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Abstract It is well known that cell surface carbohydrates
play a role in cell–cell adhesion and communication.
LewisX glycosphingolipids form microdomains on cell
surfaces. Homotypic and calcium-mediated LewisX–
LewisX (LeX-LeX) interactions were proposed to be
responsible for the initial steps of cell adhesion, and to
mediate embryogenesis and metastasis. Various techniques
have been used to investigate such interactions, but little
information is available on the geometry and the mecha-
nism of dimerisation. To better understand these interac-
tions, a new molecular model was developed to simulate
homotypic interactions in explicit solvent with and without
calcium ions. Accurate analysis of both trajectories yielded
valuable information about the energetics of LeX-LeX
dimerisation. Detailed interpretation of the hydrogen bond
network and the presence of calcium ions along the
trajectory provide valuable insights into the role of calcium
ions in this carbohydrate–carbohydrate interaction.
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Introduction

Carbohydrates play vital roles in many biological process-
es, such as recognition, adhesion and communication
between cells. Carbohydrates that are covalently linked to
a non-sugar moiety (proteins, peptides or lipids) are the
most prominent cell-surface-exposed structures. The highly
diverse structural variability of carbohydrates makes them
good candidates for cell receptors and recognition molecules.
Compared to the more well known protein–protein and
protein–carbohydrate interactions, carbohydrate–carbohydrate
interactions are quicker and more specific, and have thus
gained more and more research attention [1].

LewisX (LeX) carbohydrate is the first such carbohy-
drate–carbohydrate interaction to be investigated, and
proved to be a homotypic and calcium-dependent interac-
tion [2–5]. The molecule LeX-glycosphingolipid (LeX-
GSL) is composed of a LewisX terminal trisaccharide unit
with the carbohydrate sequence Galβ(1→4)[Fucα(1→3)]
GlcNAcβ, connected to a ceramide moiety through a
disaccharide lactose (Fig. 1). LeX-GSL was first identified
as stage-specific embryonic antigen1′ (SSEA-1), which is
highly expressed at the compaction stage of a model pre-
implantation embryo [6, 7]. Dramatic changes in such LeX
epitopes have been observed at some steps of ontogenic
development and in oncogenic transformation [8–11].

Due to the important role of LeX-GSL in cell adhesion
and signal transduction, many studies have investigated
the underlying molecular mechanisms, using techniques
such as nuclear magnetic resonance (NMR) spectroscopy
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[12–16], mass spectrometry (MS) [17], surface plasmon
resonance (SPR) [18], vesicle adhesion [19–21], and atomic
force microscopy (AFM) [22]. Rat basophilic leukaemia
cells preincubated with purified LeX-GSL have also been
used as a model [23]. All these approaches have contributed
to the establishment of a model of calcium-ion-mediated
homotypic LeX–LeX recognition. The adhesion force
determined by AFM was in the range of ~20 pN for LeX
trisaccharide dimerisation [14]. The adhesion energy of
lipid vesicle pairs functionalised with LeX–GSL measured
in CaCl2 aqueous medium (0.11 M) was 67.8 μJ m−2 [13].
Recently, thermodynamic evidence for gold glyconanopar-
ticles functionalised with trisaccharide LeX was obtained
by isothermal titration calorimetry, providing an evaluation
of binding free energy of −8.5 kcal mol−1 [24].

However, all applications of physical experiments are
restricted by the unavailability of LeX–GSLs molecules,
from either biochemical or chemical synthesis. The flexi-
bility of carbohydrate in native solution and the inherent
weakness of carbohydrate–carbohydrate interactions make
experimental studies more difficult. Although the above
approaches have proven the existence of calcium-ion-
mediated homotypic LeX–LeX recognition, none of them
has yielded any information on the dynamic geometry of
the complex. In fact, the flexibility of glycosidic linkages in
solution produces multiple conformations that coexist in
equilibrium, and the interaction between carbohydrate
molecules is a dynamic process. Nevertheless, elucidation
of the conformational structures and dynamic properties of
oligosaccharides is a prerequisite for a better understanding
of the cell–cell adhesion and recognition process, and for
the rational design of carbohydrate-derived drugs.

In the past few years, combined theoretical and
experimental studies become mutually reliant in the
oligosaccharide field. Computer simulation of carbohy-
drates in their natural environment, i.e. in water, is an
important tool for molecular mechanism studies. A previ-
ous theoretical study on the tri-saccharide LeX dimer,
which is a simpler molecular system, provided valuable
information on the ability of LeX to form dimer [25]. This

preliminary study concluded that the lactose part of the LeX
molecule might play an important role in LeX–calcium
recognition. The purpose of the present study was to
develop a molecular dynamics (MD) model to simulate
LeX–LeX interactions on cell surface microdomains, in
order to better understand the mechanism of carbohydrate-
dependent cell-cell interactions. The role of calcium ions in
this biological process was elucidated by comparative
analysis of the trajectory obtained: with and without
calcium ions in the water solvent. Both trajectories yielded
valuable information about the energetics of LeX–LeX
dimerisation, and detailed analysis of hydrogen bonds and
the presence of calcium ions along the last 2 ns trajectories
provide insights into the role of calcium ions in this
carbohydrate–carbohydrate interaction.

Materials and methods

Preparation of monomer coordinates

LeX pentasaccharide monomer coordinates and parameters
were constructed with the “Glycam Biomolecule Builder”
available online from the website of R. J. Wood group [26].
Since these coordinates are not optimised, a first minimi-
zation by molecular mechanics (1,000 steps of steepest
descent followed by 1,000 steps of conjugate gradient
minimization with a gradient tolerance of 0.05 kcal mol−1)
was made with Amber 9 [27]. This molecule was then
simulated, with this software, by MD with generalised Born
(GB) implicit solvent model of Hakwins et al. [28, 29] for
2 ns. Each monosaccharide unit in the LeX molecules
adopts the typical 4C1 chair conformation, with no
significant deviation from the classical pyranose ring shape.
This preliminary study was aimed at finding the most
energetically favourable structure, which was found at
1,477 ps and extracted only for the atomic partial charges
determination. This conformation was found with a “home-
made” Perl script that merely checked all energies values,
finding the lowest one and giving the associated structure.

Fig. 1 Chemical structure of
LewisX glycosphingolipid
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Atomic partial charges

Molecular dynamics simulations need accurate atomic
partial charges for the electrostatic energy term. The best
method to obtain these, for carbohydrates systems, is to
perform ab-initio calculations and extract the atomic
charges from molecular orbitals [30]. However, this method
is highly influenced by the molecular conformation.
Therefore, it was decided to perform several ab-initio
calculations from specific LeX conformations. The Random-
Search method, implemented in SYBYL 7.0 [31], was
used for the LeX pentasaccharide monomer to generate
different conformations. Chirality checking was chosen.
The energy cutoff was set to 1.0 kal/mol. The root mean
square (RMS) threshold was set to 0.1 Å, with a maximum
of 100 hits. The ten energetically most favourable con-
formations were then chosen, and their electrostatic
potentials (ESP) were calculated by Gaussian 03 [32] at
Hartree Fock level of calculations with the 6-31G*) basis
set level. The restraint electrostatic potential method
(RESP) [33] was used to obtain atomic partial charges
with antechamber software, implemented in the AMBER
package, for these ten structures. The values were averaged
to obtain the final atomic partial charges.

Preparation of cluster coordinates

To construct a system which reflects the microenvironment
of LeX–GSL microdomains on the cell surface, LeX
trisaccharide packing was chosen as the referenced initial
system for MD simulations. LeX trisaccharide packing was
extracted from the crystallographic coordinates in the
Cambridge Structural Database (code ABUCEF) [34]. The
crystal structures of the LeX trisaccharide yield information
related not only to the conformation of the molecule, but
also to their cluster information. Along one crystal axis the
trisaccharides are aligned in a row, with hydrogen bonds
between fucose and galactose in neighbouring molecules
(Fig. 2). The lactose moieties, which are not included in the
crystal structure, were manually added using the coordi-

nates from the energetically most favourable conformation
of the pentasaccharide LeX monomer.

In reality, it is the ceramide moiety that inserts into the
cell membrane and limits the linked pentasaccharide. We
simplified the system by using methyl groups instead of
lipid moieties, and then added the weak constraint of
lactose at each side between the adjacent centre of mass
of each glucose residue. Thus, the side-by-side contacts help
to form clusters in order to avoid the unrealistic movement of
the lactose residues. The restraint is a well with a square
bottom with parabolic sides out to a defined distance, and
linear sides beyond that. Restraints energy are in units of
kcal/mol, and d is the distance between each adjacent centre
of gravity of the glucose residues of lactose (Fig. 3).
Because the distance d was found to be in the range 9–
10 Å, a specific restraint potential was designed. The
overall shape of this potential is represented in Fig. 4. The
extremities of this potential were set at 1 Å either side of
the border values (i.e. 8 Å and 11 Å) to allow more freedom
to the cluster. In the case of a restraint violation, a square
function is applied, modulating the energy for the two next
Ångstoms (i.e. 6 Å and 13 Å); if this one moves away from
this latter limit, two distinct restraints ceiling values are
applied (Fig. 4). It was decided to apply a non-symmetric
potential, which is energetically more constrained when the
distance between adjacent residues is large (40 kcal/mol)
than when this distance is small (10 kcal/mol). The reason
for this asymetrical potential is that van der Waals (VdW)
repulsion already represents a constraint when the adjacent
residues are too close. The authors emphasise the fact that
no restraint was included with the purpose of aiding LeX
dimerisation, but rather to maintain cluster behaviour as it
exists within the ceramide moieties.

Molecular dynamics

Two 10 ns simulations in the NPT ensemble were
performed with the AMBER package version 9. The ff03
force field [27] was used for water and ions. As in a
previous study [25], calcium Lennard-Jones parameters

Fig. 2 Front (a) and side (b)
views of the starting cluster
conformation
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were adjusted from the Aqvist data [35] using the method
defined by Bartolotti et al. [36]. The carbohydrate force
field Glycam04 [37, 38] was used for all these simulations.
This force field introduced to Amber all of the features
necessary for carbohydrate conformational simulations,
with the key focal points being treatment of glycosidic
torsion angles, anomeric effects and nonbonded interac-
tions. The TIP3P model was chosen for water. The solvent
box dimension was identical for simulations with or
without calcium ions: 60.3 × 55.5 × 45.0 Å3. The number
of water molecules was slightly different without calcium
(3,466) than with ions (3,441) in order to obtain a similar
solvation environment. The concentration of calcium and
chloride ions was 0.16 mol/L and 0.32 mol/L, respectively.
Periodic boundary conditions were applied using the
particle mesh Ewald (PME) method [39] to treat long-
range electrostatic interactions. Bond lengths involving
bonds to hydrogen atoms were constrained using SHAKE
[40]. The time step for all MD simulations was 2 fs, and a
direct-space nonbonded cut-off of 8 Å was used.

In the first MD simulation, LeX packing was surrounded
by water molecules. In the second MD simulation, ten
calcium ions were added to the LeX packing and 20
chloride ions were also added to obtain a neutral global
charge in the waterbox, which is necessary for the PME
method. The starting positions of calcium ions were
manually placed to distribute them uniformly around the
solute, but the VdW radii of the solute. The chloride ions
were moved manually to near the solvent box side such that
they were as far as possible from each other and from the
LeX packing. All topology and parameter files used as
input for the simulations were prepared with the xleap
module of AMBER. All input scripts for the MD
simulations were performed with the help of the visual-
AMBER software [41] developed by our team. In the two
simulations, 1,000 steps of energy minimization were first
performed (500 steps using the steepest descent, followed
by 500 steps using the conjugate gradient algorithm). The
solute atoms were frozen with strong (500 kcal/mol)
harmonic restraints. The systems were then fully minimized
using the same method. The systems were slowly heated
from 0 to 300 K within 20 ps in the NVT ensemble. The
solute and ions were kept frozen with weak atomic
harmonic restraints (10 kcal/mol). Then, a 10 ns production
trajectory was performed at 300 K in the NPT ensemble at
1 bar pressure and all atoms free to move. The Berendsen
method [42] was used to control and adjust the temperature
every picosecond. The coordinates were stored every 0.2 ps
to obtain an accurate picture of molecular movement.

Analysis

The two simulations were analysed in the same way. The
last 2 ns were extracted for analysis. For correct visual-

Fig. 4 Shape of the distance
restraint potential energy be-
tween each adjacent glucose
residue centre of mass. Energy
units are in kcal/mol and dis-
tances in Ångstroms

Fig. 3 Simple illustration of the six-unit packing structure with
constraints
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isation, the two trajectories have been adjusted (re-imaged)
in order to locate the LeX packing at the centre of the
periodic boxes. VMD software [43] was used to playback
trajectories resulting from MD simulations so that these
trajectories can be analysed over time. All root mean square
deviation (RMSD) analysis was elucidated with the Ptraj
module of the Amber package. The Molecular Mechanics/
Poisson-Boltzmann Surface Area (MM/PBSA) method
[44–47] permits evaluation of the LeX–LeX free energy
of dimerisation. The Poisson-Boltzmann (PB) equation
solution was estimated with a finite-difference algorithm
defined by Luo and coworkers [48], implemented in the
AMBER package software. Calculations were performed to
the last 2 ns with or without calcium. Snapshot solute
coordinates were extracted every picosecond. The binding
free energies were the averaged values of the 2,000
conformations. This energy is decomposed as follows:

$Gbind ¼ Gcomplex� Glex� Glex and

ΔGbind ¼ $Egasþ $Gsol � TΔSgas

$Egas ¼ $Eint þ $Eelecþ $Evdw

$Gsol ¼ $Gpolar þ $Gnp

$Sgas ¼ $Stransþ $Srot þ $Svib

The sum of the molecular mechanics energy, ΔEgas, is
divided into three parts: internal energy (ΔEint), electro-
static potential (ΔEelec) and van der Waals (ΔEvdw)
potential. The solvation free energy (ΔGsol) is composed
of two parts: polar solvation free energy (ΔGpolar) and
non-polar solvation free energy (ΔGnp). The polar term
was calculated using a numerical solver for the PB method
or by GB methods. ΔGnp was determined using the
MOLSURF method [49]. The latter is directly related to
the solvation-accessible surface area (SASA) [50]:

$Gnp ¼ Surften � SASA þ Surfoff

Surften (surface tension) and Surfoff are constants equal
to 0.0052 and 0.92, respectively. The solute entropy is
estimated with normal mode analysis by computing the
contributions of translation, rotation and vibration. This
analysis is done with Amber 9 and requires accurate
minimizations, therefore each snapshot was optimized with
5×105 steps and an RMS convergence of 0.001 kcal. A
SASA calculation was used to determine the random
probability of the presence of an interacting ion with each
residue. To obtain this value easily, the Surften and Surfoff
constants from the previous equation were set to 1 and 0,
respectively. Energy decomposition was computed and,
consequently, ΔGnp directly represents the SASA value.
The solvent accessible surface of the entire residue
(SASAmax) was calculated with isolated residues by

MOLMOL 2k.2.0 [51] using the CalcSurface command as
a reference to evaluate the percentage of hidden surface.
The ptraj program in Amber 9 contains a facility for
keeping track of lists of pair interactions between a list of
hydrogen bond donors and hydrogen bond acceptors for
calculations of hydrogen bonding. A hydrogen bond was
considered to be present when the donor–acceptor distance
is smaller than 3.5 Å and the donor–acceptor angle is
smaller than 60°. These weak criteria were chosen
deliberately to count as much hydrogen bonding informa-
tion as possible.

Results and discussion

Overall cluster analysis

Monitoring of kinetic, potential and overall energies along
the trajectory, as well as the pressure and temperature,
indicates that both systems are stable. The restraint energy
was recorded along both trajectories. No large variation was
observed and the energy value was always below 3 kcal/mol,
which means that the restraints are in agreement with the
molecular system and are present only to maintain the cluster
system. The global RMSD of both systems show that the
systems present high flexibility (Fig. 5). The central dimer is
the more important because the systems considered present
the smallest possible cluster and there are “end-side effects”
with the solvent for residues other than the central dimer.

Overall dimer analysis

The RMSD for the central dimer is stable, showing that the
system is stable and that the analysis can be performed for
the last 2 ns (Fig. 6). The system without calcium ions was
equilibrated after 2.2 ns, and the system with calcium ion
was equilibrated more quickly, i.e. after 1ns. Visual
examination of the two 10 ns trajectories shows that is no
chelating complex with Ca2+ observed, and the dimer is
maintained with or without calcium ions. These observa-
tions are in agreement with previous experimental studies
[6, 9, 15, 16]. Moreover, no specific hydration pattern was
observed for the central dimer in the presence or absence of
calcium ions.

The average structure is different, and Ca2+ induced a
slight but significative influence on the structure of the
LeX–LeX adhesion. In addition, the RMSD fluctuations
illustrated in Fig. 6 indicate that the flexibility of this
carbohydrate system is moderate, and is similar with or
without calcium ions. The RMSD for each residue (not
shown here), with or without Ca2+, shows no significant
variation, meaning that calcium ions have no significant
impact on the local movements of specific LeX residues.
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Free energy

The calculated free energies of binding are negative both in
the presence or absence of calcium (Table 1), which is in
agreement with previous related experiments. The results
show that calcium seems to be favourable for the dimerisa-
tion of LeX, with a decrease in free energy from −4.0 kcal/
mol to −10.0 kcal/mol (PB), and from −1.7 kcal/mol to
−8.3 kcal/mol (GB). The electrostatic part and the VdW
contribution are more important, which is in agreement
with a cation influence. The values of the electrostatic part
and the VdW contribution in the system with calcium ions
are lower than without ions. This indicates that there is
some specificity for calcium ions. The solute entropic
contribution is not significant for the selectivity. Our free
energy value (−10.0 kcal/mol with the PB method and
−8.3 kcal/mol with the GB method) for the LeX pentasac-
charide dimer with calcium ions is closely comparable to the
experimental value (−8.5 kcal/mol) obtained for the LeX
trisaccharide dimer with calcium [24]. This good correlation
between the simulation and experimental results is a strong
indication of the accuracy of our simulations.

Hydrogen bonds

There are 14 hydroxyl groups and one acetyl amino group
in each LeX pentasaccharide and, as the systems are in an
aqueous environment, the hydrogen bond appears to have
an especially significant role in the control of structure and
biological function. The concept of hydrogen bonding
certainly provided a key to understanding carbohydrate–
carbohydrate interaction. Figure 7 displays the hydrogen
bonding network of the middle dimer on both trajectories,
and the average presence of each hydrogen bond during the
trajectory of the final 2 ns (only values >20% are shown).

There are more hydrogen bonds in the system with Ca2+

than that without ions, thus the cation has a positive
influence on the system leading to the formation of
hydrogen bonds. We classified the hydrogen bonds into
two distinct classes: intra- and inter-monomers. Both
trajectories, with and without Ca2+, display the same
number of intra-monomer hydrogen bonds. They involve
the same atoms and, more or less, the same percentage of
presence. This indicates that the calcium ions do not induce
a modification of the LeX monomer structure and stability.

Fig. 6 Ten-nanosecond RMSD
for the central dimer indicating
stability of the system and the
moderate flexibility of the dimer

Fig. 5 Ten-nanosecond root
mean square deviation (RMSD)
for the whole cluster

906 J Mol Model (2008) 14:901–910



The inter-monomer hydrogen bonds are more important
for studying dimerisation. The most interesting change is
that the number of interactions are different with four
hydrogen bonds in the presence of calcium compared to
two hydrogen bonds without these ions (Fig. 7). This may
explain the difference in dimerisation free energies and
therefore the positive influence of the calcium ions that
prescribe the presence of these hydrogen bonds. Among
these interesting interactions, we note the very strong
hydrogen bond between the O2 of the galactose residue in
each monomer that is observed at 97% presence in the
system with calcium, but which is absent when there is no
ion in the system. Similarly, another strong hydrogen bond
(75%) is observed only in the presence of calcium and
involves the 3′-OH group of the galactose residue of the
lactose moiety with the facing 6′ hydroxyl group of the

residue N-acetyl glucosamine. This latter hydroxyl group is
also implicated in a less important inter-monomer hydrogen
bond (21%) with the 3′ hydroxyl fucose group. The OH-4′
in the same galactose residue was also very important as it
participated as a hydrogen bond acceptor in systems both
with and without calcium ions.

Calcium interaction

The positions of calcium ions along the trajectory were
monitored to investigate the electrostatic interactions of the
LeX dimer with cations. Representation of calcium ions
along the trajectory shows that calcium takes up specific
preferred positions along the trajectory (Fig. 8). The
percentage of presence of calcium ions is calculated for
every residue of the central dimer (Table 2). The proximity
of calcium to each residue is considered when its distance
from the centre of mass of each residue is less than 10 Å.
The OCH3 group is here only to mimic the ceramide
moiety, but it is too small. Therefore, we cannot draw any
conclusions about the Ca2+ presence for this residue. The
chloride ions move a lot within the periodic box, and no
noticeable interactions were recorded. The RMSD of the
anion is 77.7 ± 27 Å, which is, indubitably, high and
indicates that these ions are free to move within the box.

For each residue, it is important to look at the solvent
accessibility surface area (SASA). A SASA calculation was
used to determine the random probability of the presence of
an interacting calcium ion with each residue. If all the
SASA of each residue corresponds to the presence of
calcium, that means calcium ions are just randomly
distributed around each residue. In that case, the different
presence of ions has no relationship with any special

Fig. 7 A,B Hydrogen bond net-
work. A With calcium ions,
B without calcium ions. The
percentage values indicate
the time of presence (along the
2 ns analysis) of these hydrogen
bonds. Only bonds that are
present more than 20% of the
time are displayed on these
schemes

Table 1 Free energy (in kcal/mol) analysis performed with molecular
mechanics/Poisson-Boltzmann surface area (MMPBSA) and molecular
mechanics/generalised Born surface area (MMGBSA) for the final 2 ns

Contributions With Ca2+ Without Ca2+ Delta

ELE −19.7±3.8 −8.5±3.2 −11.2
VDW −12.8±2.4 −8.7±2.7 −4.1
G non-elec −2.3±0.10 −1.5±0.12 −0.8
G elec (PB) 24.5±2.2 15.3±2.1 9.2
G elec(GB) 26.2±3.1 17.6±2.9 8.6
T.Strans −8.8±0.0 −8.8±0.0 0.0
T.Srot −5.7±0.2 −5.5±0.3 −0.2
T.Svib 14.2±3.1 14.9±3.4 −0.7
ΔG (PB) −10.0±1.9 −4.0±1.1 −6.0
ΔG (GB) −8.3±1.4 −1.7±1.7 −6.6
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interaction with certain residues, so there is no real
interaction with carbohydrate. The percentage hidden for
each residue is defined by the formula:

%Hidden ¼ 1� SASA=SASAmaxð Þ � 100%:

A linear correlation between the “hidden percentage”
and the presence percentage of calcium was attempted (data
not shown) and has led to an R square value of 0.141,
indicating that there is no correlation between accessibility
and presence percentage for calcium (Fig. 9). This proves
that calcium comes near certain residues because of specific
recognition.

In order to gain a deeper insight into the specificity of
the calcium ions, an atomic calcium percentage of presence
was calculated with the same definition (values reported in
Fig. 10). It should be pointed out that the hydroxyl groups
do not exhibit similar behaviour towards calcium ions.
Logically, hydroxyl groups engaged in hydrogen bonds
interact rarely with calcium. The groups displaying a
percentage of presence higher than 20% indicate a strong
specific interaction with the cations, as indicated with grey
colour in Fig. 10. Note that two distinct continuous areas
display a strong interaction with calcium. The first
(Fig. 10b) concerns the lactose moiety of this glycosphin-
golipid, with atoms O5′, O1′, O2′, O3′ and O4′ of the
glucose residue, and atoms O5′ and O6′ from galactose. A
role for the lactose moiety towards the calcium cation was
previously proposed [25]; this study confirms this proposi-
tion. The second area (Fig. 10a) implicates the tri-
saccharide part of LeX and contains the oxygen atoms
O1′, O4′, O5′ and O6′ of the galactose residue; the oxygen
atoms O1′, O2′ and O3′ of the fucose residue, and O5′ and
O6′ of N-acetyl glucosamine. This specificity of calcium
for this LeX tri-saccharide has also been proved in several
experimental studied [3, 14, 17, 19–21, 23, 24]. However,
none of these latter works was able to determine which
oxygen atoms were involved in specific calcium recogni-
tion. This work is thus the first to propose this list of
oxygen atoms.

Conclusions

Cell surfaces are rich in carbohydrates, which are assumed
to be involved in cell recognition and adhesion. This is
currently a major theme in cell biology. This work
represents a theoretical study of LewisX glycosphingolipid
dimerisation in a carbohydrate cluster built by experimental

Fig. 8 Calcium population density around the LewisX carbohydrate
(after the trajectory has been fitted to the primary unit cell). All central
dimer coordinates are fitted along the time axis, whereas calcium ion
positions are recorded and represented as points. The clouds of points
indicate that the ions are not randomly placed around the dimer but
take up preferred positions

Table 2 Solvent accessible surface area (SASA), calcium ion presence and surface hidden percent of each residue

Residue SASA SASAmax %Ca2+ %Hiddena

Monomer 1 OMe 95.3±2.4 160.0 33.6 40.4
Glu 196.5±5.9 340.9 27.2 42.4
Gal 171.2±8.0 340.2 13.5 49.7
NAcGlc 204.3±5.3 405.4 10.7 49.6
Fuc 186.9±5.0 331.2 10.4 43.6
Gal 217.2±4.9 340.6 19.7 36.2

Monomer 2 OMe 93.8±2.6 160.0 26.0 41.4
Glu 198.2±4.7 340.9 21.3 41.9
Gal 167.2±6.6 340.2 20.1 50.9
NAcGlc 208.2±4.5 405.4 14.9 48.6
Fuc 189.4±6.0 331.2 9.8 42.8
Gal 220.6±3.9 340.6 17.9 35.2

a%Hidden=(1− SASA/SASAmax) ×100%
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crystallographic packing. Two 10 ns of molecular dynamics
simulations were conducted in the presence or in the
absence of calcium ions. Due to border effects, only the
central dimer was examined. This dimer is stable in both
the presence and absence of calcium cations, which is in
agreement with much experimental data. Free energy
calculations were estimated with the MMPB(GB)SA
method and the values obtained indicate that calcium ions
significantly increase the stability of the LeX dimer.
Hydrogen bonding networks recorded over time displayed
different patterns with or without calcium, which may
explain the observed stability variations. According to this
analysis, some specific hydroxyl groups in the dimerisation
process were elucidated. Positions of calcium ions along the
trajectory were monitored to investigate the interactions of
this ion with the LeX dimer. An original calculation of
hiding percent indicates that there is no correlation with
calcium proximity, leading us to conclude that calcium ions
are not randomly placed around the dimer but exhibit real
specificity. A more detailed analysis of calcium positions

indicated that two continuous areas of LeX atoms interact
strongly with this ion. These areas were located to the tri-
saccharide and lactose moeities of LeX. This study is the
first to present a list of atoms that are expected to be
involved in calcium recognition. Several chemical synthesis
of specific deoxy-LeX have been made [52–54], or are in
progress, in order to verify these atomic roles experimen-
tally. It should be pointed out that this model concerns only
a few molecules, in comparison to a cellular glycosphingo-
lipid raft where some molecular interactions might be
slightly different. Consequently, and in order to increase the
accuracy of the model, new molecular dynamics simula-
tions will be launched with a bigger cluster model. These
structures, called glycolandscapes, have already been
studied [55] and prove the feasibility of such models.
Several diseases processed, such as tetratocarcinoma F9,
use LeX cellular adhesion for their autoaggregation. The
elucidation of such structure–function relationships is
expected to lead to new ideas and methods for the
prevention and cure of those specific diseases.

Fig. 9 Histogram of calcium
presence and solvent hide
percentages

Fig. 10 Calcium percentage of
time presence. Hydroxyl groups
display different behavior with
calcium ions. Two distinct con-
tinuous areas of high atomic
affinities (more than 20%),
A and B, are showed in grey
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