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Abstract

The contribution of the presence of solvent to the conformations adopted by disaccharide fragments within the
repeat unit of gellan have been studied by molecular modelling techniques. Initial conformational energy searches,
using a dielectric continuum to represent the solvent, provided starting geometries for a series of molecular
dynamics simulations. The solution behaviour from these simulations was subsequently compared to fibre
diffraction data of the potassium gellan salt. The present calculations indicate considerable flexibility of the
glycosidic linkages, and this is discussed in relation to its effect on gel formation. One of the fragments was
solvated with explicit water molecules. These calculations showed the same conformational behaviour as those
simulations conducted in implicit solvent.
Finally, a series of molecular dynamics (MD) simulations were performed to study the calcium binding to
gellan. The results from this clearly showed a well defined binding site for this ion.

Abbreviations: MM : molecular mechanics; MD : molecular dynamics.
Keywords: polysaccharides, gellan, glycosidic linkage.

Introduction

Gellan is an anionic, microbial polysaccharide with the ba-
sic repeat unit of (1→3)-β-D-Glcp-(1→4)-β-D-GlcpA-(1→4)-
β-D-Glcp-(1→4)-α-L-Rhap [1]. A schematic of the gellan
repeat unit can be found in Figure 1. Its ability to form firm
aqueous gels at low polysaccharide concentration in the pres-
ence of specific counter ions has led to its use as a thickening
agent in a variety of food applications. Its affects have been
studied in food systems as diverse as dairy products [2] to
corn syrups [3] and low sugar bakery jams [4].

Several groups have studied the dilute solution behaviour
of gellan, using a variety of counter ions, with a view to gain-
ing some insight into the process of gel formation [5-13].

These have mainly concentrated on measuring gel strengths
under different conditions of counter ion type and concen-
tration, temperature, polysaccharide concentration and pH.
The aim of this work is to study the effect of solvent on the
conformational properties of the gylcosidic linkages within
the gellan repeat unit and to use a combined molecular me-
chanics (MM) and molecular dynamics (MD) approach to
investigate the co-ordination of divalent ions to the gellan
double helix, using Ca2+ ions as an example.

Polysaccharides have received relatively little attention
from computational studies compared to other macromol-
ecules, such as proteins. Both groups suffer from similar dif-
ficulties, such as the current inability to predict conforma-
tion based solely on primary structure. However, progress is
being made. So far, in the case of polysaccharides, this has
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Figure 2. Conformational energy search for the A-B
glycosidic linkage.

Figure 1. Schematic representation of gellan with residue
labelling.

mainly concentrated on analysing individual glycosidic link-
ages. We use this type of approach to validate the model and
force field used in subsequent calculations.

We are well aware that modelling the entire time sequence
leading to gelation from a disordered aqueous solution is
beyond the scope of current simulation methods. It is also
impractical at present to simulate models which are of a suf-
ficient size to represent all aspects of gel formation. There-
fore we have decided to concentrate on one stage of the path-
way, which is where double helices have formed and are in
close proximity to each other. In this simulated state the spe-
cific interactions with the counter ions can be probed in de-
tail without the need to attempt to model the formation of
the gel.

Methodology

General

All calculations were performed on a Silicon Graphics Iris
Indigo XZ 4000 workstation. The molecular modelling pack-
age INSIGHT II Version 2.3.0 (Biosym Technologies, San
Diego, CA, USA) was used to construct all models, and the
INSIGHT II interface to Discover Version 2.95 was utilised
for the calculations on the structures. The AMBER force field
[14] with the modifications for polysaccharides by Homans
[15] was used in all simulations.

The explicit image protocol was used in all MD
simulations, as was the Verlet algorithm [16]. A step size of
1 femtosecond was used in all of the MD simulations.

All simulations using periodic boundary conditions were
conducted under conditions of constant temperature and vol-
ume. The temperature is maintained using Berendsen’s
method [17], which couples the system to a temperature bath.

Conformational Energy Maps

Relaxed conformational energy maps were calculated by re-
straining the ϕ and ψ dihedral angles and energy minimising
the remaining structure around these dihedral angles. The
dihedral angles involved in this study have been shown in
Figure 1. For the (1→4) linkages ϕ is defined as H1-C1-O1-

C4', and ψ is defined as C1-O1-C4'-H4', where a prime sym-
bol indicates the following residue. For the (1→3) linkages,
ϕ is defined as H1-C1-O1-C3', and ψ is defined as C1-O1-
C3'-H3'. Initially, both of the dihedral angles were set to -
180º, and the structures were energy minimised. The dihe-
dral angle ψ was then incremented by 30º, while ϕ was held
constant, and the energy minimisation procedure was re-
peated. This was then repeated until the dihedral angle ψ
had swept out 360º; the dihedral angle ϕ is then incremented
by 30º and the whole procedure was again repeated until each
of the dihedral angles had been rotated by the full 360º for
all values of the other.

Disaccharide Simulations with Dielectric Constant

The minimum energy conformations predicted by these re-
laxed conformational energy maps were subsequently used
as the starting structures for 500 picoseconds MD simulations.
This procedure has been described by Stern et al. [18]. Cut-
offs for the non-bonding interactions were not used in these
calculations with the disaccharide fragments, as the molecules
under consideration were relatively small.

A relative dielectric constant of 80 was used to implicitly
represent the presence of solvent. Some representation of
solvent effects is essential when modelling polysaccharides,
due to their strong tendency to form hydrogen bonds. The
MD simulations were run at a temperature of 295K. There
was an initial 50 picoseconds equilibration; the subsequent
500 picoseconds of the trajectory were used for the data col-
lection.
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Figure 3. Conformational energy search for the B-C
glycosidic linkage.

Figure 4. Conformational energy search for the C-D
glycosidic linkage.

Disaccharide Simulations in Explicit Water

One of the disaccharides also underwent a MD simulation in
the presence of explicit water molecules, to determine the
effect this may have on the minimised structure from the
calculations in vacuum. The disaccharide was solvated using
a 15Å3 box of equilibrated water molecules. The TIP3P model
of water [19] was used in all simulations. The TIP3P has
recently been successfully used in MD simulations with su-
crose [20]. The waters were placed randomly around the
disaccharide, whilst avoiding any steric over-laps. This re-
sulted in a total of 84 water molecules.

In this particular system, cut-offs were employed for the
non-bonding interactions at 15Å, since periodic boundary
conditions were required to contain the water molecules. A
group based switching function smoothly adjusted the po-
tential to zero over a 1.5Å range.

Double Helix Simulations Without Ions

Gellan gels consist of rigid, crystalline regions of aggregated
double helices [21], linked by more flexible segments [9].
The model system has been developed to represent the inter-
actions present within the crystalline regions only. This re-
duced size model consists of two double helices. The two
strands of each double helix are composed of just four
pyranose rings. This represents the repeat unit of the
polysaccharide chains, and is the minimum required to model
the cation binding. These systems are fully solvated with
explicit water molecules to model more accurately the small

scale interactions, such as hydrogen bonding, and to include
the solvation shell around the ions.

These simulation cells have the dimensions a = 26.0, b =
22.0, c = 35Å with the angles α = β = γ = 90º. This is slightly
larger than the unit cell dimensions of a = b = 15.8, c = 28.2Å,
to allow for full solvation of the polysaccharide chains. The
waters are placed randomly around the chains, in the same
way as described for the disaccharide fragments. This re-
sulted in a total of 185 water molecules.

As before, a step size of 1 femtosecond was chosen. The
systems are judged to have equilibrated sufficiently when
the total fluctuation of the temperature is less than 5º about
the target temperature, and the ratio of potential energy to
kinetic energy remains constant. These indicate that the sys-
tem has reached thermal equilibrium.

Double Helix Simulations With Ions

The Ca2+ ions are initially placed arbitrarily in positions close
to the carboxyl groups between the polysaccharide chains,
and it is from these positions that they move into the co-
ordination sites proposed by Chandrasekaran [21] during sub-
sequent energy minimisation of the systems. The proposed
binding site itself involves two carboxyl groups, one from
each of the double helices. Thus the ions are believed to bridge
between the double helices, rather than within a double he-
lix.

The systems were first minimised, holding the chains rig-
idly fixed in space, to enable the water molecules to orient
themselves with respect to the other atoms in the system. 10
picoseconds intervals of MD were also used to distribute the
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gels deteriorate depends on the concentration of gellan and
the nature and concentration of the counter ions present [7].

Results

Structural data for polysaccharide gels can often be particu-
larly difficult to obtain; a general lack of crystallinity pre-
cludes the use of X-ray crystallography, whilst solution NMR
often yields only rotationally averaged conformations. In fa-
vourable cases, such as gellan, it may be possible to extract
fibres in which the molecules are preferentially oriented in
the same direction [22]. From such samples it is then possi-
ble to obtain fibre diffraction data; although this is not as
precise as X-ray crystallography, it can nevertheless provide
sufficient details of the structure to determine unit cell di-
mensions, helix pitch and possibly even the location of spe-
cific crystalline water molecules. Such data provide useful
starting structures for atomistic simulations. In the case of
gellan, this type of data was obtained by Chandrasekaran et
al. for both the lithium [23] and the potassium [21] salt of
gellan. The fibre diffraction data for the potassium salt were
used for the starting structure of the double helices. These
data are also used for comparison with calculated results for
the disaccharide fragments. These calculations were per-
formed as described in the methodology section.

Conformational Energy Maps

The results from the conformational energy searches and
subsequent MD calculations performed here on all four of
the glycosidic linkages have been compared to the fibre dif-
fraction values, and listed in Table 1. As can be seen, there is
good agreement between experimental and calculated dihe-
dral angles for the A-B, C-D and D-A glycosidic linkages.
Some deviations are expected from the fibre diffraction data
as the molecules are relaxed. These results are described in-
dividually in the following sections. Particular attention has
been given to those linkages which showed only moderate
agreement with the experimental data.

The relaxed conformational energy map for the A-B
glycosidic linkage has been included as Figure 2. Two mini-
mum energy conformations were located; these have been

Dihedral angle Dihedral angle (º) Dihedral angle (º) Dihedral angle (º)
fibre diffraction data  conformational energy searches molecular dynamics simulations.

O5D-C1D-O3A-C3A -124 -150 -180 < θ < -150: 150 < θ < 180
C1D-O3A-C3A-C4A 88 120   90 < θ < 120
O5A-C1A-O4B-C4B -101 -90 -100 < θ < -70
C1A-O4B-C4B-C5B -136 -120 -150 < θ < -90
O5B-C1B-O4C-C4C -154 -90 -120< θ < -30
C1B-O4C-C4C-C5C -144 -120 -180 < θ < -90
O5C-C1C-O4D-C4D -150 -90 -120 < θ < -60
C1C-O4D-C4D-C5D 86 120   60 < θ < 120

Figure 5. Conformational energy search for the D-A
glycosidic linkage.

water molecules more evenly around the simulation cell.
During this process, the polysaccharides and ions were held
in position, and the temperature used was 295K.

The complete systems were then relaxed using steepest
descents and conjugate gradient energy minimisation. A to-
tal of 200 picoseconds was used for the equilibration proc-
ess; this included 80 picoseconds each at 100K and 200K
and finally 40 picoseconds at 295K. The following 200
picoseconds of the trajectory, at a temperature of 295K, was
then collected and analysed. Structures were saved every 500
femtoseconds. The final simulation temperature was 295K.
This is the normal temperature of use for gellan products. It
should be noted that the actual temperature at which gellan

Table 1. Comparison between the fibre diffraction data for
the glycosidic linkages and the results from both the M.M.
and M.D. calculations.
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Figure 6. M.D. simulation of A-B glycosidic linkage, starting
from energy well B.

labelled as energy wells “A” and “B” in Figure 2. The “A”
well is located at φ = -90º, ψ = -120, which compares favour-
ably with the conformation obtained from the fibre diffrac-
tion data of φ = -101º, ψ = -136.

The relaxed conformational energy map for the B-C
glycosidic linkage revealed two minima. These can be seen
in Figure 3. This linkage showed moderate agreement with
the fibre diffraction data, almost certainly due to the lack of
stabilising interactions from neighbouring residues. This will
be discussed in more detail in the section on the MD
simulations.

The conformational energy search for the C-D linkage
revealed a wide ranging minimum energy well, which is la-
belled as “A” in Figure 4, and a local minima, “B”. The con-
formation corresponding to “B” is just 1 kcal mol-1 above the
global minimum at “A”. However, neither of these confor-
mations corresponded particularly well to the fibre diffrac-
tion data. This is not entirely unexpected, due to the
conformational freedom of the rhamnose residue.

The conformational energy map for the D-A linkage
showed close agreement with the fibre diffraction data. The
conformational energy map for this particular linkage has
been included as Figure 5. Two minimum energy conforma-
tions have been labelled as “A” and “B”.

Disaccharide Simulations with Dielectric Constant

The conformation corresponding to energy well “A” for the
A-B glycosidic linkage, see Figure 2, was then used as the
starting point for a MD simulation of the A-B disaccharide,
as described in the methodology section. During this MD

simulation the A-B glycosidic linkage remained in this con-
formation.

The “B” well in Figure 2 represents a conformation in
which the HO3B - O5A hydrogen bond is not topologically
possible. This hydrogen bond is an important factor in the
formation and stabilisation of the gellan helix; its presence
and importance were confirmed by the fibre diffraction data
of Chandrasekaran et al. [8]. The MD simulation starting
from the conformation associated with the “B” energy well
underwent an early transition to the “A” well, where it re-
mained for the remainder of the simulation. These results
indicate the importance of this particular hydrogen bond,
the formation of which appears to be a major driving force
in the helix formation. The MD simulation starting at con-
formation “B” can be seen in Figure 6, and the HO3B - O5A
hydrogen bond can be viewed in Figure 7. The lack of this
stabilising influence almost certainly also affected the
conformational energy map for the B-C glycosidic linkage.

The global, or over-all, energy minimum for the B-C
glycosidic linkage, labelled as “A” in Figure 3 was used as
the starting conformation for the MD simulation. The link-
age remained in this conformation throughout the MD simu-
lation. When the MD simulation was started at conforma-
tion “B”, a 10 kcal mol-1 energy barrier was crossed early in
the simulation, and the linkage remained in the “A” confor-
mation for the remainder of the simulation.

When the crystal structure was used as the starting con-
formation for a MD simulation for the C-D glycosidic, there
was a strong preference for the “B” energy well (see Figure
4). When the “B” energy well conformation was used as the
starting conformation, there was a strong preference for the
“A” energy well, with only a few transitions to the “B” en-
ergy well. This linkage showed only moderate agreement
with the fibre diffraction data for the MD simulations; again,



180 J. Mol. Model. 1996, 2

The second MD simulation used the “B” energy well con-
formation as the starting conformation. During this simula-
tion the linkage underwent an early transition, during equili-
bration, to the “A” energy well, where it remained through-
out the simulation. The resulting trajectory for this simula-
tion can be viewed in Figure 8. Thus, the D-A glycosidic
linkage adopted a stronger preference for the conformation
corresponding to the fibre diffraction data than the other three
linkages. This is probably due to the reduced flexibility of
(1 → 3) compared to (1 → 4) linkages. These results empha-
sise the importance of the occurrence of the (1 → 3) linkage
in the gellan repeat unit for the over-all stability of the heli-
cal conformation.

Disaccharide Simulation in Explicit Water

The B-C glycosidic was also minimised in a 15Å3 box of
explicit water molecules, as described in the methods sec-
tion. This revealed no differences in the location of the mini-
mum energy conformations, although there were differences
in the orientations of some of the hydroxyl groups. These
results confirm the validity of using implicit solvent in these
calculations on disaccharide fragments.

Double Helix Simulations with Ions.

Gellan gel formation at low polysaccharide concentration is
dependent on the presence of counter ions. It is believed that
they are responsible for the aggregation of the micro-crystal-
line regions [9]. A qualitative approach has been adopted
here in which the ionic interactions are probed in detail. Ex-
perimental data to study these interactions are unavailable at

Figure 7. Representation of HO3B • • • O5A hydrogen bond.

this is likely to be due to the conformational mobility of the
rhamnose residue. The closest low energy conformation to
the fibre diffraction data was at φ = -150º, ψ = 120º. This was
located within 3 kcal mol-1 of the minimum energy confor-
mation at “A”. However, there were no transitions to this
conformation during any of the MD simulations performed.

The fibre diffraction data for the D-A glycosidic linkage
is φ = -124º, ψ = 88º, which corresponds to the “A” mini-
mum energy well at φ = -150º, ψ = 120º (see Figure 5). Two
MD simulations were performed for this linkage. The first
used the fibre diffraction data as the starting conformation,
due its proximity to the “A” energy well. The linkage re-
mained in this conformation throughout the simulation, with
no transitions to any other regions.

Figure 8. M.D. simulation of D-A glycosidic linkage, starting
from energy well B.
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Figure 9. Pair distribution function for the water molecules
around the calcium ion.

H+ ions are known to induce gels of higher strengths than
even the divalent cations, but the mechanism involved is still
unclear. In contrast, large, bulky ions such as
tetramethylammonium ions inhibit gel formation; hence they
are often included in studies of the dilute solution behaviour
of gellan solutions.

The counter ions are believed to be co-ordinated in some
way with the carboxyl oxygens of the glucuronic acid residues
(labelled as B in Figure 1). In the case of divalent ions, it is
believed that the cations bridge directly between two carboxyl
oxygens on two double helices [25]. However, the mono-
valent ions are believed to co-ordinate via water oxygen
bridges to the carboxyl oxygens [24].

During the detailed examination of the proposed co-ordi-
nation site Ca2+ ions were placed near the proposed co-ordi-
nation site, which has not been proved experimentally, and a
MD simulation was performed, as described earlier. The re-
sults from this clearly showed that the ion bridged between
the carboxyl oxygens on the two double helices. The average
distances during this time were 2.6Å and 2.7Å between the
Ca2+ ion and the nearest carboxyl oxygen from each double
helix. The average distance between these two carboxyl
oxygens was 3.1Å. Three water molecules were specifically
co-ordinated around the Ca2+ ion. The distances between these
and the Ca2+ were 2.74, 4.64 and 4.92Å respectively.

The van der Waals’ and Coulombic interaction energies
between the Ca2+ ion and the carboxyl oxygens were meas-
ured for each binding position of the ion during the MD simu-
lation. This revealed a co-ordination distance of 2.3Å corre-
sponding to the minimum interaction energies observed.

A pair distribution function for the water molecules around
the Ca2+ ion shows a co-ordination shell of water at about
2.6Å around the ion. This can be seen in Figure 9.

present. The ionic interactions near the carboxyl group are
of particular interest, as this is the proposed co-ordination
site for the cations. From the MD simulations it should be
possible to determine the most favourable positions for the
ions to adopt in this region.

Micro-crystalline regions form within aqueous samples
of gellan gum. These crystalline regions are thought to be
composed of aggregated double helices, based on fibre dif-
fraction data [21]. It is currently believed that the counter
ions, which promote gel formation at low polysaccharide
concentration, are responsible for the aggregation of these
regions [24].

The de-acylated gellan molecule has been reported [21]
to form a parallel half-staggered double helix in which each
polysaccharide chain is a left-handed 3-fold helix of pitch
56.4 Å. The counter ions known to promote gelation include
mono-valent ions such as Li+, Na+, K+ and Cs+, as well as
divalent ions such as Ca2+, Mg2+, Sr2+, Ba2+, Zn2+, Cu2+ and
Pb2+. Higher concentrations of the monovalent ions are re-
quired to produce gels of the strengths produced when diva-
lent counter ions are used. The gel strength for the monova-
lent ions [7] increases in the order of:

Li + < Na+ < K+ < Cs+.

For divalent ions the corresponding series is:

Mg2+, Ca2+, Sr2+, Ba2+ < Zn2+ < Cu2+ < Pb2+.
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This distance corresponds well to the co-ordination dis-
tances reported above between the Ca2+ ion and the carboxyl
oxygen, and suggests that the water oxygens are replaced by
carboxyl oxygens when the ion is co-ordinated with the dou-
ble helices.

A pair distribution function of the water oxygens around
one of the carboxyl oxygens involved in the calcium co-or-
dination site revealed signs of structuring of the water in this
region. Sharp peaks occurred at about 2.8Å, 3.3Å and 3.5Å,
and a small peak at 4.4Å, with the continuum beginning at
around 5Å. Again, this confirms the important role of the
water molecules in these systems. It is also likely that the
increase in entropy of the water molecules as they are re-
placed by the Ca2+ ion drives the complex formation, thus
leading to gelation. Calculations with monovalent ions are
currently in progress, and it will be interesting to compare
the structuring of the water in the vicinity of the monovalent
bridging ions with that observed here.

Conclusions

In general, the models and force field used here have been
shown to reproduce conformations which have been found
experimentally. The deviations between experimental crys-
talline and calculated solvated conformations can be ex-
plained in terms of solvation effects and the loss of crystal
packing forces.

Several important structural features have been identi-
fied. The first of these is the HO3BO5A hydrogen bond, which
appears to be one of the main driving forces behind the helix
formation. It is interesting to note that this particular feature
remains even in the presence of solvent effects.

The second major contribution is the presence of the (13)
linkage in the gellan repeat unit. This appears to maintain its
stability not only in the crystalline form, but also when sol-
vent is present. Thus it appears to enhance gellan’s ability to
form, in solution, the helical conformation which is believed
to be adopted in the gel state.

We have demonstrated that gellan gel formation is aided
by the cation mediated aggregation of double helices. Our
results show that divalent cations such as Ca2+ can assist in
the aggregation of the double helices by directly bridging
between carboxyl oxygens. A consequence of this is the for-
mation of ordered micro-crystalline regions, which are nec-
essary for the formation of rigid gels. In addition, some struc-
turing of the water surrounding the binding site was observed.
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