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Assessment of Glycoproteins Dynamics from Computer Simulations
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Abstract: Glycoproteins are synthesized in most of the living organisms, being major components of the outer surface of mammalian
cells and most of the secreted proteins in eukaryotes. Accordingly, a better comprehension of the biological processes in which they are
involved requires the characterization of their structure and conformation. As such rationale faces several difficulties from both experi-
mental and theoretical approaches, this review summarizes the current state of the art and methods employed to model and represent gly-
coproteins, including their carbohydrate moieties, through computer simulations.
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1. INTRODUCTION

Glycoproteins are major components of the outer surface of
mammalian cells and represent most of the secreted proteins in
eukaryotes [1]. In fact, carbohydrate moieties may be covalently
attached to polypeptide chains in most of the living organisms [2].
Such oligosaccharides are reported to be able to modify several
properties of such molecules (Table 1) [3-5], including solubility
[6,7], folding and conformation [8-10], which, in turn, may influ-
ence glycoproteins biological roles. In this context, the comprehen-
sion, at the atomic level, of their interaction with solvent and target
biomacromolecules passes through the characterization of their
structure and conformation through experimental and/or theoretical
techniques.

[11]. In addition, the crystal environment may be capable to bend
their structure, as a recent survey of Protein Data Bank (PDB) en-
tries containing oligosaccharides suggests that about one-third of
them contain significant errors in carbohydrate stereochemistry,
nomenclature and consistency with the electron density [12,13]. As
mentioned by Crispin and co-workers, some of the proposed mod-
els contain not only systematic errors in carbohydrate stereochemis-
try, but also hitherto unreported motifs in the primary structures of
the glycans [13]. For example, there are approximately two hundred
cases for which the PDB had to assign, by stereochemistry match-
ing, the incorrect 2-(acetylamino)-2-deoxy-a-D-glucopyranose
(NDG) rather than the correct 2-(acetylamino)-2-deoxy-p-D-
glucopyranose (NAG) [14], which have been considered to differ-

Table 1. Effects of Glycosylation on Proteins and their Surrounding Environment

Property

Effect”

Resistance to proteolysis

Resistance to denaturation

Physico-chemical

Increasing solution viscosity

Lowering solution freezing point

Increasing protein solubility

Shifting optimum pH

Enzymological

Altering catalytic activity

Preventing aggregation

Folding

Facilitating interaction with chaperones

Nucleation of B turns

Altering protein—protein recognition

Altering protein—carbohydrate recognition

Biological activity

Altering transport and secretion tax

Increasing / Decreasing multimerization

* Data from [3-5].

From the experimental point of view, the high flexibility of car-
bohydrate moieties may be a hindering factor for their crystalliza-
tion, as well as their high degree of coordination to water molecules
and the lack of strong lipophilic or dipolar inter-residue interactions

*Address correspondence to this author at the Centro de Biotecnologia, Universidade
Federal do Rio Grande do Sul, Av Bento Gongalves 9500, CP 15005, Porto Alegre
91500-970, RS, Brazil; Tel: +55-51-3308-7770; Fax: +55-51-3308-7309;
E-mail: hverli@cbiot.ufrgs.br

1570-193X/11 $58.00+.00

entially affect proteins structure and dynamics [15]. Unlike X-ray
crystallography, that determine carbohydrates conformation at the
crystal environment, NMR spectroscopy provides a set of spatial
constraints representing solution averaged conformations. Unfortu-
nately, NMR techniques may face difficulties in supplying an ade-
quate number of NOE signals for carbohydrates three-dimensional
(3D) characterization [11]. In addition, the derived solution averaged
conformational states may not correspond to conformations populated
in solution [16]. From the theoretical point of view, when properly
validated and in conjunction with the above-mentioned experimental

© 2011 Bentham Science Publishers Ltd.
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Fig. (1). Schematic representation of building a glycoprotein model.

Pol-Fachin and Verli

Energy minimization,
simulated annealing or
building from disaccharide level

Table 2. Available Resources for Building Glycoproteins and their Carbohydrate Moieties

Resource Description Ref

Online Glycoprotein Builder Building oligosaccharides and their linking to proteins [18]
Carbohydrate 3D Structure Predictor Generation of 3D models for carbohydrates [18]
Glydict Prediction of 3D structures for N-oligosaccharides [19]

Glyprot Attachment of N-linked oligosaccharides to proteins [20]

information, as well as relevant biochemical data, computer simula-
tions emerge as a promising tool, capable to describe glycoproteins
and mimic biological solutions.

2. GENERAL IDEA ON BUILDING MODELS FOR GLYCO-
PROTEINS

While the simulation of proteins may employ a starting geome-
try derived directly from PDB or from comparative modeling,
computational studies on glycoproteins require additional steps as,
in most cases, their complete forms are still not available in PDB.
As a general feature, as illustrated in Fig. (1) (using thrombin
structure under PDB ID 1DOJ as a model [17]), these steps include:
(I) obtaining a 3D structure for the protein moiety; (II) obtaining a
3D structure for the carbohydrate moiety; and (III) attachment of
the saccharidic and peptidic segments into a final model. In this
context, while web-based resources [18-20] may be employed to
build glycan chains and attach them to proteins (Table 2), each step
may be completed separately using distinct approaches and refine-
ments and so supporting a fine tuning of the glycan conformation.

Regarding the first step, which embraces the obtaining of 3D
structures for the protein moiety (Fig. (1A)), retrieving an X-ray or
NMR structure from PDB data bank is generally the better option.
Additionally, comparative modeling may be adequately employed

in the absence of previous 3D experimental data to generate realis-
tic models, given that the homologous sequence (target) shares with
the experimentally established protein structure (template) signifi-
cant sequence (30% or more) or structural similarity [21-23]. As
well, in order to increase the accuracy of the produced models, the
conformational space of such protein may be sampled, which con-
sist in a good test and application for simulations methods as mo-
lecular dynamics (MD) [22].

In relation to the second step, comprising the achievement of
3D models for the carbohydrate moiety, theoretical approaches
represent the most accessible source of information, seeing that
some difficulties may be faced on obtaining meaningful experimen-
tal models for glycans (as above-discussed). Yet, X-ray structures,
NMR models, J coupling constants, ring puckering or NOE signals
should be employed, whenever available, to validate the obtained
conformations.

Finally, in the third stage, a model for the studied glycoprotein
is obtained by linking both protein and carbohydrate moieties in
conformity to specific geometrical terms, which are well known for
the N-glycosidic linkage [24,25], but mostly absent for other types
of carbohydrate-amino acid linkages (see further in the text). How-
ever, as it will be discussed below, given the dynamical features of
carbohydrates, the use of static, single models of glycoproteins for
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Fig. (2). Schematics of constructing a glycan chain from the disaccharide level. The conformational preferences of each glycosidic linkage composing a given
oligosaccharide may be obtained from energy contour plots or solution simulations (B-GlcNAc-(1—N)-Asn employed as an example). Such conformational
states from disaccharide units may be further combined in order to build the 3D model for the studied carbohydrate moiety.

interpretation of structural, functional and biological aspects of this
class of biomolecules, should be carefully evaluated.

3. OBTAINING MODELS FOR GLYCANS

Carbohydrates are considered to have several orders of magni-
tude higher potential information content than any other biological
macromolecule [26], mainly due to their great structural diversity,
comprehending: the number of possible monosaccharide units, the
formation of linear or branched structures, the two stereochemical
possibilities on the linkages between saccharide units (a or p), the
two potential isomeric forms (-D or -L) and covalent modifications
in sugar residues, as methylation, sulfation, acetylation and phos-
phorylation [27]. In fact, while mammalian glycans rely on a group
of approximately 10 common monosaccharide units, including N-
acetyl-D-glucosamine (GIcNAc), D-mannose (Man), D-galactose
(Gal), L-fucose (Fuc), neuraminic acid (NeuAc), N-acetyl-D-
galactosamine (GalNAc) and D-glucose (Glc) [28,29], glycans as-
sembled by other organisms may include an indeterminate number
of such building blocks, employing a series of additional monosac-
charide units, not found in mammalian organisms, such as pentoses
[2,27,30]. All these properties make carbohydrates one of the most
challenging classes of biomolecules for conformational characteri-
zation [11].

3.1. Strategies for Conformational Analysis of Carbohydrates

The methods employed in conformational analysis of com-
pounds may generally fall into three distinct categories: (1) those
that are random or stochastic, as MD, Monte Carlo and distance
geometry based techniques; (2) those based on heuristics and artifi-
cial intelligence methods; and (3) those that are systematic [31].

While Monte Carlo approaches were shown to support a solid
search for the conformational space of carbohydrates [32], strate-
gies employed to date, specifically for modeling entire carbohydrate
moieties of glycoproteins, include energy minimization [33] and
simulated annealing [34]. However, the greater is the glycan moiety
complexity, more difficult becomes the sampling of the molecule
conformational space. Therefore, alternatively, such oligosaccha-
rides may be built from the disaccharide level [35-37], in which
minimum energy conformers from systematic analyses and/or MD
derived conformations of isolated disaccharides may be used to
build the complete oligosaccharide (Fig. (2)). This simplification
appears to not impair the assessment of reliable glycoprotein mod-
els when compared to experimental data [37,38].

The determination of disaccharides conformational preferences
are usually performed by describing their preferred conformations
on potential energy surfaces as a function of their glycosidic tor-
sional angles @ and ¥ [26]. Several methods may be employed for
calculating such maps. As it is usually considered that the most
important energy variations are those related with the glycosidic
dihedral angles [39], the hard sphere potential surfaces approach
considers the constituent monosaccharides as rigid spheres, includ-
ing the exocyclic groups. As a consequence, the glycosidic linkage
geometry is determined by the spatial arrangement of such spheres
[40]. Whereas simplified, such approach has being recently shown
to support a reliable conformational description of complex systems
in coarse grained MD simulations [41-43]. In spite of that, impor-
tant variations in pyranoid ring geometries and orientations of pen-
dent groups associated with @ and ¥ rotation may be observed,
which emphasize the need for a model to include bond length and
angle degrees of freedom in some cases [40]. For instance, by al-
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Fig. (3). The three main types of N-glycans observed in eukaryotes. The core pentasaccharide is shown inside the dashed lines.

lowing the atom coordinates to be minimized, a relaxed contour
plot may be obtained, consisting in a fast approach for describing
disaccharides conformational preferences. Such approach usually
allows a lowering in both energy barriers between minima and en-
ergy of global and local minima, in comparison to maps obtained
with hard sphere potential surfaces technique [40]. However, while
in relaxed maps only rotations around glycosidic linkage dihedrals
are systematically sampled, it should be considered that the orienta-
tion of secondary hydroxyl, hydroxymethyl and primary hydroxyl
groups, as well as the different degrees of ring puckering, may in-
fluence the calculated final energy [39,44]. Therefore, when all of
such angles are taken into account for searching the lowest energy
of each point in the ®-Y¥ space, an adiabatic map is obtained.

Moreover, ab initio [45,46], density functional theory (DFT)
[47,48] and molecular mechanics (MM) [49] have been employed
to generate energy contour plots for disaccharides. While ab initio
and DFT procedures may better describe the aspects determining
glycosidic linkages geometry (as the exo-anomeric effect), and it
may be difficult to properly describe such interactions in MM force
fields [11], when such parameters are well validated, MM may
provide adequate agreement with experimental data. As well, the
many local minima possibly existing in ab initio or DFT obtained
conformational maps for disaccharides may masquerade each other,
reducing the contour plot quality [45]. Also, considering that MM is
much less time demanding than quantum mechanical calculations,
the former methodology is usually more applied to study the con-
formational preferences of disaccharides.

3.2. Force Fields for Carbohydrates

In the context of the carbohydrate moieties within glycopro-
teins, few groups of parameters have been employed for their con-
formational description, mainly by means of building energy con-
tour plots in vacuum, as CHARMM [50], CVFF [51] and GRO-
MOS96 [52,53]. Nevertheless, the largest amount of data about
such disaccharides is based on MM3 [54,55], which is recognized
to offer a highly detailed representation of carbohydrates conforma-
tional features in vacuum [56,57], whereas not used for representing
glycoproteins (see further). The so obtained disaccharide conforma-
tions have been used in tools for 3D prediction of N-linked oligosac-
charides (Glydict) [19] and for their attachment to proteins PDB
structures (Glyprot) [20]. Such topic, including several other force
field parameters for carbohydrates, is reviewed elsewhere [58,59].

Conformational search methods have indeed been employed to
characterize the conformational behavior of carbohydrates [60],
mainly through energy contour plots for disaccharides in vacuum.
On the other hand, explicit solvent simulations have been consid-
ered as capable to better reproduce the conformational properties of
oligosaccharides in comparison to calculation in its absence [32,61-
64]. In spite of that, such vacuum derived conformations are not
commonly associated with solution MD simulations, in order to
achieve a proper conformational ensemble [60].

3.3. Solution Simulations of Carbohydrates

The explicit inclusion of solvent molecules has been described
to reveal a distinct set of conformers when compared to calculations
in its absence [65]. Specifically in the case of the carbohydrate
moiety of glycoproteins, which present a high degree of branching,
solvation appeared to be required to disclose conformations closer
to those observed by experimental data [35,37]. In this context,
while branching has been proposed to stiffen oligosaccharide main
chains [11,64], the majority of conformational transitions in the
carbohydrate moiety of glycoproteins have been observed to occur
at their branching linkages [35]. Yet, the conformation and dynam-
ics of these glycans [35,37] and other branched oligosaccharides
[64], obtained from computer MD simulations with diverse force
field parameters, have been observed to be in accordance to previ-
ous experimental data, mainly NMR, which further support the
validity of solution simulations on these systems.

In fact, the role of solvation on the conformational preferences
of glycosidic linkages composing the pentasaccharidic central core
of N-glycans (Fig. 3), where some branching points are located, is
reinforced by several studies [66,67]. Regarding the B-D-Man-
(1—4)-B-D-GlcNAc-(1—4)-B-D-GIcNAc unit, a more entropically
favored conformation could be observed after solvation, in com-
parison to the vacuum structure, by means of a glycosidic linkage
geometry modification and further interaction with water molecules
[67]. In addition, residency times for water molecules were ob-
served to be highly prevalent around the central core pentasaccha-
ride, influencing the flexibility and overall topology of an oligo-
mannose N-glycan [66]. These data reinforce the importance in
submitting carbohydrate structural models to simulation techniques,
if possible under explicit solvent conditions, as a strategy to obtain
reliable solution models for such class of molecules.

4. SETTLING AND REFINING MODELS
PROTEINS

After suitable models for both protein and carbohydrate moie-
ties are obtained, the glycosylated amino acid residue and the first
monosaccharide of the glycan must be correctly attached, as the
geometry of such glycosidic linkages determines the exposure of
the glycan chains on the protein surface. To date, about five differ-
ent glycosylation types are identified, comprising ~40 glycosidic
linkages occurring in nature [2], distributed in essentially all living
organisms (Table 3). In spite of such diversity, experimental data
on the conformational preferences of such linkages are mostly re-
stricted to the N- glycosyl bond (B-GlcNAc-(1—N)-Asn) [24,25],
while only ~10 N- and O-glycosylation motifs have been hitherto
conformationally studied by molecular modeling techniques [38,68-
72]. In the absence of an adequate picture of the conformational
features associated to such additional types of monosaccharide-
amino acid linkages, as C-glycosylation and P-glycosylation, the

FOR GLYCO-
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Table 3. Phylogenetic Distribution of Glycosidic Linkages Between Monosaccharides and Amino Acids

Glycosylation Type Distribution®
Eukaryotes Archaea Bacteria
N-glycosylation + + +
O-glycosylation + + +
Glypiation + + -
C-glycosylation + - -
P-glycosylation + - -
* Based on data from reference [2];
Table 4. Glycoproteins MD Simulations Studies
Glycoprotein Number of Models Simulated Time (Each) Refs
Lectin® 1 0.3 ns [35]
gpl20° 2 0.1 ns [74]
MHC Class I 4 0.5 ns [36]
Human prion protein 1 ~2ns [33]
Antifreeze glycoprotein 8 10 2ns [75]
Human coagulation fVII 1 ~3ns [76]
Human mucin® 3 Ins [77]
Hemagglutinin® 2 10 ns [15]
EGF-like domain 1 50 ns [38]
CD59° 3 50 ns [38]
Human CD2 domain 2 50 ns [38]
a-subunit of hCG* 2 50 ns [38]
Ovine ciclooxygenase-1 1 50 ns [37]
Murine ciclooxygenase-2 1 50 ns [37]

*From Erythrina corallodendron;

® Glycopeptides derived from such molecules;
© Human complement regulatory protein CD59;
4 Human chorionic gonadotropin.

derived glycoprotein models may probably reveal biologically ir-
relevant protein-carbohydrate interactions, thus failing to properly
describe one of its main structural aspects.

Subsequent to the obtaining of a glycoprotein model, refine-
ment techniques may be employed to enhance its biological mean-
ing. While some studies make use of energy minimization, for in-
stance, to minimize bad steric interactions [73], solution simula-
tions are often employed for this purpose [15,33,35-38,74-77], also
supporting an investigation of the conformational space associated
to such macromolecules. As MD simulations are a usual choice, it
carries the challenge of covering sufficiently long time scales, nec-
essary to adequately represent biological phenomena and/or ex-
perimental data [78]. For instance, reproduction of atomic force
microscopy (AFM) data based on steered molecular dynamics
(SMD) is not readily achievable due to the gap between the time
scales of computer simulations (up to ~1 ps) and AFM measure-
ments (~1 s) [79]. In spite of that, the recent advances regarding
both hardware and software have supported a progressive increase
in timescales accessible through MD simulations. The computa-
tional cost associated with carbohydrate simulations, for instance,
had supported conformational samplings in the microsecond times-
cale, providing detailed information on such compounds dynamics,
partially inaccessible to experiment, at the monosaccharide [80],
disaccharide [81] and oligosaccharide [82] levels. Conversely, in
the context of glycoproteins, the difficulties in achieving higher
time scales are proportional to the systems size, being usually in the
order of tens of nanosecond [37, 38].

4.1. Conformational Ensemble and Multiple Models

Conformational fluctuations are considered essential to the
functions of proteins [78] and, consequently, of glycoproteins. In
this context, simulation methods, as MD simulations, are capable to
provide data on macromolecules conformational ensemble at the
atomic level [83]. In order to obtain a proper conformational sam-
pling during MD simulations, the energy barriers associated to the
system degrees of freedom should be overcome in order to allow its
configurational space to be explored [84]. While this sampling may
be achieved by means of long time simulations, conversely, multi-
ple simulations may be performed for the same system, starting
from diverse initial conformations, which may support divergent
[85] and convergent conformational descriptions [86] at the
achieved time scales. Accordingly, multiple starting geometries had
been employed when simulating glycoproteins, usually being ob-
tained from multiple NMR models, multiple starting geometries for
a given glycan moiety or multiple glycan compositions for a same
glycoprotein, as demonstrated in Table 4 [15,33,35-38,74-77].

The use of multiple starting models is particularly important
when simulating glycoproteins as a strategy to accurately describe
their glycan moieties flexible pattern [11,26]. As illustrated in Fig.
(4), a single glycoprotein 3D structure is not capable to properly
represent the conformational ensemble adopted by any of three
glycan chains determined by distinct NMR studies [87-89]. Simi-
larly, a single glycoprotein static model is not representative of its
plasticity, requiring an adequate conformational ensemble descrip-
tion, as obtained by means of simulation based methods. In fact, the
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Fig. (4). Comparison between single and multiple models for representing the carbohydrate moiety of glycoproteins.

inclusion of molecular motion in glycoproteins study, as well as
protein-carbohydrate complexes, may not be only important to
evaluate glycosidic linkages modifications in the carbohydrate moi-
ety, but also alterations in monosaccharide conformations. In this
context, while chair conformations are considered the most popu-
lated in aqueous solutions [90], different ring puckering conformers
have been described as relevant for some systems, both when free
in solution [80,81] or bound to a target molecule [91].

4.2. Force Fields for Glycoproteins

As a general feature, in order to allow the study of glycopro-
teins, both carbohydrate and protein moieties should be described
by the same, properly validated, force field [11]. In this context,
most MD simulation programs are well-suited for modeling the
protein part, while a lower number of them have tools for modeling
of oligosaccharides moiety [26,58]. On the other hand, the linkage
between them is considered, at times, to not be correctly taken into
account [68], which indicates that a proper parameterization of the
linkages between amino acids and monosaccharides is an important
challenge for future refinements in force fields for glycoproteins.
For example, while five different types of connections have been so
far observed to occur in living organisms (Table 3), studies on their
conformational preferences have been reported for only two of
them, that is, N- and O-glycosidic linkages. Accordingly, advance-
ments in the comprehension of their molecular behavior, by means
of new and better force field parameters, may further contribute in
increasing our knowledge on glycoproteins biological functions.

Furthermore, to properly mimic glycoproteins biological envi-
ronment, water molecules and counter ions are usually considered
during simulations. In this context, taking into account that some of
the parameters most employed to study isolated disaccharides (as
the MM3 force field) were developed for the gas phase, their appli-
cability for describing such molecules in solution is unclear [57].
Moreover, the behavior of such force fields when applied to simu-
late proteins in solution is also a matter of debate [56]. Neverthe-
less, other sets of parameters have been customized for studying
glycoproteins, including AMBER [92], AMBER - GLYCAM
[93,94], CHARMM [50], CVFF [51] and GROMOS96 [38]. Unfor-
tunately, no comparative study between them has been carried out,
as there has been for carbohydrates [57,58]. Still, such studies had

been able to add insights into glycosylation effects over polypeptide
chains.

4.3. Mutual Influence Between Protein and Carbohydrate
Moieties

The comprehension of carbohydrates role on the biological
function of glycoproteins pass through the comprehension on how
protein and carbohydrate moieties interact and mutually influence
each other in a single biomacromolecule. Such analyses, frequently
based on root mean square deviation (RMSD) measurements, are
mainly focused on the carbohydrate influence on the protein flexi-
bility [33,38,77]. Among several studies comprising computer
simulations of glycoproteins [33,38,74,75,95], conformational sta-
bilization is frequently characterized as an important influence of
glycosylation over polypeptide chains, mainly by means of mobility
restriction. Such effect, when occurring close to the glycosylation
site, considering N-linked glycans, is mostly attributed to the central
core pentasaccharide (Fig. 3) [10]. As well, it is proposed that such
effect is raised when the number of oligosaccharides bounded to the
protein is increased [9]. Considering that an N-linked oligosaccha-
ride typically show from two to three branches, each presenting up
to four monosaccharide residues, glycans may be considered to
cover a vast part of the protein surface [1]. As a consequence, such
oligosaccharides may influence glycoproteins conformation and
dynamics in different regions of the polypeptide sequence, both
through direct intra-molecular interactions and mediation of solvent
molecules.

Considering the evaluation of the protein influence over the
glycan chain, although RMSD is also used to measure oligosaccha-
rides mobility [35,36], analysis on glycosidic linkage geometries
may offer a more complete picture of carbohydrates conformational
preferences. Nevertheless, the protein scaffold is recognized to
influence some properties of their linked oligosaccharides, mainly
by reducing the conformational flexibility of glycans [35,36]. Such
restriction has been observed to occur due to a reduction on the
number of possible conformers assumed by the glycosidic linkages
that compose these glycan chains [35], possibly as a result of inter-
actions between the polypeptide chain and their attached carbohy-
drate moieties [96].
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4.4. Validating Simulations

Regarding the protein moiety of glycoproteins, the huge amount
of data available on their structure and dynamics usually supports
the process of validation. For instance, X-ray structures provide the
most complete description of a structure, at the atomic level [97],
and can be easily obtained from PDB. However, it is recognized
that the crystal environment may produce packing effects, capable
to influence protein conformation [98-101]. Moreover, the majority
of our knowledge on proteins comes from time- and/or ensemble-
averaged experiments [83]. In this context, when such data, as solu-
tion NMR, are used for comparison and validation, computer simu-
lations must also consider ensemble-average properties, thus treat-
ing the obtained results in a manner that is analogous to what hap-
pens experimentally [83]. Besides, different protein force fields are
recognized to behave comparably during MD simulations in rela-
tion to several structural and dynamical properties, such as solvent-
accessible surface area, radius of gyration, deviation from their
respective experimental structures and secondary structure (in this
case, in the absence of glycan chains) [102].

While data related to the structure and dynamics of proteins are
abundant, conformational information on carbohydrate moieties of
glycoproteins, to be used for validation, are quite incipient. This
occurs mainly due to the resistance of oligosaccharides to crystalli-
zation, the frequently low number of inter-residue NOEs and the
difficulties associated with interpreting NOEs in terms of confor-
mation [11]. When available, NOE signals should be employed as a
measure of internuclear distances for validation. Nevertheless, some
of such glycans were well described by NMR methods [87-89],
providing multiple models and a realistic set of solution-averaged
conformations to be compared to computer simulations. However,
the glycosidic linkages composing glycoproteins carbohydrate
moieties have been barely analyzed in most of the studies to date,
which impairs a better depiction of such glycans conformational
preferences.

Additional sources of experimental information on carbohy-
drates conformation may be obtained through J coupling constants
[103]. In this context, the glycosidic linkage angles may be deter-
mined through inter-glycosidic *Jiicoc, *Jecoc and 2Jeoc couplings
by employing Karplus-type correlation curves [104-106]. As well,
vicinal *J; may be useful when analyzing ring puckering coordi-
nates [107,108], that is, for determining endocyclic torsion angles
required for describing ring conformations (for instance, in terms of
chairs, boats or skew-boats), mainly by means of Cremer-Pople
puckering parameters [109].

5. FUTURE PROSPECTS

While it has been proposed that more than half of known pro-
teins can be potentially glycosylated [110,111], no more than
twenty of them have been studied so far by molecular modeling
techniques. As well, future advances in hardware and software,
which allow further increase in reachable timescales for glycopro-
teins simulations, may be expected to provide further progress in
relation to the comprehension of biological processes involving
glycoproteins. An important aspect, for instance, comprise evaluat-
ing whether point modifications in carbohydrate or amino acid resi-
dues are capable to modify glycoproteins conformation, dynamics
and, ultimately, fanction.

Whereas protein-protein interactions are considered vital to al-
most all cellular processes [112], the direct recognition between
proteins and glycan chains are also considered important to a vari-
ety of biological processes [113,114]. While molecular docking is
usually the main strategy employed for understanding such con-
tacts, additional parameterization efforts are still required for both
residues (amino acids and monosaccharides) flexibility and on the
available scoring functions, in order to circumvent the high number
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of false positive results [115,116] and to support a more accurate
description for the pertinent complexes. Moreover, free energy
calculations may be expected to contribute in such goals, as previ-
ously achieved with protein-protein [117] and protein-carbohydrate
[118,119] complexes. Unfortunately, the currently available data
pointing to the importance of explicit solvent models for the obtain-
ing of accurate conformational descriptions of carbohydrates [62]
suggest a potential limitation of continuum solvent methods as
MM-PBSA, even so efforts have been made recently in this area
[120,121]. As well, force field parameterization and adequate con-
formational sampling may represent important challenges to a far-
reaching use of Free Energy Perturbation [122,123] and Linear
Interaction Energy [124,125] strategies in such systems.

Additionally, coarse graining approach emerge allowing micro
and millisecond timescales to be sampled, with low computational
cost, as well as the study of multi-macromolecular systems, com-
prising protein and carbohydrates separately [42,43]. As new pa-
rameters are developed and included in the currently available force
fields, or new and more complete set of parameters are developed,
including topologies for different types of carbohydrate-amino acid
linkages and biologically important monosaccharide residues, im-
portant advances may expected to occur in comprehending biologi-
cal processes involving glycoproteins.
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