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Considering the small number of papers assessing the conformational profile of glycoproteins through
molecular dynamics (MD) simulations, the current work reports on a systematic analysis of the perfor-
mance of the GROMOS96 43a1 force field and Löwdin HF/6-31G**-derived atomic charges in the confor-
mational description of glycoproteins. The results substantiate the accuracy of the computational
representation of glycoprotein conformational ensembles in aqueous solution based on their agreement
to available experimental information, supporting further contributions of computational techniques,
mainly MD, in future studies on the characterization of glycoprotein structure and function.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Glycoproteins and glycopeptides are known to play important
roles in many biological events, such as cell adhesion, cell–cell com-
munication, immune response, intracellular targeting, and protease
resistance.1,2 These glycans can be located at various positions of
the protein surface, depending on specific consensus sequences,
and are linked only through specific amino acid residues. The link-
ages most frequently found in nature are the N-glycosidic linkages,
involving mainly asparagine (Asn) and N-acetyl-D-glucosamine
(GlcNAc) residues, and the O-glycosidic linkages, mostly including
serine (Ser) or threonine (Thr) and, for instance, D-galactose (Gal),
N-acetyl-D-galactosamine (GalAc), L-fucose (Fuc), or D-mannose
(Man) residues. Structurally, these carbohydrate moieties impact
several physicochemical properties of proteins, including hydration
and polarity, frequently participating in its folding and conforma-
tional stabilization.1,2

The comprehension of the three-dimensional structure and the
dynamical properties of both protein and carbohydrate moieties of
glycoproteins is a requirement for a better understanding of the
molecular basis of their interaction with each other, with the sur-
rounding environment, and with their molecular targets. In this
context, several experimental methods have been applied to study
glycosylated proteins and glycans, such as X-ray crystallography
and NMR spectroscopy. Concerning the former technique, the con-
ll rights reserved.

x: +55 51 3308 7309.
formational flexibility of the glycan at the protein surface usually
prevents such molecules from being crystallized,3,4 but when crys-
tals are available, the electron density is affected by the high ther-
mal motion of the glycan moiety, compromising the accuracy of
the geometry beyond the rigid core region of N-glycans.5 NMR
methods provide the solution ensemble of conformations in a set
of average three-dimensional models, but an unambiguous deter-
mination of the complete conformational space of glycoproteins
is hampered because only from one to three contacts across a given
glycosidic linkage are usually detected.6

Considering the difficulties associated with the experimental
determination of glycoproteins structure and conformation, MD
simulations have been used to clarify the dynamic aspects of mac-
romolecules. In particular, such simulations support the study of
these molecules mimicking their natural environment and de-
scribe their conformational properties with a reasonable level of
accuracy. On the other hand, only a small number of studies have
assessed the profile of glycoproteins and glycopeptides through
MD simulations, employing different set of parameters for their
glycan parts, such as AMBER, CHARMm, and CVFF.7–9 In compari-
son to such parameters, our group has been working on MD con-
formational representation of carbohydrates, polysaccharides,
and glycosaminoglycans10–13 based on the GROMOS96 43a1 force
field,14 enhanced by Löwdin HF/6-31G**-derived atomic
charges.10,12 This approach supports the adequate description of
such molecules in aqueous solutions.

Therefore, the current work intends to evaluate the capability of
the GROMOS96 43a1 force field and Löwdin HF/6-31G**-derived
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atomic charges, and to represent adequately the conformational
ensemble of glycoproteins through MD simulations in aqueous
solutions. The results of these simulations were compared to
experimental data detailing the geometry of the glycosidic linkages
between two monosaccharides and between a monosaccharide
and an amino acid. Additionally, the effects of glycosylation upon
the protein moiety of the glycoproteins were also assessed. Based
on the data, the employed methodology may be expected to
further contribute to structural and functional studies of glycocon-
jugates through reliable and accessible methodology.

2. Experimental

2.1. Computational methods

2.1.1. Nomenclature and software
The nomenclature recommendations and symbols as proposed

by IUPAC15 were used. The relative orientation of a pair of contig-
uous carbohydrate residues is described, for different types of link-
ages, by two or three torsional angles at the glycosidic linkage. For
a (1?X) linkage, where ‘X’ is ‘2’, ‘3’, ‘4’ or ‘6’ for the (1?2), (1?3),
(1?4) or (1?6) linkages, respectively, the / and w are defined as
shown below:

/ ¼ O5—C1—OX—CX ð1Þ

w ¼ C1—OX—CX—CðX� 1Þ ð2Þ

For a (1?6) linkage, the x is defined as shown below:
Figure 1. Schematics of the studied glycans and the correspo
x ¼ O6—C6—C5—C4 ð3Þ

The manipulation of structures was performed with MOLDEN16 and
VMD,17 the secondary structure content analyses were performed
with PROCHECK,18 and all the MD calculations and remaining anal-
yses were performed using GROMACS simulation suite19 and GRO-
MOS96 force field,14 with all saccharide topologies generated with
PRODRG.20

2.1.2. Topology construction
The oligosaccharide fragments present in the glycoproteins un-

der the PDB codes 1CDR,21 1CDS,21 1GYA,22 1HD4,23 and 1FF724

(Fig. 1) were described in GROMOS96 43a1 force field through
PRODRG server-derived topologies,20 which were further refined
by atomic charges, as described previously.10,12 Briefly, each mono-
saccharide was submitted to HF/6-31G** energy minimization,
followed by Hessian matrix analyses to characterize them unequiv-
ocally as true minima at the potential energy surface. The residues
were divided in charge groups, while improper dihedrals were in-
cluded as necessary to preserve the hexopyranose conformation
of each monosaccharide in accordance with its expected form in
aqueous solution: 4C1 for D-GlcNAc, 1C4 for L-Fuc, 4C1 for D-Man,
and 4C1 for D-Gal. Additionally, proper dihedrals, as described in
GROMOS96 43a1 force field for glucose, were also included in the
PRODRG obtained topologies in order to support stable simulations.
Concerning the N- and O-linkages between the carbohydrate and
amino acid residues, the atomic charges were calculated for the
Asn-carbohydrate (GlcNAc C1 = 0.110, Asn Nd = �0.265, and Asn
HNd = 0.155) or Ser-carbohydrate (Fuc C1 = 0.150, Ser Oc = �0.320,
nding glycosylated amino acids in the studied proteins.
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and Ser Cb = 0.170) connection charge groups. Such an approach,
based on parameters derived from minimum energy conforma-
tions, has been successfully applied in previous work in carbohy-
drate modeling.10–13,25,26

2.1.3. MD simulations
The structures of glycoproteins, as obtained from NMR data,

were retrieved from the PDB, including the human complement
regulatory protein CD59 (CD59), in its non-glycosylated (PDB ID
1CDQ) and glycosylated (PDB codes 1CDR and 1CDS) forms,21 the
a-subunit of the human chorionic gonadotropin (a-hCG), in
both non-glycosylated (PDB ID 1DZ7)27 and glycosylated (PDB ID
1HD4) structures,23 the first epidermal growth factor-like (EGF-
like) domain of the human blood coagulation fVII in its non-glycos-
ylated (PDB ID 1F7E) and glycosylated (PDB ID 1FF7) forms,24 and
the adhesion domain of human CD2 (hsCD2105) in its glycosylated
(PDB ID 1GYA)22 and non-glycosylated (PDB ID 1CDB)28 forms, in a
total of five glycosylated (Fig. 1) and four non-glycosylated pro-
teins. These structures were solvated in a rectangular box using
periodic boundary conditions and SPC water model.29 Amino acids
ionization was automatically adjusted to the plasma pH, with his-
tidines being non-ionized and at the Ns–H tautomeric form. Coun-
terions (Na+ and Cl�) were added to neutralize the systems,
whenever needed. The employed MD protocol was based on previ-
ous studies, as described.10,12 The Lincs method30 was applied to
constrain covalent bond lengths, allowing an integration step of
2 fs after an initial energy minimization using Steepest Descent
algorithm. Electrostatic interactions were calculated with Particle
Mesh Ewald method.31 Temperature and pressure were kept con-
stant by coupling glycoproteins, ions, and solvent to external tem-
perature and pressure baths with coupling constants of s = 0.1 and
0.5 ps,32 respectively. The dielectric constant was treated as e = 1,
and the reference temperature was adjusted to 310 K. The systems
were slowly heated from 50 to 310 K, in steps of 5 ps, each one
increasing the reference temperature by 50 K. Each simulation
was extended to 50 ns, without any restraint, while a reference va-
lue of 3.5 Å between heavy atoms was considered for a hydrogen
bond and a cutoff angle of 30� was used between hydrogen–do-
nor–acceptor.19 As the NMR selected structures include several
models in the same PDB file, a total of eight glycoproteins (one
model for 1CDS and 1FF7, and two models for 1CDR, 1GYA, and
1HD4), plus four non-glycosylated counter-parts were simulated
to achieve a broader conformational description through MD. De-
tails of the simulated models are included in Table 1. Additional
simulations of the non-glycosylated proteins were performed with
OPLS-AA force field in order to check the pattern of secondary
structure as observed in GROMOS96 MD.
3. Results and discussion

3.1. Simulation systems

The analysis of GROMOS96 43a1 force field performance on gly-
coproteins conformational description was based on the MD simu-
lation of four different proteins: (1) the EGF-like domain of human
fVII; (2) the human complement regulatory protein CD59; (3) the
adhesion domain of human CD2; and (4) the a-subunit of the hu-
man chorionic gonadotrophin. These proteins were simulated in
both glycosylated and non-glycosylated forms, taking their NMR-
derived model as the starting geometry. Among these molecules,
three have N-linked glycans and one has an O-linked glycan. These
systems were analyzed taking the NMR-obtained ensemble from
each macromolecule as reference, to supply the information of
GROMOS96 43a1 force field performance on the description of gly-
can–protein linkage of different glycosidic linkages composing the
glycan structures, and the influence of glycosylation on the protein
moiety of each molecule.

Actually, conformational data derived from single crystals of
glycoconjugates should be considered carefully since the crystal
environment may supply distorted hexopyranose rings and/or be
submitted to packing effects, which are also known to occur for
other classes of molecules, such as DNA33 and proteins.34,35 In con-
trast, although NMR techniques are not considered to provide an
unambiguous determination of the complete conformational space
of glycans,3 it does provide solution conformations for the studied
glycans which, in a set of average three-dimensional structures,
could provide a realistic sample of glycans-composing disaccharide
conformations and, consequently, a better reference for the exper-
imental support of MD in solutions.

3.2. N- and O-glycosidic linkage geometry

One of the main features determining the orientation of carbo-
hydrates attached to proteins lies in its linkage to specific amino
acid residues, such as asparagine and serine/threonine. The N-gly-
cosidic linkages have been extensively studied by both NMR and X-
ray methods, while a lower amount of experimental data is avail-
able for the O-glycosidic linkages, probably due to the increased
flexibility and versatility of these linkages, involving distinct amino
acid and monosaccharide residues. Therefore, the performed simu-
lations of glycoproteins were initially analyzed by considering the
connection between carbohydrates and proteins, using a set of
experimental data as reference, as shown in Table 1 for average
geometries and in Figure 2 for the respective conformational
behavior of each linkage.

As can be observed, previous analysis of X-ray data indicates
that the /N-GL dihedral angle presents higher flexibility compared
to the wN-GL dihedral angle, with most X-ray structures presenting
the /N-GL with a 80� amplitude (between �140� and �60�) and wN-

GL with a 40� amplitude (between 160� and �160�).36 Additional
data, based on�500 crystal structures obtained from the PDB, indi-
cate a lower flexibility, in which the GlcNAc-(1?N)-Asn linkage
exhibits an average /N-GL geometry at ��100� and wN-GL at
�180�.37 One of the most recent papers upon such linkages, com-
bining X-ray crystallography and both HF and B3LYP with the 6-
31+G* basis set, on models and analogs of GlcNAc-(1?N)-Asn,38

also observed similar geometries for such dihedral angles. This
large amplitude of the /N-GL also suggests the occurrence of multi-
ple conformer populations co-existing in solution and being sus-
tained depending on the crystallographic environment, as indeed
observed in MD (Fig. 2A).

Hence, all glycoproteins presented equivalent conformational
patterns around the GlcNAc-(1?N)-Asn linkage during the per-
formed simulations, in a behavior apparently independent on the
surrounding protein scaffold (Fig. 2A and Supplementary data).
The curve representing such conformational patterns include
about 81% of the NMR experimental geometries of /N-GL, as well
as 99% in wN-GL (in a total of 226 geometries for each dihedral an-
gle),21–23,39–42 indicating a good reliability of the simulations to
predict the dynamics of N-linked glycans.

The geometry of O-glycosidic linkages was also evaluated and
compared to three NMR studies, containing a fucose residue linked
to two amino acid residues, Ser24 or Thr,43 as well as an additional
structure presenting a 3-O-methyl-mannose residue linked to
Thr.44 It may be observed that the /O-GL and wO-GL dihedral angles
of these linkages adopt similar geometries regardless of whether
Ser and Thr is the involved amino acid residue (Table 1). Different
from N-glycosidic linkages, no major flexibility differences could
be observed when comparing /O-GL and wO-GL dihedral angles. In
addition, the /O-GL presented two major MD conformations, which
are both found in NMR data, around �70� (in 1URK and 1FF7 PDB



Table 1
Comparison of the dihedral angles around N- and O-glycosidic linkages, including X-ray, NMR, and MD simulations data

Glycosidic linkage Structures Dihedral angle (�)�

uN-GL wN-GL uO-GL wO-GL

GlcNAc-(1?N)-Asn X-raya �60 to –140 160 to –160 — —
X-rayb �99 ± 21 177 ± 12 — —
NMRc �91 ± 45 180 ± 7 — —
NMR—1CDRd �77 ± 45 180 ± 0 — —
MD—1CDRe,* �121 ± 29 �179 ± 14 — —
MD—1CDRf,* �126 ± 28 179 ± 13 — —
NMR—1CDSd �63 ± 44 180 ± 0 — —
MD—1CDSg,* �119 ± 30 �177 ± 14 — —
NMR—1GYAd �99 ± 15 179 ± 2 — —
MD—1GYAh,* �121 ± 28 178 ± 13 — —
MD—1GYAi,* �116 ± 29 �174 ± 14 — —
NMR—1HD4d �86 ± 50 177 ± 6 — —
MD—1HD4j,* �120 ± 30 �174 ± 14 — —
MD—1HD4k,* �116 ± 30 �178 ± 12 — —

Fuc-(1?O)-Ser NMR—1FF7d — — �67 ± 10 178 ± 10
MD—1FF7l,* — — �110 ± 29 178 ± 22

Fuc-(1?O)-Thr NMR—1URKd — — �104 ± 30 �154 ± 76

3-O-methyl-Man-(1?O)-Thr NMR—2HGOd — — 72 ± 3 120 ± 22

� Values presented as averages ± standard deviation values, obtained from all trajectory points, that is, no distinction of conformer populations was made to support a direct
comparison to experimental data.
* 50 ns MD averages.

a Data from Ref. 36.
b Data from Ref. 37, wherein the geometry from most populous conformer is present.
c Average dihedral angle values from all models included in PDB codes: 1CDR,21 1CDS,21 1GYA,22 1HD4,23 1BZB,39 1BYV,39 2FN2,40 1E88,41 1E9J,23 2JXA,42 and 2JX9.42

d Average dihedral angle values from all models included in PDB codes 1CDR and 1CDS (10), 1URK (15), 1GYA (18), 1FF7 and 2HGO (20) and 1HD4 (26).
e Using the model 1 from PDB file 1CDR as a starting structure.
f Using the model 8 from PDB file 1CDR as a starting structure.
g Using the model 1 from PDB file 1CDS as a starting structure.
h Using the model 1 from PDB file 1GYA as a starting structure.
i Using the model 12 from PDB file 1GYA as a starting structure.
j Using the model 1 from PDB file 1HD4 as a starting structure.
k Using the model 11 from PDB file 1HD4 as a starting structure.
l Using the model 1 from PDB file 1FF7 as a starting structure. Values of 111 ± 28� were also populated in the simulation.
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files) or around 70� (in 2HGO PDB file). Such a pattern is also in
good agreement with the distribution of the dihedral angles
around the Fuc-(1?O)-Ser linkage of the EGF-like domain, where
two main peaks are indeed observed around the /O-GL angle
(Fig. 2B). Again, good reliability is observed for O-linked glycopro-
teins, with 97% of the experimental geometries within the distribu-
tion curve for /O-GL and 69% for wO-GL (in a total of 45 geometries
for each dihedral angle).24,43,44

3.3. Dynamics of glycosidic linkages that compose the glycan
part of glycoproteins

Similar to the conformational behavior observed for the linkage
between monosaccharides and amino acids, a given disaccharide
showed mostly equivalent conformational profiles, with a minor
influence of the protein scaffold on glycan conformational prefer-
ence (Fig. 3 and Supplementary data). As observed, most of the
experimental conformations, defined by NMR data, are within
the distribution curves obtained from the MD simulations, indicat-
ing an adequate reproduction of the glycan conformational ensem-
ble. In addition, considering that NMR methods provide average
three-dimensional models, giving rise to ensemble-average prop-
erties instead of single solution conformations,6 it is feasible to ob-
serve NMR geometries between main conformational states/peaks.
Such characteristics also correlate to the observation of some
geometries not included in the main regions of MD distribution
curves, as it may not represent distinct conformers but may repre-
sent average ones.

Although the correct reproduction of the oligosaccharide geom-
etry is important, the flexibility associated with disaccharides ex-
posed to different environments must also be taken into account.
In this context, it is proposed that the number of possible confor-
mations for the dihedral angles of a given disaccharide, when com-
prising a glycan moiety of a glycoprotein, is considerably reduced
at its core compared to the distal ends.5 This appears to be caused
by the conformational restriction promoted by the surrounding
carbohydrate residues, although its geometry is similar to the
one present in the free carbohydrate.2 In accordance with such a



Figure 2. Distribution of the / (black) and w (gray) dihedral angles associated with
N- and O-glycosidic linkages in 50 ns MD simulations of the studied glycoproteins.
Experimental geometries, as obtained from NMR data, are indicated by asterisks (*).
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model, we were able to observe differences in the conformational
behavior of the same disaccharide, b-GlcNAc-(1?4)-GlcNAc, in
Figure 3. Distribution of the / (black), w (red) and x (blue) dihedral angles associated
glycoproteins in 50 ns MD simulations. Each curve is representative for the conforma
Supplementary data). Asterisks (*) in the distribution curves indicate the experimental
different molecular contexts (Figs. 1 and 4). In linear chains, with
little or no steric hindrance, as seen in CD59 (PDB code 1CDR,
Fig. 4A), a more flexible pattern is observed. In contrast, when
such disaccharide is the core of a more complex glycan, as seen
hsCD2105 and a-hCG (PDB codes 1GYA and 1HD4, respectively,
Fig. 4B), additional rigidity occurs, although the main peaks are
highly similar, that is, a related set of the main conformational
states. Such profiles seem to be influenced by the solvent accessi-
bility around the disaccharides, as a higher solvent accessible
surface (SAS) is observed in more flexible glycosidic linkages (Sup-
plementary data). A similar influence of solvent exposure is ob-
served for a-Man-(1?3)-Man depending on its localization at
the glycan structure, that is, a given disaccharide will have higher
flexibility when more exposed to solvent (Supplementary data). On
the other hand, the presence of a linked carbohydrate residue
alone does not necessarily influence the surrounding residues
accessibility to the solvent. For example, the conformational pat-
tern of the b-GlcNAc-(1?4)-GlcNAc linkage in the two CD59 PDB
structures (1CDR and 1CDS) appears to not be influenced by a fu-
cose six-linked to the GlcNAc residue (Supplementary data). This is
probably due to the high flexibility of the (1?6)-linkage, which
has less steric hindrance with the remaining glycan residues and,
consequently, less influence on the solvation of the surrounding
glycan.
with specific disaccharides that compose the carbohydrate moieties of the studied
tional behavior of a given disaccharide through the simulated glycoproteins (see
geometries, as obtained from NMR data, in a total of 836 values.



Figure 4. Distribution of the / (black) and w (gray) dihedral angles associated with
the b-GlcNAc-(1?4)-GlcNAc disaccharide behavior during 50 ns MD on different
glycoproteins: (A) Attached to CD59 (PDB ID 1CDR and 1CDS); (B) Attached to both
hsCD2105 (PDB ID 1GYA) and a-hCG (PDB ID 1HD4).
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Among the studies upon the conformational preferences of spe-
cific glycosidic linkages, special attention should be given to the
description of the x angle preferred orientations.45 This bond is
reported to adopt three main conformational states, around 180�,
60� and �60�, which is in good agreement with the conformational
behavior observed from MD simulations. In contrast, it can be ob-
served that NMR-measured dihedrals with regard to the x angle of
both a-Fuc-(1?6)-GlcNAc and a-Man-(1?6)-Man disaccharides
adopt distinct geometries with large amplitudes (Fig. 3). These
may indeed represent average values from two or three conforma-
tional states, which are observed to occur in solution for such
disaccharides through MD.

3.4. Effect of glycosylation upon the protein moiety of
glycoproteins

Although the biological functions of glycosylation are still not
completely understood,2,46 it is known that the glycan moieties
of glycoproteins are fundamental to many biological processes,
and are also involved in protein folding and/or stabilization.1,2 In
previous studies, MD simulations were employed to explore the
role of glycosylation on peptides and proteins, such as the C-termi-
nal region of the human prion glycoprotein,47 the MUC1 peptide,48

and a glycopeptide derived from a hemaglutinin protein frag-
ment,49 employing the AMBER force field,7 and the MHC class I
glycoprotein,50 which used CVFF.9 In this context, to evaluate
simultaneously the glycan conformational description in MD, we
have also performed an analysis of the influence of glycosylation
on the dynamics and conformation of the protein moiety (Figs. 5
and 6), and these results will be discussed below. Additionally,
the non-glycosylated molecules were also simulated with the
OPLS-AA force field, with a secondary structure pattern equivalent
to that observed with GROMOS96 (Supplementary data), which
support the reliability of the obtained results.

3.4.1. EGF-like
According to experimental studies,24 fucosylation does not sig-

nificantly affect the structure of the EGF-like motif. In agreement
with such an observation, no major differences in the secondary
structure pattern between non-fucosylated and fucosylated pro-
teins could be observed in MD simulations, as for RMSD (Fig. 5E)
and radius of gyration (Fig. 5I). A high RMSD value for both forms
of the EGF-like motif was observed, which appears to be due to the
high loop content of this 46 amino acids protein, mainly its C- and
N-terminal regions. On the other hand, a difference in flexibility
between glycosylated and non-glycosylated proteins is observed
around residues 56–59 (Fig. 6A and B), suggesting that the recogni-
tion of EGF-like domains by the O-fucosyltransferase may be asso-
ciated with an entropic driven process, as this region lies within a
putative consensus sequence for fucosylation in several EGF-like
domains.24

3.4.2. CD59
The soluble form of CD59 had been studied by NMR methods,

revealing a monomeric protein of 77 residues in a non-glycosylated
form or with a disaccharide or trisaccharide N-glycan attached to
Asn18.21 Such data indicated that the global conformation of the
protein backbone is essentially unchanged upon inclusion of oligo-
saccharides in the structure calculations. In accordance to these
observations, MD simulations of non-glycosylated and glycosylated
forms of CD59 showed no major differences between both forms of
the protein for RMSD (Fig. 5F) and radius of gyration (Fig. 5J). Addi-
tionally, the NMR data pointed to small changes in the mean dihe-
drals and angular parameters of the protein component upon
inclusion of carbohydrate groups, mainly around the side chain of
Asn18.21 Accordingly, the RMSF analyses of the simulated proteins
support a decreased flexibility in the region of the N-glycan attach-
ment, around Asn18 (Fig. 6C and D).

3.4.3. hsCD2105

Regarding hsCD2105, no major differences could be observed be-
tween non-glycosylated and glycosylated proteins based on RMSD
and radius of gyration (Fig. 5G and K). However, an increased
RMSD occurs in both forms of the protein, probably due to high
loop content (mainly C- and N-terminal regions, Fig. 5C and G)
and to the formation of several b-strands during MD simulations,
known to exist in solution.22,28,51 However, according to PRO-
CHECK analysis, they are present in lower amounts in the NMR
structures of both glycosylated and non-glycosylated forms
(Fig. 5N).

Additionally, the NMR data suggest that the N-linked glycan at
Asn65 is required for adhesion functions, because it stabilizes pro-
tein folding by counterbalancing an unfavorable clustering of five
positive charges centered around Lys61.22 Such an effect appears
to be observed in MD simulations, because the region around these
residues presents decreased flexibility upon glycosylation, as well
as around regions comprising residues 22–32, 49–53, 61–67, and
the N-terminal (Fig. 6E and F) domain.

Regarding CD2 function, transmembrane variants with muta-
tions in the consensus N-glycosylation sequence Asn65-Gly66-
Thr67,52,53 which prohibit the attachment of the high-mannose
N-glycan at Asn65, could be normally expressed on cell surfaces.
However, they have shown neither antibody- nor ligand-binding
activity, suggesting that the N-linked glycan on hsCD2105 plays
an important role in the function of this protein. In addition, the
NMR studies suggested that protein–carbohydrate interactions
may be involved in mediating the CD2 interaction with CD58
which should involve, mainly, the amino acids 32–34, 43–51 and
86–91 of hsCD2105.52,54 Accordingly, the residues around these
regions concentrate the main differences in protein flexibility upon
glycosylation (Fig. 6E and F), while participating in a series of b-
sheets folded in MD apparently promoted by the glycan presence
(Fig. 5N), suggesting a possible role of b-strand structures on
CD2–CD58 binding.



Figure 5. Comparative analysis between the studied glycoproteins and their non-glycosylated counterparts. The superimposed NMR models and the final MD conformation
of EGF-like (A), CD59 (B), hsCD2105 (C) and a-hCG (D) are presented together with root mean square deviation (RMSD) (E, F, G and H, respectively), in relation to the starting
NMR model, for its respective non-glycosylated (black) and glycosylated (red) forms considering all atoms and the radius of gyration (I, J, K and L, respectively). The RMSD
profile associated only with the atoms included in secondary structure elements of each molecule are shown for the non-glycosylated (green) and glycosylated (blue) forms. A
comparative PROCHECK analysis of secondary structure content, obtained from NMR and final MD conformations of non-glycosylated and glycosylated proteins, is also
shown (see Section 2 for further details).
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3.4.4. a-hCG
The a-hCG structure has been determined through NMR meth-

ods in its glycosylated and non-glycosylated forms and deposited
under PDB codes 1HD423 and 1DZ7,27 respectively. Due to its high
loop content, increased RMSD values are observed during MD sim-
ulations for both forms of the protein (Fig. 5H). This may also be
related to the formation of a series of b-sheets in the simulations
(Fig. 5P), which is also observed in OPLS/AA simulations of the
non-glycosylated protein (Supplementary data). Additionally,
some important differences could be observed between non-gly-
cosylated and glycosylated forms of a-hCG based on RMSD
(Fig. 5H) and radius of gyration (Fig. 5L). These differences seem
to be caused by different loop flexibilities during the MD simula-
tions (Fig. 5H), but especially by the large disordered loop between



Figure 6. Root mean square fluctuation (RMSF) for the studied proteins, as a function of both residue number and time: EGF-like, in its non-fucosylated (A) and fucosylated
(B) forms (from 0.04 to 0.24 nm); CD59, in its non-glycosylated (C) and glycosylated (D) forms (from 0.03 to 0.18 nm); hsCD2105, in its non-glycosylated (E) and glycosylated
(F) forms (from 0.04 to 0.16 nm); and the a-hCG, in its non-glycosylated (G) and glycosylated (H) forms (from 0.05 to 0.35 nm).
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residues 33–58 (Fig. 5P). This loop is known to exist in free a-hCG,
based on NMR studies,55 and seems to adopt increased flexibility in
the glycosylated protein (Fig. 6G and H). Such behavior is repro-
ducible in an additional simulation, taking a different NMR model
as starting structure under the same PDB code. As a general fea-
ture, glycosylation of the hCG a-subunit at Asn78 seems to play
an important role in the stabilization of the protein23 by exerting
a protective function through shielding the protein surface from
the environment,55 including residues around 23–26 and 68–70.
Therefore, from the MD simulations, we could observe a stabiliza-
tion of such regions, especially 23–26, as observed in RMSF analy-
sis (Fig. 6G and H).

3.5. Conformation of glycoproteins and their assessment
through MD simulations

In recent years, glycobiology has become a critical facet of post-
genomic science56 as many proteins are post-translationally mod-
ified by glycosylation or co-translationally added by N-glycans in
the endoplasmic reticulum.46 Glycoslation may alter and regulate
the biological activities of such macromolecules. In this context,
several structural and functional studies on glycans alone, or on
glycopeptides or glycoproteins have been carried out, using both
experimental and theoretical methods. Concerning the use of the
latter techniques, an assortment of approaches has been employed
to model glycan structures when its three-dimensional structure is
absent or is considered inappropriate. These include energy mini-
mization of an entire oligosaccharide,47 submitting the glycan to
a simulated annealing protocol,57 or constructing the carbohydrate
moiety of glycoproteins from the disaccharide level,50 that is, min-
imized structures of isolated disaccharides used to assemble an oli-
gosaccharide tree. Additionally, several force field parameters have
been employed to describe and simulate carbohydrate moieties of
glycoproteins.7–9 However, data regarding to the geometry of gly-
cosidic linkages of such biomacromolecules are not always com-
pared to experimental data58 and, at times, are not analyzed
during the simulated time,47 that is, a proper populational ensem-
ble characterization.

In contrast to most nucleic acids and proteins, which are linear and
have a unique type of linkage, carbohydrates can be branched, linked
through one of two anomeric configurations,4 and there are more
than 100 possible monomers (whereas �10 in glycan composition),
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which may be connected by different atoms, increasing its struc-
tural diversity.59 All these properties, together with environmental
factors, such as hydration and target proteins, determine the con-
formational ensemble of oligosaccharides. They are very flexible
molecules, as their minimum-composing units, disaccharides, can
adopt a dynamic equilibrium between two or more distinct confor-
mations. All these properties are associated to the many functional
roles of carbohydrates, making them one of the most challenging
classes of molecules for conformational analysis.6 Indeed, they
are considered to have several orders of magnitude higher poten-
tial information content than any other biological macromole-
cule.59 In this context, standard experimental techniques face
several challenges when employed to obtain atomic-level struc-
tural information about carbohydrates. For example, X-ray crystal-
lography may be difficult on these highly flexible systems and
NMR spectroscopy mainly provides time-averaged conformational
data.6 Therefore, molecular modeling techniques, such as MD
simulations, emerge as a promising tool for structural and confor-
mational representation of carbohydrates, as they can describe,
with a high level of accuracy in both spatial and temporal compo-
nents, their geometry, flexibility and interaction with target
proteins.10–13,50,57,60,61

Several force field parameters have been modified and/or de-
signed to model and simulate carbohydrates, such as AMBER’93,7

AMBER’06,62 CVFF,9 and CHARMm.8 In this context, a previous
paper pointed out that different approaches may be better for
simulating different aspects of saccharides.63 For example, the
AMBER’93 force field seemed to be better than CHARMm for
describing glycan dynamics and interactions with proteins, but less
accurate for describing glycan hydration.4 This may indicate that
there is not a definitive force field for carbohydrates MD simula-
tions, whereas further improvements were achieved with AM-
BER’06. On the other hand, this is the first systematic work
assessing glycoprotein dynamics employing GROMOS96 43a1
force field parameters, together with the GROMACS simulation
suite, which was shown to adequately represent the carbohydrate
(and protein) moieties, as their NMR-derived conformations were
adequately reproduced in a series of 50 ns MD simulations. As well,
the simulation time scale achieved in this work totalized 0.4 ls for
glycoproteins MD simulations and 0.2 ls for their non-glycosyl-
ated counterparts.

Although the modeling and adequate reproduction of glycans
conformation are crucial for the adequate description of glycopro-
teins function, the analysis of N- and O-glycosidic linkages is
essential. This may be because this relationship determines the ori-
entation of the whole oligosaccharide relative to the protein and, in
turn, influences the functional role of this class of biomacromole-
cules, such as the exposure of the glycan chain on the cell surface.38

Among the MD studies on glycoproteins, only a few have explored
the geometry of such linkages, including the a-GalNAc-(1?O)-Ser
motif in solution,64 and an antifreeze glycopeptide,58 both consist-
ing of O-glycosidic linkages with a carbohydrate moiety bound up
to a disaccharide. The current work analyzed and properly de-
scribed the conformations of an O-glycosidic linkage in a fucosylat-
ed glycoprotein, and the conformation of N-glycosidic linkages in
four different glycoproteins. Among the parameters studied were
its geometry and flexibility, indicating that the employed method-
ology is adequate for the reproduction of glycoprotein conforma-
tional ensembles in solution.
4. Conclusions

It is well known that glycoproteins play important roles in
many biological events and that their carbohydrate moieties may
be directly involved in such functions, including protein stabiliza-
tion, folding, and interaction with target molecules. However,
experimental methods present limitations when applied to carbo-
hydrates. For example, X-ray crystallography is difficult on these
highly flexible systems, and NMR tends to provide time-averaged
conformations. Therefore, MD simulations emerge as a promising
tool for complementing both NMR and X-ray experimental data
on glycans and glycoproteins, because it provides a reasonable
sampling of the conformational behavior of such molecules in
solution.

The employment of molecular modeling techniques may be ex-
pected to contribute significantly to the understanding of the many
events related to this class of biomacromolecules. Indeed, some
force field parameters have been designed for modeling and simu-
lating glycans, being shown to adequately represent experimental
geometries. In this context, the GROMOS96 43a1 force field, en-
hanced by Löwdin HF/6-31G**-derived atomic charges for the gly-
can moiety, adequately reproduced the conformational ensemble
of a series of glycoproteins, as well as the effect of glycosylation
over the studied proteins, when compared to NMR data.

Finally, the employed methodology appeared to reproduce ade-
quately the conformational ensemble of a series of glycoproteins
containing carbohydrate moieties that are involved in different
biological roles. Consequently, upcoming studies using MD simula-
tions upon glycoproteins may be expected to provide a significant
contribution to the investigation of their involvement in biological
events.
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