparing theoretical to experimental +values is not equivalent to comparing
MD-generated populations to NMR-derived populations. The latter comparison may be
trivial to perform from the theoretician’s perspective; however, it ignores any
approximations or assumptions that were applied in order to generate populations or
conformations from the NMR data.>® Given the accuracy with which Jvalues can be
computed from theoretical structures, a direct comparison of these observables is likely to
provide a more accurate estimate of the extent of any differences between the MD-generated
structures and experimental data.52

Dealing with Oligosaccharide Flexibility: Scalar J-Couplings

For flexible oligosaccharides, achieving acceptable agreement between the theoretical
conformational populations and the experimental data places extreme demands on the force
field and the simulation protocol. A converged MD trajectory is not necessarily required if
the purpose of the simulation is simply to identify plausible conformations that can be used
to decompose the experimental data into populations. Thus, rather than attempting to
achieve convergence, which is often challenging, requiring simulations that extend into the
microor millisecond time scales,61:64 a shorter simulation may identify all of the
conformational states, albeit with inaccurate populations.81:62.65 Consider the case of
rotation about the C5-C6 bond in a hexopyranose.>:62 Two homonuclear 3-values are
observable, namely, between H5 and each of the prochiral H6 protons (3445'H6R and
3Jh5.169). These Jvalues can then be decomposed into a linear combination of the
population-weighted Jvalues contributed from each of the three conformations observed in
the trajectory (Figure 1 and eqs 1-3).%6 Caution has to be exercised when using 3.;values
taken from direct measurements from spectra. When the £coupling is on the same order of
magnitude as the chemical shift difference between coupled spins, the splitting will not be
first-order,5” and the measured 3.£value will not depend only on the torsion angles between
the spins. Such a case exists for the H5—H®6 coupling constants, because the chemical shift
differences between H6 and H6~ are on the same order as the scalar couplings. In such
cases, computer simulation of the spectrum can be performed in order to extract first-order
3 Lvalues.®8 A significant additional source of error arises in the conversion of MD-derived
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torsion angles into 3.;values. Karplus curves typically are only accurate to within about 1
Hz. For example, the 3~values predicted by two Karplus curves from the same MD data set
differed by approximately 1 Hz.5% A 1 Hz error in either the theoretical or experimental
coupling constant can result in as much as a 30° uncertainty in the associated torsion value.

3
JHs — HoR (1)

_, 3 3 3
= Mo (15 — HoR, gty T g 7 (HS — H6R, t) T g/ (HS — H6R, ge)

3
JHs — Hes 2

_, 3 3 3
=Ny s — Hes, g0 T Mg (15 - H6S, 1) T Meg Y (HS — HES, go)

Mo+ Mg + Mgy = 1 (3

This method of decomposing 3+values into state populations is well established,%8 but the
benefit of using MD simulation is that it eliminates one of the more contentious issues,
namely, the choice (number and geometry) of the contributing states.>® Moreover, it
leverages the strengths of MD simulation (state identification), while eliminating the
requirement that the populations of each state be correct. However, it requires that all of the
relevant states be identified during the simulation.

2.3. Employing Additional NMR Observables: Residual Dipolar Couplings and Nuclear
Overhauser Enhancements

Like scalar Fcouplings, residual dipolar couplings (RDCs) provide a further NMR
observable that is relatively easy to measure,’%71 against which one can verify theoretical
data or derive an experimental conformation(s).”273 Unlike scalar J£couplings, RDCs
depend on the distance between two interacting nuclei and the angle of the bond vectors
between them, relative to the external magnetic field. Due to molecular tumbling, RDCs
normally average to zero; however, when the tumbling of the molecule is partially
constrained, RDCs maybe observed.”*’> RDCs provide a unique opportunity to determine
the relative orientation of molecular domains, provided that there are RDCs from at least five
independent bond vectors (one for each Euler angle and one for each of the principal and
asymmetry order parameters).”6.77 RDC constraints are particularly useful in the
determination of protein structures, where there are numerous backbone N—H bond vectors
pointing at varied angles relative to each other. However, within a pyranose ring, several C—
H vectors may be approximately parallel to each other, reducing the potential number of
useful RDC values to characterize the shape of a monosaccharide.”8-89 In such a situation, a
sparse number of RDCs may still serve a valuable role in defining the conformation(s) and
dynamics of an oligosaccharide81-84 or its orientation in a protein binding site,”® and these
may be combined with additional experimental data’2:8%:86 or employed in validating the
accuracy of theoretical models.87:88 For example, in the case of heparin, an analysis of
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RDCs showed, surprisingly, that despite the extreme flexibility of the iduronate ring,8%-93
interconversion between ring forms has only a modest effect on the overall shape of the
molecule®2:92 (Figure 2).

Prior to the development of RDC measurement techniques, 3-values were most often
augmented by nuclear Overhauser enhancements (NOEs) when determining the 3D
structural properties of oligosaccharides. While 3.£values and RDCs are relatively
straightforward to compute accurately from 3D structures, NOEs are far more complex,
because their values depend on spin relaxation, which is sensitive to both the molecular
geometry (interproton distances) and the rate of internal motions as well as overall
molecular tumbling.67:94-96

Until recently, computer speeds were not fast enough to practically compute converged
values for the overall tumbling rates of oligosaccharides. Thus, for many years, the
calculation of theoretical NOEs was treated qualitatively; for example, by assuming that the
relative strength of the NOE between two protons was proportional only to the inverse sixth
power of their internuclear separation.®”-9% A more sophisticated approach is to include spin
relaxation effects arising from interactions with neighboring protons.95:99.100 However, the
results from even a full-relaxation matrix approach may fail to capture the impact of internal
motion and anisotropies of molecular tumbling on the NOE. Often, converting NOEs into
3D models that include the effects of molecular motion necessitates either experimental
measurement of the relevant relaxation rates, and the assumption of plausible models for
analysis, 34.95.99.101.102 or thejr derivation by fitting to NOE intensity data.®”

Recently, it has been shown that NOE values may be computed directly from an MD
trajectory without the need to make assumptions regarding internal or global motions or
molecular models, 193 provided that the tumbling of the oligosaccharide has converged.
Historically, to achieve such convergence was beyond the practical limit of MD simulations
on anything but the smallest systems; however, with the ability to perform long time scale
MD simulations of solvated oligosaccharides, direct NOE calculations may become more
viable.193 These calculations should begin to provide insight not only into oligosaccharide
structure but also on the impact of force fields, water models, and ions on molecular
motions.

Finally, saturated transfer difference (STD) NMR measurements, which are based on the
nuclear Overhauser effect, permit the observation of magnetization transfer from a large
molecule such as a protein to the protons in a rapidly dissociating ligand, such as an
oligosaccharide.194 The STD intensities observed for the protons in the ligand are
proportional to the distances between them and protons on the protein surface when the
ligand is bound to the protein1%% STD measurement therefore provides a particularly
powerful technique for defining the orientation of an oligosaccharide in a binding site,106:107
However, the quantitative calculation of STDs suffers from the same complexities as NOEs,
108,109 and it still remains common practice to treat STD data qualitatively.110-114
Nevertheless, even when treated qualitatively, the ease of their measurement and the unique
insight they provide into the ligand orientation in a protein complex greatly enhances their
value in validating theoretical carbohydrate protein complexes. For example, STDs can aid
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in discriminating between multiple theoretical poses of an oligosaccharide in a binding site
generated by molecular docking (Figure 3). The simple representation of normalized
experimental and theoretical NOE data, as shown in Figure 3, provides a convenient, if
qualitative, assessment of the similarity of the docked and experimental pose
oligosaccharide orientation relative to the protein, 111115

3. FIRST-PRINCIPLES PREDICTIONS OF OLIGOSACCHARIDE
CONFORMATIONS

Since the introduction of modern force fields for carbohydrates, numerous analyses of data
from MD simulations of oligosaccharides in solution have shown good agreement with
experimental NMR data.116 For oligosaccharides composed of monosaccharides in the six-
membered pyranose ring form, there are remarkably few exceptions!? to this capability.
The current success of MD simulation of oligosaccharides reflects the evolution of force
fields to the point where they now capture most of the unique properties and forces that
define carbohydrate conformation. When theoretical data disagree with experiment, these
important exceptions act as motivation for continued theoretical development, as well as
careful reexamination of the experimental data.

Accurately predicting the 3D structure of a protein, based only on computing the
interactions between amino acids (that is, from first principles), remains a largely unsolved
challenge.118 In part, this arises from the large number of potential conformations for each
peptide linkage, giving rise to an exponential number of protein conformations. 119120 |n
contrast, the conformational states of oligosaccharides have been well characterized (often
from NMR studies or small-molecule crystallography) and appear to be guided by well-
defined and predictable rules. Understanding these rules, as summarized in the essential
reference Conformations of Carbohydrates2! and the underlying physics#°122-124 has
enabled accurate force fields for carbohydrate modeling to be created.14:20.25-39 However,
from a modeling perspective, the most significant property of oligosaccharides is that two-
bond glycosidic linkages between pyranose rings predominantly populate only a single
conformation. This can be illustrated by comparing the bond rotational energies for 2-C-
methyltetrahydropyran (2-OMe-THP) in the equatorial (5-analogue) and axial (a)
configuration (Figure 4).

In the cyclohexyl analogues, the two conformational states are determined by rotational
barriers that arise principally from steric repulsions; in the THP analogues, the exoanomeric
effect is present, leading to a preference only for one rotamer.2-123.125126 Ag the name
implies, the exoanomeric effect has the same basis as the anomeric effect (also known as the
endoanomeric effect). These effects have both been reviewed in detail4>:123.124 and are
thought to originate from a favorable overlap of an oxygen lone electron pair (np) into the
antibonding (c*) orbital of the adjacent C—O bond. A favorable np — o> interaction is
dependent on the alignment (antiperiplanar) of the np and o* orbitals, which is satisfied only
when the underlying atomic geometry is in a particular conformation. In pyranoses, in the
4C; ring form, the optimal anomeric effect [between the lone pair of the ring oxygen (O5)
and the C1-0O1 bond] occurs when the C1-O1 bond is in the axial configuration; this
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preference is in contrast to expectations based solely on steric arguments. Within the O5—
C1—O01 atomic linkage, the lone-pair electrons of the exocyclic O1 atom also have the
ability to overlap with the o* orbital of the endocyclic C1—O5 bond, provided the
orientation is favorable. This property gives rise to the exoanomeric effect, which is the
preference of the ¢ glycosidic angle (O5—C1—01—C) to adopt a £gauche orientation with
respect to the ring oxygen (Figure 5). As the anomeric effect depends on the configuration at
C1 (the anomeric carbon atom), which is generally unchanging in a monosaccharide, it is
arguably the exoanomeric effect that has the more profound impact on the 3D structure and
dynamics of oligosaccharides.

If the dominance of the exoanomeric effect in defining the conformation of the ¢ glycosidic
angle is assumed, and also that the ¥ angle [C1—O1—Cx—C(x — 1)] will be determined
by steric effects, 127 it is possible to predict the conformation of most two-bond glycosidic
linkages,17:18:47.48,128-131 A simple rule for remembering the conformational preferences of
the gand ¥ angles between pyranose rings is that the C2—C1—O01—Cx ¢ angle will be
approximately 180° and the C1—O1—Cx—Hx ¥ angle will be approximately 0°. All
current carbohydrate-specific force fields typically use a combination of steric, electrostatic,
and torsional energy terms to capture the underlying physics of these interactions. This
raises a question: “If glycosidic linkages generally*8 (but not always)!32 adopt only one
conformation, why are oligosaccharides frequently said to be highly flexible?”

3.1. Origin of Oligosaccharide Flexibility

In part, the flexibility of oligosaccharides arises from the fact that, unlike globular proteins,
they rarely exhibit secondary structural elements that are stabilized by strong interresidue
hydrogen bonds, nor do they fold into stable tertiary structures. While internal hydrogen
bonds between hydroxyl groups may play a role in stabilizing a conformational state, they
are not thought to be responsible for driving changes in glycosidic torsional states.133 The
ability of water to disrupt internal hydrogen bonds results in glycosidic linkages exhibiting
significant motions (often +~15°) around a single state.®” These librations may, however, be
considerably dampened in regular polysaccharides, such as cellulose, that form strong
interchain interactions,134-136

Additionally, not all glycosidic linkages involve only two bonds: some contain three, or even
more. A notable example of a three-bond sequence is the 1—6 linkages found in the
highmannose type of mammalian glycans (Figure 6).

The additional rotatable bond in a 1—6 linkage (characterized by the w angle 06—C6—C5
—O05) naturally increases the flexibility of the linkage, although again, fortuitously for
modeling, not by as much as might be expected. Surprisingly, whenever the C6 atom is part
of a manno- or glucopyranosyl residue, the w angle populates only the two gauche rotamers
of the three plausible staggered orientations,58:59.62.137-139 Thjs gpservation has been
attributed to the presence of a “gauche effect” between the vicinal O6 and O5 oxygen atoms.
59.62,122 However, the origin of the gauche preference in carbohydrates appears to be more
complex than the simple stereoelectronic orbital overlaps that define a canonical gauche
effect.140-142 When the C6 atom is part of a galactopyranose residue, the w angle may
populate all three staggered rotamers.62:137.138 The structural difference between manno/
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glucopyranose and galactopyranose is the configuration of the hydroxyl group (O4) at C4; it
is equatorial in the first pair of monosaccharides and axial in the latter. Thus, the gauche
effect depends not only on the relationship between the vicinal O6 and O5 but also on the
configuration of O4. The physics behind this effect has been shown to depend on 1,3-diaxial
repulsions between the oxygen atoms, which are enhanced when water disrupts the
otherwise stabilizing internal hydrogen bonds.52122 Additionally, the more chaotropic the
solvent, the less the gauche effect is manifest.62:143

Unlike most two-bond glycosidic linkages, which liberate around a single average value, the
w angles may interconvert between the + and — gauche states. Thus, despite the fact that a
high-mannose glycan contains 10 glycosidic linkages, including two 1-6 linkages, to a first
approximation there are only four stable conformations, each populated to differing extents.
9.144 1t is for these reasons that representative models of oligosaccharide conformations can
be readily generated. The initial models generated from the rules of carbohydrate linkage
preferences are primarily useful for qualitative or visual assessment of the oligosaccharides
(Figure 7). To obtain more quantitative insight, such as an estimation of the population of
each rotamer, or of their NMR properties, requires subjecting them to a more sophisticated
analysis, such as MD simulation.

Role of Ring Flexion in Oligosaccharide Dynamics

On the basis of NMR and crystallographic data, the great majority of pyranose
monosaccharides, particularly when present in oligomers, adopt a single ring conformation
(pucker) in solution and in the solid state. This has aided carbohydrate modeling immensely,
as it means multiple ring shapes need not generally be considered. Moreover, until recently,
the microsecond time scales#8 required to observe ring flipping were generally inaccessible.
This is no longer the case. It is now feasible to perform MD simulations for sufficient time
to observe ring flipping; however, determining accurate populations of the ring forms may
still require extremely long simulation times to converge.54 Among pyranoses, the poster
child for ring flipping is a-L-iduronic acid (IdoA), a very well-studied component of
heparin and heparan sulfates (Figure 8). The a-form (axial at C1) has a strong anomeric
effect and can apparently tolerate three axial hydroxyl groups (Figure 8). The equilibrium
between the 1C4 and #C ring forms of 1doA has been studied for many years;117.149 jt is
complex to quantify, but the 1C, form appears to be favored.117:149 |n comparison, the
closely related C-5 epimer glucuronic acid (GIcA) exclusively prefers the 4C4 ring form. The
preference in 1doA for the 1C, form is unlikely to arise solely from the anomeric effect.
Clearly the presence of the equatorial carboxylate has a strongly stabilizing influence (or in
the axial configuration is strongly destabilizing).

Although the ring conformations of pyranoses are often thought to populate only one state,
caution should be exercised with that assumption. Such conclusions are often based on the
interpretation of NMR scalar 3.£couplings, and as with any experimental method, there are
limits to the sensitivity of the detection method. A low population of another conformational
state may well remain undetected, given the additional complexities and approximations
associated with converting NMR data to conformer populations. A possible example of such
a situation may be seen in the case of A-acetylglucosamine (GIcNAc), which is generally
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accepted?®0 to exist exclusively in the #C conformation in solution. However, MD132.150
and crystallography32 suggest that it may undergo significant but rare ring flips that may
facilitate specific biological recognition processes.

Unlike pyranoses, when a sugar exists in a five-membered form (furanose), the ring is
notoriously flexible. Well known furanoses include the fructose ring in sucrose and the
ribose and deoxyribose rings in RNA and DNA. Furanose rings are not found in mammalian
glycans, but they are widespread in bacteria, fungi, and plants. Long MD simulations have
been used to characterize ring flipping in furanoses29151 to probe their physical origin,2°
and to evaluate force field performance.29151 Access to the microsecond time scale is
essential for achieving convergence in many MD properties of relevance to oligosaccharides
and will no doubt lead to discovery of the limits of force fields developed prior to this
advantage.

Impact of Charged Moieties

Many oligosaccharides are modified by charged moieties, such as the sulfated
oligosaccharide heparin, discussed earlier. Electrostatic repulsion between sulfate groups has
been proposed to be responsible for ring conformational changes®® and the formation of
favorable hydrogen bonds between hydroxyl groups and sulfate moieties (Figure 9),152.153
Somewhat in contrast, a theoretical charge mutation study, in which the partial charges on
sulfate moieties were set to zero, indicated that steric repulsions between sulfate groups were
as important as unfavorable electrostatic forces, at least in one example.1%2

The simplistic view that carbohydrates that contain carboxylate, phosphate, or sulfate groups
are anionic ignores the fact that in most environments such molecules should be thought of
as salts, by virtue of the fact that their net charge is neutralized by the presence of
counterions, most typically sodium. And indeed, simulations of heparin disaccharides
performed with and without neutralization by sodium ions show modest but significant
differences in the conformations of the glycosidic linkage.

Other than heparin/heparan sulfate and related glycosaminoglycans, common
monosaccharides that contain negatively charged groups include the sialic acids, which can
also polymerize. Poly-2—-8-sialic acid (PSA, Figure 10) is a component of neural cell
adhesion molecules (NCAM glycoproteins), and its conformation has been the subject of
several studies.154-157 This molecule contains four rotatable bonds in the glycosidic linkage
(¢, ¥, and two w angles), and NMR/MD studies of its trisaccharide constituents show that
the internal w angles are relatively stable, resulting in a well-defined structure (Table 1).55 It
has also been recently shown by NMR and MD simulations that the configuration of the free
reducing terminus can impact the rotamer populations of the immediately preceding
glycosidic linkage.1%8

However, full-length PSA is far more elongated than the well-characterized trisaccharide,®®
and some dispute exists as to whether the larger oligosaccharides populate multiple
conformational states8°159 or adopt a regular helical structure.156.157.160 On the basis of the
enhancing effect of cation concentration on PSA-antibody binding, it was concluded that
divalent cations and polyamines may play significant roles in regulation of the PSA epitope
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presentation in vivo.161 Thus, the range of results and opinions regarding the shape of PSA
may well stem from an incomplete understanding of the role of counterions. This suggests
an important opportunity for long-scale MD simulations. However, determining the
parameters for divalent cations remains an area of active development,162:163 and this raises
an important but often overlooked issue. A biomolecular force field not only must be
internally consistent but also must be balanced with regard to the strengths of the
interactions between biomolecules, solvent (water), and ions.

4. ROLE OF COUNTERIONS AND WATER MODELS

4.1. Charge Neutralization

4.2.

When simulating charged systems, it is typical to neutralize the solute by the addition of
counterions, prior to solvating with water molecules. In the case of proteins that are only
marginally stable, it has been shown that omission of charge neutralization leads to
denaturation during MD simulation.184 Given the high flexibility of oligosaccharides, a
simulation of a polyionic oligosaccharide performed in the absence of counterions would
also be expected to result in irrelevant conformations and populations. It is thus important to
model, and practically consider, polyionic oligosaccharides as neutral salts. This conclusion
has subtle implications for the interpretation of 3D structures and intermolecular interactions
of molecules, such as glycosaminoglycans and PSA, which are still commonly referred to as
polyanionic species.

lon Coordination

As seen in the case of PSA, 165 the presence or absence of calcium ions can impact the 3D
structure of an oligosaccharide, and it is well-known that the interaction of other anionic
polysaccharides (such as alginate) with divalent metals can lead to gel formation.16 This is
not surprising, given the ability of Ca2* to coordinate with multiple hydroxyl groups in a
carbohydrate,167:168 although the specific structure of the coordination complexes may vary
depending on the ion.168 Many proteins, such as C-type lectins, exploit the affinity of
carbohydrates for calcium by evolving a calcium-binding domain in the protein that serves
to anchor the carbohydrate in the binding site.169-177 Calcium ions have also been proposed
as a weak glue that enhances the interactions between two oligosaccharides, as in the case of
the calcium-mediated binding between two Lewis X antigens.1’8 Interestingly, PSA forms a
1:1 complex (Neu5Ac/Ca%*) in which the calcium ion coordinates to both the carboxylate
and the glyceryl side chain within a single Neu5Ac residue. 167179

While the MD simulation of an isolated oligosaccharide is now straightforward, the study of
calcium-dependent interactions or aggregation is far more complex. At present, it is unclear
whether a long simulation with arbitrarily placed divalent ions will converge, and if so,
would converge to the same ensemble of structures if the MD is repeated. There is also a
paucity of experimental structural data against which to validate the theoretical models.178
Thus, despite the biological importance of calcium—carbohydrate interactions, additional
experimental and theoretical studies will be required to establish the accuracy of MD
simulations of these systems. Although significant for many diseases, from cystic
fibrosis189:181 t endocarditis, 182 the complex calcium-mediated aggregation of
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polysaccharide biofilms represents a particularly challenging class of structure to model.
183,184

4.3. Water—Water versus Water—Carbohydrate Interactions

Carbohydrate—carbohydrate interactions have been postulated to exist and have been
probed experimentally.185-193 For example, atomic force microscopy revealed equally
strong adhesion forces between glycan molecules (190—310 pN) as between proteins in
antibody—antigen interactions (244 pN).1%4 But to date these systems have received little
computational attention.18% While spontaneous carbohydrate aggregation naturally occurs
when carbohydrates crystallize at high concentrations, in MD simulations at lower
concentrations unexpected aggregation has also been reported to occur, depending on the
water model employed in the simulation.1%5 Water models are generally developed to
reproduce the properties of water and are not necessarily optimized for interactions with
solutes. Rather, it is the force field of the solute that is usually “tweaked” to perform
optimally with a given water model.196 The transferable intermolecular potential three-point
(TIP3P)197 water model is one of the simplest descriptions (rigid bonds and angle, fixed
partial charges, van der Waals only on the oxygen atom). Innumerable successful
simulations of proteins, nucleic acids, and carbohydrates have been performed in TIP3P
water. However, it is not a perfect water model.198 Other models, including TIP5P, which is
still rigid but includes lone-pair electrons, better estimate the viscosity of water99:200 ang
reproduce the temperature of maximum density of water.198.201 To the extent that the water
model serves principally to provide a damping force on electrostatic interactions or a
compressive force on the solute,13° the fact that it is not an optimum model for all properties
of water may not harm the simulation. However, in some cases, the water model can impact
the outcome of the simulation. Both the CHARMM36 and GLYCAMO6 force fields have
been reported to display excessively strong amino acid-sugar interactions,202:203
Additionally, with GLYCAMOS, it is possible to detect aggregation of oligosaccharides in
TIP3P water at oligosaccharide concentrations that are lower than the point at which
aggregation should occur.196:204 Thjs artifact disappears when the simulations are performed
in the TIP5P water model.2%4 When applied to deriving an electrostatic model for water, the
approach used for deriving partial atomic charges in GLYCAMO6 led to a water model that
was similar to TIP5P,295 suggesting the origin of the better performance of GLYCAMO6 in
TIP5P stems from balanced electrostatic interactions. Furthermore, when three water models
(TIP3P, —4P, and —5P) were examined, only TIP5P reproduced the known preference of a
key water moleculel®® to occupy a conserved water-binding site in the complex of the lectin
concanavalin A and a trisaccharide.170

5. MODELING GLYCOPROTEINS

In vivo, oligosaccharides are most often physically attached to either a protein (glycoprotein,
gp) or a lipid (glycolipid), and these are generally embedded in a cell membrane.29 The
immobilization of the glycan may restrict the number of conformational states that it can
adopt, and it certainly alters the manner in which the glycan can interact with other
receptors.207-210 |t s essential to understand the impact of glycan presentation on
recognition,210-213 whether relative to a biological surface or to a man-made surface, such
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as a glycan array, in order to advance from studies of small oligosaccharides in vitro (or in
silico) to biologically relevant interactions.%6:214.215 While glycosylation may not alter the
overall fold of the protein,®’ the covalent attachment of glycans to a protein has been shown
to dampen the protein backbone dynamics,216-218 with potential consequences for protein
stability?19 and enzyme activity.220 Additionally, there are important examples in which
glycosylation alters the conformational distributions of protein loops, including the case of
the V3 loop in gp120221-223 and the Fc domain in immunoglobulin G antibodies.224-226
Fortunately, the most serious hurdle (computational demand) to simulations of glycoproteins
is becoming less and less of a limitation. There is no intrinsic problem in generating a model
of a glycoprotein (based on an experimental or theoretical structure of the protein and a
structure, derived a priori, for the glycan), and subjecting it to MD refinement. There are,
however, several practical issues that must be addressed. Glycans are often deliberately
removed from proteins to aid in protein crystallization; when they are present, because of the
flexibility of the glycans, typically only the two or three monosaccharides closest to the
protein surface are resolved. A potential mistake made by nonexperts is to assume that the
monosaccharide residues present in the crystal structure represent the biologically relevant
glycan. This may not be the case, as often the outer branches on the glycan are not resolved
in the diffraction data. The first step in modeling glycoproteins is to identify the sites that
should be glycosylated; the second is to choose the glycan to model at that site.

Dealing with Glycan Heterogeneity and Partial Occupancy

One of the most challenging aspects of glycoprotein modeling arises from the fact that
naturally occurring glycoproteins exist as an ensemble of glycosylated variants (glycoforms)
that differ not in the protein sequence but in the composition of the glycans that are present
at each glycosylation site.22” Enzymatic processing of the glycans in the Golgi and
endoplasmic reticulum, and even by exogenous glycosidases, leads to microheterogeneity in
the composition of the glycans at each site.228:229 This information is generally not included
in the crystallographic structure file, and thus the modeler must decide which glycans to add
to each site. Moreover, the site occupancy (macroheterogeneity) may vary, depending on the
cell type and glycoprotein production conditions.228:229 Although it is possible to generate
models by selecting the glycans from glycomic data,23° modeling glycoproteins requires
assumptions or hypotheses to be made regarding the key glycoforms.213

The importance of glycoprotein micro- and macroheterogeneity cannot be overstated, given
that the motivations for modeling glycoproteins include understanding the effects of
glycosylation on protein function,23! defining the ability of the glycan to shield a pathogenic
protein from immune recognition,232-239 and rationalizing the recognition of clusters of
glycans on the glycoprotein surface.230.240.241 As an example, the glycans on the surface
antigen glycoproteins of the human immunodeficiency virus (HIV) shield it from human
immune detection (moderating its immunogenicity). Shown in Figure 11 is the glycan shield
present on the trimeric glycoprotein complex of gp120 and gp41;232:242 understanding the
relationship between surface glycosylation and biological function, and vaccine design, has
provided important motivation for glycoprotein modeling.221,232:243,244
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6. MODELING CARBOHYDRATE-PROTEIN COMPLEXES

Much has been learned regarding the relationships between linkage positions and hydroxyl-
group configurations and oligosaccharide 3D structure, to the extent that accurate prediction
of the conformation of oligosaccharides is now routine. Nevertheless, the biological function
of most glycans involves, at one stage or another, their interaction with a receptor, typically a
protein.206.245 The ability to characterize carbohydrate-protein complexes is therefore at the
forefront of understanding the function of glycans in biology. This arena has long been
dominated by protein crystallography, and to a lesser extent by NMR methods.246 Neither of
these methods is high-throughput, presenting an important opportunity for theoretical
modeling.24’ Fortunately, from a modeling point of view, in the majority of examples,
receptor proteins, at least those that are not enzymes, appear to have evolved to bind to the
most populated solution conformation of the oligosaccharide (Figure 12).248.249 Gjven a
structure for a receptor protein cocomplexed with an oligosaccharide, there are no particular
challenges associated with its simulation, although there are some important details to
consider.

6.1. Hydrogen Bonds

Hydrogen bonds are a hallmark of all protein—carbohydrate complexes; however, these are
not observed explicitly in crystal structures (the hydrogen atoms are rarely resolved) but are
only inferred from the distances between electronegative atoms. Adding the missing
hydrogen atoms is often straightforward and based on analytical placement, with some
important exceptions. Additionally, at physiological pH, the ionizable side chains of proteins
and oligosaccharides are assumed by default to be charged. However, with carbohydrate
ligands, the hydrogen bonds inevitably involve hydroxyl groups, which may be either donors
or acceptors, and so the location of hydroxyl hydrogen atoms can be ambiguous in a
complex. The same issue arises with waters of crystallization. Nor is the protonation state of
a histidine residue necessarily known or uniquely inferable in the complex. One simple
remedy is to restrain only the non-hydrogen atoms in the carbohydrate, protein, and waters
of crystallization during an initial MD simulation phase, allowing the hydrogen atoms to
reorient to their preferred locations, prior to releasing the constraints.

6.2. pH Effects

But what if the structure of the complex was not determined at physiological pH, or what if
the biological activity occurs at lower or higher pH? A recent analysis of the binding of
heparin fragments to the heparin receptor protein (CCL5) serves to illustrate the importance
of pH effects in MD simulations of carbohydrate—protein complexes.220 To avoid stochastic
aggregation, it is common practice to study protein—glycosaminoglycan complexes at low
pH (pH = 3—4). Initial simulations of the heparin—CCL5 complex that assumed a neutral
pH failed to reproduce the cocrystal structure; the ligand was unstable and relocated from a
presumed binding groove to a nearby loop where the sulfate moieties interacted with basic
amino acids [arginine (R) and lysine (K)]. Only when the protein aspartate, glutamate, and
histidine residues and the carbohydrate uronic acids were treated as protonated was the MD
of the complex stable in the crystallographic pose.2%0 The take-home message here is that,
the ionization states of the protein residues can significantly alter the preferred
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oligosaccharide binding site. But even more importantly, the artificially low pH employed
during cocrystallization,251:252 appears to have biased the structure of the cocomplex.
Further simulations under physiological conditions and experimental point mutagenesis
confirmed that the biologically relevant binding mode indeed involved the basic amino acids
in the loop domain.250

in Protein Data Bank Data

Although several programs exist to check the accuracy of protein structures before and after
deposition into the Protein Data Bank (PDB), remarkably little curation is performed on the
carbohydrates in these structures. This has led to a very high level of errors, either in the
coordinates or in other aspects.248:253.254 Jyst as it is well-known that the orientation of the
terminal amides of glutamine and asparagine may be ambiguous in protein structures, it is
worth noting some of the issues that abound in the carbohydrate ligands. These include
flipped amides (most notably in sialic acid residues) and severely distorted ring shapes.
These problems may resolve themselves during an MD simulation, but then the modeler is
left with the task of justifying why the model disagrees with the crystal structure. The old
adage—that everyone trusts an experimental result except the person who performed the
experiment, while no one trusts a theoretical result except the person who performed the
calculation—would perhaps be less onerous on the theoretician if the experimental data were
better curated! But what to do if a crystallographic cocomplex is not available at all?

7. DOCKING OLIGOSACCHARIDES TO PROTEINS

Perhaps the most challenging task in carbohydrate modeling is generating plausible
structures for carbohydrate—protein complexes in the absence of crystallographic data.
247255256 et the ability to do this accurately is arguably what would most rapidly advance
the development of carbohydrate-mediated disease interventions. Whereas accurate
prediction of the conformational properties of oligosaccharides is now relatively
straightforward’ the same cannot be said for prediction of their complexes with proteins.
Although much progress has been made’ the community of carbohydrate modelers and
structural biologists might benefit significantly from increased participation in the Critical
Assessment of PRediction of Interactions (CAPRI) competition. CAPRI is aimed at
evaluating the ability of docking protocols to correctly predict the 3D structures of
cocomplexes.257 The experimental coordinates of the ligand are kept secret until after the
double-blind competition’ thus offering an objective opportunity for the assessment of
docking protocols.

7.1. Preparing the Receptor and Validating the Model

Just as it is important to prepare a protein for MD simulation by adjusting hydrogen
positions and checking for flipped amino acid side chains (glutamine, asparagine).28 the
outcome of docking will also benefit from careful preparation ofthe protein. Until recently,
256 ng docking protocols included the conformational preferences of carbohydrate ligands,
and it remains good practice to test the applicability of any chosen method prior to
beginning a project. A common validation test or positive control is to ensure that the
docking algorithm can correctly predict the pose of a carbohydrate ligand relative to a
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known cocomplex. If the intent is to treat some part of the ligand as flexible (the glycosidic
linkages, perhaps, or the hydroxyl groups), the impact of this on the positive control should
also be evaluated. Regardless of the successful reproduction of the positive control, it would
be naive to assume that it will also succeed on a different protein and or with a different
ligand. Fortunately, there are a number of additional steps that can be taken to help increase
the likelihood that the docked complex is accurate, including indirect experimental
validation.

Flexible or Rigid Receptor Docking

Docking produces two results: one is a list of ligand poses that are theoretically optimally
aligned to the protein surface, and the other is an estimate of the interaction energy for each
pose. It is common practice to treat the protein as rigid and consider flexibility only within
the ligand.259:260 This can be a severe approximation, as it eliminates the possibility of
treating induced fit in the protein. However, unless the docking protocol explicitly treats the
conformational preferences of the glycosidic linkages,2°6:261 introducing protein flexibility
is likely only to provide additional opportunities for generating poses with incorrect
conformations of the oligosaccharide. This likelihood is enhanced by the fact that CH—r
interactions, which are commonly seen between monosaccharides and aromatic amino acid
side chains,262:263 gre not explicitly treated in current biomolecular or docking force fields.
264 |f the protein side chains are to be treated as flexible, it may be preferable to keep the
carbohydrate rigid to reduce the number of degrees of freedom and thus enhance the
sampling of nearly correct poses. Fortunately, it has been shown that in the majority of
carbohydrate-containing crystal structures, with the potential exception of enzymes, the
oligosaccharide adopts low-energy solution-like conformations (Figure 12).248:249

In the case of glycans, the obvious coordinate to permit to be flexible would be the
glycosidic torsion angles, as these directly impact the 3D shape of the ligand. As illustrated
in Figure 4, glycosidic linkages have well-defined conformational preferences that limit the
potential number of conformational states. As most docking programs are unaware of the
conformational preferences of ligands, carbohydrate docking can lead to unreasonable
distortions of the ligand shape.2%6 While the correct pose may be present among the docking
output, it is far from certain to be the top-ranked pose.256:265-268 Thys it is good practice to
objectively detect and remove unlikely conformations generated by docking prior to
proceeding with further analysis.249 Other advances have focused productively on exploiting
the observation that the hydroxyl groups in monosaccharides often displace bound waters in
the protein binding site.171.269.270 Thys, an awareness of the preferred water sites can be
employed to guide carbohydrate docking.2’1 Docking may be performed with a limited
number of the protein positions permitted to be flexible, but at present it cannot generally
treat monosaccharide rings flexibly. For the majority of oligosaccharides this is not a
significant limitation; however, when docking oligosaccharides that contain flexible rings,
such as furanoses, or certain pyranoses (IdoA), the lack of ring flexibility may be an
important limitation. At present the options are (i) to generate and dock multiple shapes of
an oligosaccharide as a function of ring shape, a process that is automated in the
RosettaCarbohydrate package, 251 or (ii) to perform an MD simulation of the docked
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complex. This latter approach is frequently seen in docking studies, as it also permits the
protein to move and reintroduces water molecules,110.111,255,.272

7.3. Noncrystallographic Approaches to Validation

Regarding experimental validation, in the absence of a crystal structure, STD NMR data
(already discussed) can provide important corroboration.109-111.273 Additional experimental
data that may be useful for validation of the docked pose include an analysis of the impact of
point mutagenesis or alanine scanning on glycan recognition.119:297 |f mutating a residue to
alanine impacts ligand binding, then the assumption is that the residue is likely to be
proximal to the ligand. The docked model should be consistent with the effects of such
mutations. Prior to the widespread availability of protein crystallography, chemical
modifications to the ligand, such as O-methylation or deoxygenation, were employed to
identify those hydroxyl groups involved in hydrogen bonds with the protein.2’4 When
available, such data can also be used to validate proposed cocomplexes. More recently,
glycan array screening (GAS)275-279 has become widely used to identify binding partners
for a given protein, from an array of on the order of 500 glycans. However, the specificities
observed (oligosaccharides that bind and those that do not) can also serve to identify the
acceptable poses from docking.111 All binding ligands in the glycan array that share the
same motif as that docked to the protein (the minimal binding determinant) should align
similarly in the protein binding site,2’> whereas nonbinders that share the same motif might
be expected to lead to clashes with the protein surface.111.275 The optimal pose from
docking should enable a rationalization of both the binding and nonbinding ligands from
GAS. At least one online tool (Gly-Spec, www.glycam.org/gr) has been developed to
facilitate such comparisons.280

8. ISSUES AND PROSPECTS

In this final section, we will summarize those areas of carbohydrate modeling that remain or
have emerged as challenges and provide some general guidelines. Conformational sampling
in MD simulations has historically been insufficient to claim convergence, but with routine
access to microsecond time scales, sufficient sampling can now often be achieved. Certain
systems, such as those displaying large domain motions,6:224 will still require longer times
or alternative approaches in order to converge, and the extent of convergence should always
be examined. That said, a converged value represents the limit of the performance of a given
force field and water model, and the model should not be mistaken for reality. More complex
issues include optimal parameters for the modeling of ions, with one interesting recent
proposal being to model Ca2* as an ion with bound water molecules.183 Other remaining
issues include the potential need to include CH-r interactions explicitly, as well as charge
polarization. This latter aspect has received considerable attention,281-287 put broad adoption
within the biomolecular modeling community has been slow.

The GLYCAM force field was introduced in 1995,288 followed by the report of a 1 ns
solvated MD simulation of a high-mannose oligosaccharide (Man-9),%” which took
approximately 1 month of real time to obtain on a supercomputer. At the time, this
represented the state of the art, and to play on the words of Neil Armstrong, it could be
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described as being one small step for Man, one giant leap for Man-9. A comparable data set
could now be obtained in hours running on a personal computer. However, to achieve
converged sampling of rotational transitions for some glycosidic linkages, especially those
with three or more bonds, requires time scales well into the microsecond regime.289 With
optimized hardware and MD code, it is even possible to extend into the millisecond time
scale,2%0 although this is far from routine. MD over shorter time scales may nevertheless be
employed to objectively identify relevant conformational states,61:62.65 which can be used in
the interpretation of NMR data, but the essential question remains: “How long is long
enough for an MD simulation?”

The answer to this question depends on the lifetimes, or transition frequencies, of the
motional properties that are under consideration. With the ability to achieve convergence of
many structural properties by MD, simulations have moved from being largely retrospective
to predictive.40-289 As well as facilitating the prediction of conformational populations,29:6
the ability to achieve convergence greatly enhances the power of MD simulations as a tool
for force field validation.28:33.40,73,291

Most current biomolecular force fields have similar fundamental formulations and may be
said to have reached (or nearly so) a first-order approximation for modeling molecular
structures. More complicated force fields drastically increase the real time required for an
MD simulation to achieve convergence. Quantifying the improvements offered by such
second-order evolutions of a force field are difficult to assess until convergence can be
obtained. Viewed in hindsight, theoretical improvements in carbohydrate modeling have led
to a much greater depth of understanding of the properties of these complex molecules and
to the ability to quantify many key features, but they have not profoundly altered many of
the conclusions derived from extremely approximate early models, at least regarding their
conformational preferences. Fortunately, the ever-increasing capability of computers and
software enables the performance of increasingly complex force fields to be evaluated.

A unique challenge in modeling highly glycosylated glycoproteins is the generation of an
initial model that does not contain glycan-glycan or glycan-protein collisions. The glycans
are frequently added to the protein with no prior knowledge of their orientation relative to
the surface; for multiple glycans in close proximity, severe overlaps can be generated that
may not be resolved by simple energy minimization. Thus, at present, some element of
manual adjustment of glycan orientation may be required prior to initiating simulations. To
remove any resulting artifacts and obtain viable conformational distributions for the glycans,
one approach is to subject the glycoprotein to long MD simulations.?13 Improvements in
glycan placement algorithms292 are going to become increasingly important, as more
glycoproteins become the object of structural analysis.

Noncrystallographic methods applicable to validating carbohydrate modeling include fast
photochemical oxidation of proteins (FPOP), which offers the potential to provide relatively
high-throughput detection of protein residues that are shielded from solvent.2%3 As the
technique matures, FPOP data offer the possibility of generating data for the protein that are
complementary to ligand STD NMR data, in the sense that the FPOP data can be related to
the surface residues shielded in a complex.208.294 Additionally, the rapidly advancing
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resolution capabilities of cryo-electron microscopy offer an exciting additional source of
experimental data to validate and develop theoretical models of glycoproteins.295:296
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Figure2.
Orientation of the principal axis frame of the order tensor relative to the structure of a

tetrasaccharide fragment of heparin with ring B in (A) 2 conformation and (B) 1C,
conformation. Reprinted with permission from ref 82. Copyright 2009 Oxford University
Press.
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Figure 3.
Normalized NMR-STD data for the Thompson—Friedenreich (TF, Galpl — 3GalNAca)

disaccharide cancer antigen complexed with an anti-TF antibody: experimental (upper) and
theoretical (lower) intensities are shown as circles, with fill density proportional to the
normalized intensity. Reprinted from ref 111. Public Library of Science 2013, licensed under
CCBY 4.0.
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Bond rotational energies computed at the QM B3LYP/6-31G(2d,2p)//B3LYP/6-31G(2d,2p)
level for equatorial and axial 2-OMe-THP and their cyclohexyl analogues, indicating only
one dominant energy minimum in the 2-OMe-THP variants, due to the presence of the

exoanomeric effect in these analogues.
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Figureb.
Electronic origin [ny(O) — ¢*(C-0O)] of (top) the endoanomeric effect and (bottom) the

exoanomeric effect.
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Schematic representation of the high-mannose oligosaccharide MangGIcNAC,, indicating
the two 1-6 linkages that each contain three bonds.
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Figure7.
Four stable conformers®:144 of a high-mannose glycan (MangGIcNAc,, Man-9) generated by

use of GLYCAM-Web (www.glycam.org), displayed in 3D-SNFG icon mode (left) and full
3D-SNFG mode (right), where SNFG is symbol nomenclature for glycans. Upper row inner/
outer 1-6 linkage conformations shown are gg/gg (top left), gg/gt (top right), gt/gg (bottom
left), and gt/gt (bottom right). In the 3D-SNFG representations, mannopyranose is shown as
a green sphere and A-acetylglucopyranosamine is shown as a blue cube.14%146 |mages were
generated with Visual Molecular Dynamics (VMD),147 using the 3D-SNFG plug-in
available at www.glycam.org/3d-snfg.
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1, structure of 1doA (upper left) is dominant in solution1’ despite the presence of two

destabilizing 1-3 diaxial oxygen groups. In contrast, GIcA (lower) prefers exclusively the
4Cy structure.
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Figure9.
(A) Schematic representation explaining the sulfation pattern-related hydrogen bonds (in

blue) and repulsive effects (in red) in a fucan octasaccharide. (B) Atomic distances between
neighboring residue interactions. Reprinted with permission from ref 152. Copyright 2009
Oxford University Press.
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Figure 10.
Trisaccharide fragment of 2—8-linked poly(sialic acid) (PSA), with the highly inflexible w

angles shown in red and the potentially flexible ¢ and ¥ angles shown in green.
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Figure 11.
Site-specific glycosylation profiles for HIV gp120/gp41 trimer antigen. Reprinted from ref

232. Elsevier 2016, licensed under CC BY 4.0.
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NMR-Based and Computed Populations for Interresidue Torsion Angles in Fragments of PSA Trisialoside a-

Table 1.

Neu5Ac-(2-8)-a-Neu5Ac-(2-8)-a-Neu5Ac-OMe (a-b-c)%

linkage

terminal a

internal b

internal ¢

terminal a

internal b

internal ¢

+gauche/trans/-gauche populations (%)

by NMR

w’? Angle
100/0/0
100/0/0

w 8 Angle
100/0/0
0/100/0

«9 Angle
60/25/0

60/25/0
66/31/0

by MD (100 ns)

100/0/0
100/0/0

100/0/0
15/7477

70/30/0
89/11/0
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