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Abstract Protein–glycan recognition regulates a wide
range of biological and pathogenic processes. Conforma-
tional diversity of glycans in solution is apparently incom-
patible with specific binding to their receptor proteins. One
possibility is that among the different conformational states
of a glycan, only one conformer is utilized for specific
binding to a protein. However, the labile nature of glycans
makes characterizing their conformational states a challeng-
ing issue. All-atom molecular dynamics (MD) simulations
provide the atomic details of glycan structures in solution,
but fairly extensive sampling is required for simulating the
transitions between rotameric states. This difficulty limits
application of conventional MD simulations to small frag-
ments like di- and tri-saccharides. Replica-exchange molec-
ular dynamics (REMD) simulation, with extensive sampling
of structures in solution, provides a valuable way to identify
a family of glycan conformers. This article reviews recent
REMD simulations of glycans carried out by us or other
research groups and provides new insights into the confor-
mational equilibria of N-glycans and their alteration by
chemical modification. We also emphasize the importance

of statistical averaging over the multiple conformers of
glycans for comparing simulation results with experimental
observables. The results support the concept of “conformer
selection” in protein–glycan recognition.
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Conformational flexibility of glycans

Glycan is an essential molecular component in biological
systems. In mammals, there are about ten types of mono-
saccharides that are used to form glycans. These monosac-
charides are linked together by various glycosidic bonds.
The addition of branch structures further matures glycans,
making them distinct from proteins and DNA (Werz et al.
2007). The co-existence of rigid (saccharides) and flexible
(glycosidic linkage) units in the glycan molecule gives rise
to distinct multiple conformations in solution. This confor-
mational diversity is also shown in glycans that are cova-
lently attached to proteins and lipids. The glycan-bound
proteins and lipids participate in many key biological pro-
cesses including cell adhesion, molecular trafficking and
clearance, receptor activation, signal transduction, and en-
docytosis (Ohtsubo and Marth 2006).

Most of the biological functions of glycans rely on
their binding to receptor proteins like lectin. Single-site-
binding affinity in lectin is generally low (with Kd

values in the micromolar range), but highly specific.
The relation between the flexibility of glycans and their
specific recognition remains elusive. Protein–glycan
interactions have been considered to be based on “con-
former selection” (Gabius et al. 2011; Gabius 2008). In
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contrast to E. Fischer’s lock-and-key idea for common
protein–ligand bindings, the multiple conformations of
glycans in solution could serve as many “keys” (Fig. 1).
Each conformation (“key”) may have biological signifi-
cance and could bind to a different target protein for a
different function (“bunch-of-keys” model; Hardy 1997).
There are many cases where the same glycan acts as a
ligand for different lectins. A typical example is provid-
ed by the common pentasaccharide moiety of ganglio-
side GM1 being a target both for cross-linking by
galectin-1 to inhibit the growth of human SK-N-MC
neurobastoma cells (Kopitz et al. 2001) and for the
AB5 toxin of Vibrio cholera (Siebert et al. 2003). The
different conformations of tetrasaccharide sialyl Lewisx

bound to E-selectin seen in different NMR-based anal-
yses serve as another example of the “bunch-of-keys”
model (Harris et al. 1999).

Characterization of the conformational states of glycans
is a challenging issue due to their labile nature, and leaves
details of the binding mechanism elusive. It is now possible
to identify the conformational properties of individual gly-
cosidic linkages. Well-established concepts, e.g., the exo-
anomeric effect and the gauche effect, help to predict the
conformational preference of a particular linkage. However,
determination of the overall shape of a large oligosaccharide
is still problematic. N-glycans, which are the most abundant
oligosaccharide found in cellular proteins, share a common
branched pentasaccharide core sequence, Manα1–6(Ma-
nα1–3)Manβ1–4GlcNAcβ1–4GlcNAcβ1–Asn–X–Ser/
Thr. Additional branches (antennae) complicate the struc-
tures. The number of pairs of dihedral glycosidic angles
rapidly increases; 22 parameters for typical bianntenary
complex-type N-glycan (André et al. 2009). Actually, the
number of different conformers of glycans is less than that

predicted from the flexibilities of all the individual linkages
(Woods et al. 1998).

Due to the inherent flexibility of N-glycans, high-
resolution X-ray structures are available only for receptor-
bound forms. Fluorescence resonance energy transfer
(FRET) experiments provide motions of multiple antennae
attached to the core of N-glycans (Rice et al. 1993). They
suggest that N-glycan chains undergo a conformational tran-
sition between “folded” and “extended” forms. However,
FRET experiments are always associated with the possibility
that the probes themselves alter the conformational prefer-
ence. Nuclear magnetic resonance (NMR) spectroscopy has
been the most powerful tool to determine glycan conforma-
tions. The paucity of parameters describing tertiary structure
of glycans makes analysis non-trivial. Recent advances in
NMR-based analysis, for example the direct observation of
hydroxyl proton exchange by using deuterium isotope shifts
on 13C-NMR (Hanashima et al. 2011), prompt an investiga-
tion of the various conformational states of N-glycans.

Molecular dynamics simulations of N-glycans

Molecular dynamics (MD) simulations are popular tool in
the field of structural biology of proteins, nucleic acids, and
lipid bilayers. Recently, they are also becoming popular in
the field of glycobiology due to advances in force field
accuracy and sampling efficiency—two hallmarks of MD
simulations. Development of accurate force fields describ-
ing the inherently complex properties of carbohydrates is a
nontrivial task. There have been extensive re-parameterization
of the general purpose force fields used in CHARMM
(Guvench et al. 2009; Hatcher et al. 2009), AMBER
(Kirschner et al. 2008), and GROMOS (Lins and

Fig. 1 Schematic illustration of
the structural feature of
oligosaccharides and their
possible binding mechanisms to
receptor proteins
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Hünenberger 2005), and parameterization of new carbo-
hydrate force fields. Currently, there are high-level car-
bohydrate force fields that are used for computer
simulations (Fadda and Woods 2010). Several easy-to-
use Web-tools for modeling carbohydrate 3D structures
also prompt investigation of MD simulations (Frank and
Schloissnig 2010; Jo et al. 2011).

The conformational phase space of glycans involves
multiple minima separated by distinct energy barriers of
larger than a few kBT. A well-to-well transition around the
glycosidic dihedral angles rarely occurs on the time scale of
the few tens of nanosecond that operates in conventional
MD simulations (Perić-Hassler et al. 2010). Extensive con-
formational sampling is required to access the multiple con-
formers of N-glycans. For this reason, past conventional
MD simulations in explicit solvent have been limited to
small fragments like mono-, di-, or trisaccharides (Sayers
and Prestegaud 2000; Kim et al. 2009; Kirschner and Woods
2001; Almond 2005; Perić-Hassler et al. 2010; Corzana et
al. 2004; Landström and Widmalm 2010), or larger frag-
ments with short sampling (Naidoo et al. 1997; Woods et al.
1998; André et al. 2009).

REMD simulations of N-glycan in solution

Many enhanced sampling techniques have been developed
for the simulation of biomolecules. The replica-exchange
molecular dynamics (REMD) method (Sugita and Okamoto
1999) is one of the simplest and the most widely used

methods. This method employs a set of replicated simula-
tions with different temperatures that are exchanged fre-
quently, causing a one-dimensional random walk in
temperature space as well as in potential energy space. The
random walk in potential energy space avoids each replica
simulation being trapped in one of the local energy mini-
mum states, resulting in a significant enhancement of the
conformational sampling. The REMD method has been
successfully applied to investigate many biophysical issues:
protein folding (Yoda et al. 2010; Lei et al. 2007), amyloid
aggregation (Miyashita et al. 2009), phase behavior in lipid
bilayers (Nagai and Okamoto 2012), etc. A few reports of
REMD simulations of carbohydrates have also emerged
recently: puckering of the saccharide unit (Babin and Sagui
2010), small saccharides conformations (Campen et al.
2007; Yongye et al. 2008b, a), conformations of cellulose
oligomers (Shen et al. 2009), conformation and solvent
effects of glycosylated peptides (Mallajosyula and MacKerell
2011; Guardiani et al. 2012), and conformational properties of
larger fragments including N-glycans (Beckham et al. 2010;
Pan and Song 2010; Ramadugu et al. 2010). These applica-
tions give insights into the conformational states of glycans
that were not apparent before.

In our research group, we also employ REMD simula-
tions of N-glycans in explicit solvent to characterize their
conformational states (Re et al. 2011; Nishima et al. 2012).
Our simulations focus on the effect of a branch and mod-
ifications to the structures of N-glycans (Fig. 2). Here, we
briefly summarize our REMD simulation protocols. We use
a GLYCAM06 force field for N-glycans and a TIP3P model

Fig. 2 Structure of a biantennary complex-type N-glycan (Bi9, black)
and its typical modifications: the introduction of bisecting GlcNAc
(BiB10, orange), the core fucosylation (BiF10, blue), and both
(BiBF11, orange and blue). These modifications are known to change

the affinity of protein-glycan interactions. N-glycan solvated within a
box of >3,000 TIP3P H2Os used for simulations is also shown (α1,3-
arm green, α1,6-arm red, core blue)

Biophys Rev (2012) 4:179–187 181



for water. An in-house interface program, REIN (Replica-
Exchange Interface) (Miyashita et al., in preparation), is
used to facilitate REMD simulations. The program is
designed to perform REMD simulations with any available
software without modification. Currently, two MD pro-
grams, NAMD (Phillips et al. 2005) and MARBLE (Ikeguchi
2004) are available in REIN. It can easily interface to other
software even quantum chemical packages. The number of
replicas and temperature ranges were determined with the aid
of a web-protocol (Patriksson and van der Spoel 2008). For N-
glycans in explicit solvent, 64 replicas covering the tempera-
ture range 300–500 K give an exchange ratio of more than
40 %. A few tens of nanosecond MD run for each replica
provides well-converged results. The resultant trajectory is
then subjected to a clustering analysis to extract the represen-
tative conformations and their relative populations. The above
protocol gives five distinct conformers of bianntenary
complex-type N-glycan in solution, each of which is

characterized by its local orientation of the Manα1-6Man
glycosidic linkage (Fig. 3a).

Representation of multiple conformers of N-glycan

In order to characterize the conformational states of N-glycans,
one needs good representation of their structures. The carb-Rama
plots (Salisburg et al. 2009), that extend Ramachandran’s idea of
plotting amino acid f and ψ angles to the glycosidic f, ψ, and ω
angles, display the conformational space of each glycosidic link-
age. They are readily comparable to experimental NMR data.
André and co-workers proposed a single-plot fingerprint-like
presentation in polar coordinates for describing the mutual depen-
dence among the many glycosidic angles involved (André et al.
2009).

There is no rigorous way to describe the global conforma-
tion of an N-glycan. The end-to-end distance between a pair of

Fig. 3 Structures of distinct
conformers (top and side views)
found from our REMD
simulations for four N-glycans:
a Bi9, b BiF10, c BiB10, and d
BiBF11. Different colors indi-
cate different arms (α1,3-arm
green, α1,6-arm red, core blue,
bisect orange, and fucose yel-
low). The α1,6-arm (red) inter-
acts with either core (blue) or
α1,3-arm (green) in the
“folded” forms, whereas it is
fully solvated in the “extended”
forms. Populations of each
conformer obtained from the
clustering analysis are given in
the parentheses. Key inter-
residue hydrogen bonds stabi-
lizing each conformer are also
shown
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arms (for example, the α1,6-arm and α1,3-arm) may be used
to represent the relative orientation of a particular arm. The xyz
population densities of each monosaccharide unit can be
mapped on isocontour plots at a certain energy level to visual-
ize the flexibility of global conformation (André et al. 2004).
We propose an alternative plot using a spherical coordinate that
represents the orientation of the α1,6-arm with respect to the
pyranose plane at the branch (Fig. 4) (Nishima et al. 2012).
This representation is based on our finding that the five distinct
conformers of N-glycan are well characterized by the local
orientation of the Manα1-6Man glycosidic linkage (Re et al.
2011). The azimuthal angle, η, represents the swing motion of
the α1,6-arm along the polar axis while the polar angle, θ,
represents its up–down motion with respect to the x-y plane.

The flexibility of the N-glycan conformation is represented by
swing and up–down motions of the α1,6-arm. Each motion is
in turn correlated with the ψ and ω angles of the Manα1-6Man
linkage, respectively, allowing unambiguous characterization
of the overall shapes of N-glycans in term of the orientation of
the local glycosidic bond (Fig. 4a–d). This Mercator-like plot
can be generalized for analyzing the conformational flexibility
of N-glycan in terms of the branch orientation.

Comparison of REMD simulations with experiment

Simulations of glycans are commonly compared with NMR
measurements. Nuclear Overhauser Enhancement (NOE)

Fig. 4 Definition of local dihedral angles (f, ψ and ω for α1,6-linkage
and f and ψ for α1,3-linkage) and the spherical coordinate used to
represent the global conformation of N-glycans. The Man-3 structure
of each simulation snapshot was superimposed to a plane regular
hexagon on the xy plane, with its center at the origin. This allows us
to determine a unique orientation of the N-glycan global structure with
respect to the Man-3 structure, by reducing the artificial orientation
changes arising from distortion of the pyranose ring in the simulation

snapshots. The angle η represents swing motion of α1,6-arm around
the z (polar) axis, while the angle θ represents up–down motion with
respect to the xy-plane. Distribution of five distinct conformers (three
“folded” and two “extended” forms, each of which is characterized by
different ψ/ω angles of α1,6-linkage) mapped on the spherical coor-
dinates for a Bi9, b BiF10, c BiB10, and d BiBF11. Blue ψ/ω of 60°/
60°, red 90°/60°, green 180°/60°, purple 60°/180°, cyan 180°/180°.
Free-energy contour lines (gray) are also shown for comparison
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distances and their intensities, average spin coupling con-
stants (3JCH for f/ψ and 3JHH for ω in 1-6 linkage) are
representative experimental parameters. Note that these
experimental data provide the averages over multiple
conformations of N-glycans in solution, but not the value
for the most populated N-glycan conformer. If more than
two major conformational states exist in the simulations,
we can obtain the NMR measurements for each confor-
mational state separately. Then, we can average over
these values for all conformational states, taking the
population of each conformer into account. This analysis,
the so-called population-weighted average, allows us to
compare simulations and experiments directly and make
the relationship between the experimental observables
and the conformational states clearer (DeMarco and
Woods 2009; Yongye et al. 2008b).

Modulation of conformational variety by chemical
modification revealed by REMD simulations

Chemical modification of N-glycans is known to modulate
the function and regulation of the particular proteins in-
volved. For example, the addition of bisecting GlcNAc by
GlcNActransferase III (GnT-III) to the cell adhesion mole-
cules, E-cadherin, and integrins, suppresses cell migration
(Zhao et al. 2008). The currently accepted view is that
chemical modification changes binding, by way of either
switching the major conformation from one to another or
inducing a unique bioactive conformation, rather than by
making an additional unique binding site. Past studies, in-
cluding NMR-based-analysis of model oligosaccharides
(Homans et al. 1987a), FRET experiments (Stubbs et al.
1996), and molecular modeling followed by systematic bio-
assays with neoglycoproteins carrying synthetic biantennary
N-glycans (André et al. 2009), indicate a switch-like change
in the shape of the glycans upon chemical modification.

Figures 3 and 4 show the results of REMD simulations of
four N-glycans with and without chemical modification
(Nishima et al. 2012). N-glycan modification results in largely
equivalent overall conformational space compared to unmod-
ified N-glycan (Bi9). Yongye and co-workers reported a sim-
ilar effect of chemical modification on the conformational
properties of methylα-(2,8)-di/trisialosides using REMD sim-
ulation (Yongye et al. 2008b). This similar outcome implies
that the conformational repertoire of the N-glycan is largely
determined by its main skeleton. A conspicuous finding of
REMD simulations is that the introduction of bisecting
GlcNAc and/or core fucosylation reduces the number of major
conformers by shifting the conformational equilibria. This
finding clearly supports the concept of “conformer selection”
for protein–glycan interactions, which has been widely ac-
cepted by experimentalists. The switch-like behavior, as

suggested previously, now can be understood in terms of the
alteration of conformational equilibria by core modification.

The population-weighed averages of the NMR observables
(NOE and J-coupling) calculated from REMD simulations
agree well with the experimental values (Homans et al.
1987b, 1986) (Fig. 5). The calculated NOE distances are very
close to the experimental values (largest deviation of less than
0.7 Å), confirming the accuracy of the force field in use. More
importantly, the REMD simulation well reproduces experi-
mental J-coupling constants (J56: H5–C5–C6–H6; J56’: H5–
C5–C6–H6’) for the Manα1-6Man linkage when the
multiple-conformers are taken into account. Experimentally,
two distinct values, 2.1 Hz and 5.8 Hz, were obtained for Bi9,
while a single value of ~2 Hz was observed for BiBF11. The
calculated J values for three clusters (gauche-gauche (gg),
gauche-trans (gt), and trans-gauche (tg) conformers) show
that the difference between Bi9 and BiBF11 arises from the

Fig. 5 Comparison of calculated and experimental NMR data for Bi9
and BiBF11. a Intra- and inter-residue NOE distances (in Å) of the
Manα1-3Man structure, b scalar 3 J-coupling constants (in Hz) of the
Manα1-6Man structure

184 Biophys Rev (2012) 4:179–187



non-negligible contribution of gt conformers (MD population
of 28%) in the former. The result agrees with the idea, derived
originally from experiment, that Bi9 exists as a mixture of gg
and gt conformers and that the introduction of the bisecting
GlcNAc and/or the core fucose reduces the diversity.

In general, the glycan-binding sites of receptor proteins
accommodate only a few sugar residues, typically including
a terminal residue, of the whole glycan molecule. The chem-
ical modifications of N-glycans could affect the exposure of
those residues. For example, the introduction of bisecting
GlcNAc increases the population size of the “extended” form
in which the terminal β-linked galactose is exposed to solvent
(Fig. 3c). Receptor proteins that preferentially bind to the β-
linked galactose could detect such increase in the population.
Future simulations of proten–glycan interactions could elabo-
rate on what could be a fundamental principle of the recogni-
tion of specific glycans, one based on the natural N-glycan
structural diversity and the ability of core modification to alter
the conformational equilibria.

Summary and future perspectives

Replica-exchange molecular dynamics (REMD) simulations
provide a valuable way to identify the conformational states of
N-glycans in solution. A family of N-glycan conformers and
their populations can be unambiguously characterized by
extensive sampling of their structures followed by clustering
analysis. The population-weighted averages of the NMR
observables calculated using the multiple conformers well
reproduce data derived from experiments, assuring the accu-
racy of the calculated populations. REMD simulations clearly
indicate that the range of specific protein–glycan interactions
and affinity changes need to be understood in terms of the
conformational diversity of N-glycans and the alteration of
conformational equilibria by core modifications.

Such studies could be extended to simulations of protein–
glycan interactions. Computer simulation of protein–glycan
interactions, including calculations of binding free energy and
predictions of binding modes, emerges as a challenging field.
A particularly important issue is to incorporate the different
conformations of the glycan into the binding process, which is
needed for accurate calculation of absolute binding free ener-
gy. For instance, to achieve this goal, REMD simulations can
be combined with the MM/PBSA (Kollman et al. 2000) or
umbrella sampling approach. The application of the REMD
method to larger protein–glycan systems requires a large
number of replicas. There have been several attempts to
reduce the number of replicas, such as using REMD with a
hybrid explicit/implicit solvation model (Okur et al. 2006),
solute tempering (Liu et al. 2005), and REMD coupled to a
high-temperature structure reservoir (Okur et al. 2007). Such
methods and further methodological developments could lead

to accurate free-energy calculations of protein–glycan bind-
ing, and help explore the relationship between the flexibility
of glycans and their specific recognition.
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