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Abstract—Explicit solvent molecular dynamics (MD) simulations on the triple helix of the polysaccharide Scleroglucan (Sclg) at two
temperatures (273 and 300 K) were carried out. Owing to the complexity of the system, a united-atom force field, based on the prop-
erly modified GROMACS parameters, was adopted. To test these parameters for our system, MD simulations of the two disaccha-
ridic units, representing the main chain and the side-chain linkages of the Sclg repeating unit, were performed and the results were
compared with the literature data. The simulated triple helix of Sclg retained the main experimentally determined features of the
polymer. The residence times of the solvent molecules at 273 and 300 K were analyzed. The results show that the more internal water
molecules, interacting with the core of the Sclg triplex are not influenced substantially by changing the temperature, on the contrary
the water molecules, interacting with the side-chain glucose residues show more significant differences. These data suggest that the
more external water molecules, interacting with the side chain, play a major role in the conformational transition experimentally
observed at low temperature.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Scleroglucan (Sclg), a polysaccharide secreted by fungi
of the genus Sclerotium, has a backbone build up by
(1!3)-linked b-DD-glcp units with single glcp side chains
linked b-(1!6) to every third residue in the main chain
(Fig. 1). Sclg exhibits a triple helix conformation (tri-
plex) both in aqueous solution and in the solid state.
Solid state (fiber) diffraction reveals a triple helical core
sustained by a network of interchain H-bonds among
the hydroxyl groups linked to the C-2 atoms of the glu-
cose units of the backbone (O-2(A), O-2(B), and O-2(C)
in Fig. 2); the strands are aligned parallel and the side
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chains are directed away from the helix core.1,2 Due to
its special properties, Sclg has been successfully used
for various applications (secondary oil recovery, ceramic
glazes, food, paints, cosmetics, etc.).3 Furthermore, as
we have shown in previous papers, the polymer can be
used in the formulation of monolithic swellable matrices
for modified drug delivery.4,5 More recently, by addition
of borax to a Sclg solution, we have obtained a new
hydrogel that, in the form of tablets, is capable of
remarkable asymmetric swelling.6

Some years ago, we proposed a force field suitable for
studying peptides, glycopeptides and carbohydrates
making use of energy minimization calculations.7–9

Using this approach, we have proposed different possi-
ble configurations in which three Sclg triplexes arrange
to form a channel suitable to contain different drug mole-
cules. We propose that the anomalous swelling of the

mailto:anto&#132;nio.<?tul=0?>palle&#132;schi<?tul?>@<?tul=0?>uni&#132;roma<?tul?>2.it


Figure 2. (top) Top view of a fragment of the triple helix of the Sclg.
The triple helix is stabilized by inter-chain hydrogen bonds in which
each backbone O-2 hydroxyl serves as donor and acceptor to link it to
O-2 hydroxyl of a backbone glucose residue in each of the other two
chains of the helix. The arrow indicates the network of hydrogen bonds
that links the three strands of the triplex. (bottom) Side view of the
same triple helix. For the sake of clarity, only one strand is evidenced.

Figure 1. Sclg repeating unit consisting of three b-(13)-DD-glucopyra-
nose residues (A–C) with one branched b-(1!6)-DD-glucopyranose (D).
The torsional angles / and w refer to the linear backbone; / 0, w 0 and x
are the torsional angles relative to the side chain. G13G and G16G
correspond to the two disaccharides characterizing the repeating unit,
and are known as b-laminarabiose and b-gentiobiose, respectively. For
the sake of clarity, only the hydrogen atoms necessary to define the
torsional angles are shown. Oxygen atoms are dotted.
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array of Sclg chains, observed when a borax group is
added, is due to altered stability of the array structure.
In addition, we propose that the release properties for
different drug molecules are related to different mobili-
ties through these channels.
Since energy minimization techniques do not provide

quantitative data to compare with release experiments,
we have undertaken studies with molecular dynamics.
Our long-term goal is to perform simulations in which
different molecules will be pulled through the channels
to simulate drug release.
Because of the very large number of atoms in these

system of channels, along with a correspondingly large
number of water molecules, we have elected to use a
so-called united atoms force field (FFGMX in the GRO-GRO-

MACSMACS software package).10,11 This reduces the required
computer time by nearly an order of magnitude.12 Some
modifications have been introduced in the original
FFGMX parameters in order to better reproduce the
structural features of carbohydrates. Validation of our
modifications is emphasized by the reproducibility with
previously determined O-6 orientations (gauche effect13–16)
and the exo-anomeric effect17 through studies of the
disaccharides laminarabiose,18–21 b-DD-Glcp-(1!3)-b-DD-
Glcp (G13G), and gentiobiose,14,22,23 b-DD-Glcp-(1!6)-
b-DD-Glcp (G16G), that mimic the glycosidic linkages
of the backbone and the side chain, respectively, of the
Sclg repeating unit (Fig. 1). We analyzed the behavior
of water molecules around the disaccharides and the tri-
plex models, as well as the x torsional angle transitions
in G16G and triplex, both involved in a cooperative
transition occurring at about 280 K as underlined by Tera-
moto and co-workers.24,25 In addition, the same authors
underlined that this transition is strongly depending on
the molecular weight.
2. Experimental

2.1. Molecular dynamics settings

According to FFGMX, the CH and CH2 groups were
considered as united atoms, and the hydrogen atoms
of the hydroxyl groups were explicitly introduced; the
tetrahedral geometry of carbon atoms was maintained
by means of improper torsional potentials. The dynamic
trajectories were performed using GROMACSGROMACS software
package and analyzed by means of the standard routines
of GROMACSGROMACS and a home-made software. The torsional
angles were defined according to IUPAC26 starting from
related angles when the H atoms are lacking. In parti-
cular, /, defined as [H-1(A)–C-1(A)–O-1(A)–C-3(B)],
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is evaluated as /o � 120�, where /o = [C-2(A)–C-1(A)–
O-1(A)–C-3(B)]; w, defined as [C-1(A)–O-1(A)–C-3(B)–
H-3(B)], is evaluated as wo + 120�, where wo = [C-
1(A)–O-1(A)–C-3(B)–C-2(B)]; / 0, defined as [H-1(D)–
C-1(D)–O-1(D)–C-6(C)], is evaluated as / 0

o + 120�,
where / 0

o = [O-5(D)–C-1(D)–O-1(D)–C-6(C)]; and x,
defined as [O-1(D)–C-6(C)–C-5(C)–H-5(C)], is obtained
as xo � 120�, where xo = [O-1(D)–C-6(C)–C-5(C)–O-
5(C)] (see Fig. 1).
FFGMX is based on the GROMOS-87 force field,

with small modifications not concerning saccharidic
molecules. As previously pointed out,27 these force fields
are not able to reproduce inter residue features of sac-
charidic molecules. To overcome this problem, a new
atom type, named OG, was introduced for O-1, with
the aim to simulate the different features of these atoms.
The OG parameters were obtained from those proposed
by Homans,28 extensively used in the past decade, and
based on ab initio calculations at HF/6-31G* level.
Summarizing, the changes introduced in FFGMX, were
the following: (1) the values of the stretching and bend-
ing constants, proposed by Homans, were slightly scaled
to be used in FFGMX; (2) the constants used in the en-
ergy calculations for the / and / 0 torsional angles (Rich-
ard–Balhemans type) were obtained by fitting those
proposed by Homans; (3) only in the case of the
(1!6) linkage, the charges of the atoms C-6(C) and
O-1(C) were reduced to better mimic the gauche effect.
Different values for these charges were tested and the
best agreement with the NMR experimental data of x
distribution22 was achieved, when a decrease of about
15% was applied (data not shown). In Table 1, the
Table 1. Parameters of the OG atom typea

Bond Kstr (kJ nm

Stretchingb

OG–CS1/CS2 251,040

Angle Kben (kJ ra

Bendingb

CS1–OG–CS1 228.80
CS1–OG–CS2 228.80
OG–CS1–CS1 265.89
OG–CS2–CS1 265.89
OG–CS1–OS 323.13

Angle k0 (kJ mol�1) k1 (k

Dihedralc

OS–CS1–OG–CS1/CS2 5.642 21.94

Angle k1 (kJ mol�1)

Dihedrald

CS1–OG–CS1/CS2–CS1 3.766

a Equivalent atom types are separated by slash. CS1 refers to saccharidic un
bEstr = 1/2Kstr(r � ro)

2, Eben = 1/2Kben(h�ho)
2: the Kstr and Kben (from Ref.

cEdh = R kn(cos(180 � /))n (Richard Balhemans type): the kn values were ob
d E0

dh ¼ k1ð1þ cosðnw� vÞÞ: default FFGMX parameters relative to all the
parameters for the OG atom type, used in our calcula-
tion, are reported.
It is well known that the MD simulations should be

carried out with explicit inclusion of water molecules,29

owing to the strong interaction of carbohydrates with
water. In the present work, the carbohydrate molecules
were solvated in a rectangular box using periodic
boundary conditions and SPC/E water model.30 The
box dimensions were 2.8 · 3.2 · 2.8 nm for the G13G
unit, 2.6 · 3.2 · 2.9 nm for the G16G unit, and
4.3 · 4.3 · 14.4 nm for the triplex. To obtain a density
of about 1 mg/mL, 823, 768, and 7832 water molecules
for G13G, G16G, and triplex, respectively, were added.
The electrostatic interactions were treated using the
PME approach31 with a cut-off distance equal to
0.9 nm. The temperature was kept constant by coupling,
separately for carbohydrate and solvent molecules, to an
external bath with coupling constant of 0.1 ps. An iso-
tropic pressure bath was used, to fix the value of
1 atm, with a coupling constant equal to 1 ps.32 After
energy minimization, all systems were equilibrated by
means of MD simulations of 100 ps, constraining the
atoms of the solute at their positions through a
harmonic potential. Simulations of 30 ns for G13G
and G16G disaccharides, and of 8 ns for triplex, by
using an integration step size of 1 fs, were performed.
In order to assess the presence of the hydrogen bond,
the standard criteria of GROMACSGROMACS software package were
used.
The starting conformation for the core of the triplex

was taken from X-ray structure for curdlan that has
the main features of Sclg.1,2 Glucose residues were
�2 mol�1) ro (nm)

0.142

d�2 mol�1) h0 (�)

0 116.4
0 116.4
0 110.1
0 110.1
6 107.4

J mol�1) k2 (kJ mol�1) k3 (kJ mol�1)

5 10.450 �23.408

n v (�)

3 0

ited atom CH1, and CS2 refers to saccharidic united atom CH2.
28) were properly rescaled.
tained by fitting the parameters of the b-glycosidic torsional angles.28

*–OS–CS1–* dihedral angles.
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added to every third glucose in the triplex model with
b-(1!6) linkages having the conformation found in
crystalline gentiobiose. Each of the three strands of the
triplex had 13 tetrasaccharide repeat units, for a total
of 156 glucose residues.

2.2. Analysis of simulation data

To compare the dynamic results with the NMR data,
the hetero-nuclear 3JC,H coupling constants (Hz) for
G13G were evaluated according to the generalized
Karplus equations proposed by Tvaroska et al.33:
3JC-1ðAÞ;H-3ðBÞ ¼ 5.7cos2w� 0.6 coswþ 0.5 ð1:1Þ
3JC-3ðBÞ;H-1ðAÞ ¼ 5.7cos2/� 0.6 cos/þ 0.5 ð1:2Þ
In the case of G16G, the comparison with experimental
hetero-nuclear 3JC,H coupling constants was carried out
using both the relationships reported by Spoormaker
et al.34
3JC-4ðCÞ;H-6ðCÞS=R ¼ 3.09� 0.38 cosðxJ � 5.53Þ
þ 2.57 cosð2ðxJ � 5.53ÞÞ ð2Þ
and the more recent generalized equations derived by
Tvaroska et al.33,35
3JC-4ðCÞ;H-6ðCÞS=R ¼ 0.52þ 5.8cos2xJ � 1.6 cosxJ

þ 0.28 sin 2xJ � 0.02 sinxJ ð3Þ
where xJ is the dihedral angle involving the atoms
C-4(C)–C-5(C)–C-6(C)–H-6(C)R/S that correspond to
x, for the hydrogen in configuration S, namely H-
6(C)S, and x + 120� for the other one in configuration
R, H-6(C)R (see Fig. 1). Average values of the homonu-
clear 3JH,H coupling constants (Hz) between the hydro-
gen linked to C-5, namely H-5(C), and the two hydrogen
atoms linked to C-6 in the configurations R and S, were
calculated using the following equations derived by
Stenutz et al.36

3JH-5ðCÞ;H-6ðCÞR ¼ 5.08þ 0.47 cosxO � 0.12 cos 2xO

þ 0.90 sinxO þ 4.86 sin 2xO ð4:1Þ
3JH-5ðCÞ;H-6ðCÞS ¼ 4.92� 1.29 cosxO þ 4.58 cos 2xO

þ 0.05 sinxO þ 0.07 sin 2xO ð4:2Þ

where xO denotes the angle [O-5(C)–C-5(C)–C-6(C)–
O-1(D)].
In order to obtain the residence times of single

water molecules around different oxygen atoms, the
approach used by Engelsen et al.37 was employed. The
water molecules with the oxygen atom inside a sphere
of radius equal to 0.35 nm, centered on a selected
saccharidic oxygen atom, were considered. In the case
of triplex, all the 39 equivalent oxygen of our
model (one for each repeating unit) were taken into
account.
3. Results and discussion

3.1. G13G and G16G simulations

Figure 3 shows a three-dimensional representation of
the conformational distribution function during the tra-
jectory of the G13G simulation. The maximum of the
distribution, centered at / = 50� and w = 21� has a sta-
tistical weight higher than 84%. Two equivalent second-
ary minima are also present, the first at / = 50� and
w = �168� and the second one at / = �178� and
w = 21�. During the trajectory, two transitions from
the deepest energy minimum to these alternative minima
were detected, after about 6 and 20 ns for w and / an-
gles, respectively (see Fig. 4). The results shown in Fig-
ure 3 are in good agreement with the in vacuo surface
map obtained, for the same system, by French and co-
workers. These authors evaluated the energies either
by means of a hybrid model, using both quantum
mechanics and molecular mechanics calculations on
the whole molecule,20 or by means of quantum mecha-
nics calculations on tetrahydropyran-based analogs.21

This agreement, between data related to different envi-
ronments, can be explained assuming that, in this case,
the major contributions to the relative stability of the
conformers, namely the exo-anomeric effect and the dif-
ferent H-bonds stability, are not significantly influenced
by the surroundings.
As reported in Table 2, the 3JC-3(B),H-1(A) and

3JC-1(A),H-3(B) average values, calculated using the / and
w angles from MD simulations (Eqs. 1.1 and 1.2), are
in good agreement with those experimentally obtained
by Cheetham et al.18 In addition, the time evolution of
the inter-residue H-bonds was analyzed, because the
crystallographic structures of b-(1!3)-linked carbohy-
drates indicate that the H-bonds involving the oxygen
atoms O-4(B)–O-5(A) are more stable than those involv-
ing O-4(B)–O-6(A) and O-2(B)–O-2(A).23 Figure 4
shows the existence matrix for different intramolecular
H-bonds during the simulation of G13G and the time
series of the angles / and w; obtained data are in very
good agreement with the crystallographic results.
The b-(1!6) linkage represents a challenging target

for all the predictive methods, and the validation of
the parameters is particularly difficult in this case. The
stable orientations for the x angle are indicated as
gauche–gauche (gg), gauche–trans (gt) or trans–gauche
(tg), where the first letter refers to the orientation of
O-6 relative to O-5 and the second to C-4. Several stud-
ies evidenced that this angle displays a preference for
gauche orientations (gg and gt).13–16

Figure 5 shows the value of the x angle during the
simulation of G16G disaccharide as well as the corre-
sponding probability distribution with a gg:gt:tg calcu-
lated ratios of 39:54:7. According to previous
experimental and computational evidence, the gauche



Figure 3. Three-dimensional representation of conformational distribution function for G13G. The conformations corresponding to the minima are
also reported. The oxygen atoms involved in the more stable hydrogen bonds are linked by dashed lines.
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Figure 4. From top to bottom: (a) Existence matrix of the intramo-
lecular H-bonds that appear during the simulation of G13G; (b)
trajectory of the glycosidic angle /; (c) trajectory of the glycosidic
angle w. Note the appearance of the H-bonds between the atoms
O-2(B)–O-5(A) and O-4(B)–O-2(A), at about 6 and 20 ns, as a
consequence of the w and / transitions.
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is favored with respect to the trans conformation
(gauche effect). The relative abundance for gg and gt is
in good agreement with the data obtained by NMR
experiments22 in water–acetone (4:1) (34:66:0). The
small discrepancy observed in the case of the tg popula-
tion can be very likely ascribed to the influence of the
solvent polarity (water in our simulation, water–acetone
in experimental data), because of the high number of
saccharidic hydroxyl groups.29 Furthermore, other
NMR data, relative to a G16G derivative in D2O,
showed a tg abundance of 3%.38 In our simulations,
the x average values were 178� (gg) and �56� (gt), in
very good agreement with the data obtained from the
two ensembles of b-(1!6)-linked crystallographic struc-
tures (175� and �54�)23 and with the NMR average val-
ues22 as well (172� and �41�). In Table 2, the theoretical
coupling constants calculated by Eqs. 2, 3, 4.1 and 4.2,
for G16G, are reported. As it can be seen, the simula-
tions allowed reproducing satisfactorily all experimental
values.
As shown in Figure 5, the x angle undergoes many

transitions among the gg, gt, and tg states during the sim-
ulation. Interestingly, the calculated average time of
transition (1 ns) is in very good agreement with the rota-
tional relaxation times of exocyclic side groups of nine
different monosaccharides, ranging from 0.5 to 2.1 ns.39



Table 2. Experimental and simulated coupling constants for G13G and G16G at 300 K

3JC-1(A),H-3(B) (Hz) 3JC-3(B),H-1(A) (Hz) 3JC-4(C),H-6(C)S (Hz) 3JC-4(C),H-6(C)R (Hz) 3JH-5(C),H-6(C)R (Hz) 3JH-5(C),H-6(C)S (Hz)

G13G 4.7 ± 0.1a 3.9 ± 0.1a — — — —
4.7 ± 1.1b 2.8 ± 1.5c — — — —

G16G — — 3.0 ± 0.5d 1.0 ± 0.5d 6.0 ± 0.1d 2.0 ± 0.1d

5.7f 2.0f

— — 3.4 ± 1.1e 1.9 ± 1.0e

— — 3.9 ± 1.0g 1.7 ± 1.0g 5.6 ± 1.8h 2.6 ± 1.5i

a Ref. 18.
b From Eq. 1.1.
c From Eq. 1.2.
dWater–acetone (4:1).22
e From Eq. 2.
f Ref. 38.
g From Eq. 3.
h From Eq. 4.1.
i From Eq. 4.2.

Figure 5. Trajectory of the dihedral angle x for G16G disaccharide
together with its associated probability distribution (x = 180� corre-
sponds to gg, x = �60� to gt and x = +60� to tg).
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Figure 6. Probability distributions of the dihedral angle x for the
triplex during the simulation, at 300 K. In the inset, the maximum
values of the distribution versus time, for three conformations, are
reported.
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3.2. Scleroglucan simulations

Figure 6 reports the x probability distribution, at differ-
ent times, for the triplex at 300 K. The distribution func-
tion reaches the same values as those of G16G after
about 5 ns. The average time for the x transitions in tri-
plex increases, with respect to that of G16G, to roughly
2.4 ns that corresponds to about 130 transitions for the
39 side chains during the 8 ns simulation.
The average transition time obtained by analyzing the

x angle distribution for the simulation at 273 K (data not
shown) was 4.5 ns. Although, in this case, the time of the
simulation (8 ns) was not sufficient to reach the equilib-
rium, it is important to note the considerable increase
of such average transition time. This latter result is in
good agreement with the restricted mobility of the x
angle induced by the cooperative conformational transi-
tion at about 280 K for the Sclg, as suggested by Tera-
moto and co-workers.24,25 Obviously, a quantitative
comparison with experimental results is not possible,
because this cooperative transition is experimentally
strongly dependent on Sclg molecular weight.24,25

Figure 7 shows the number of the inter-strand
H-bonds involving the hydroxyl groups of the back-
bone, O-2(A), O-2(B) and O-2(C), normalized by the
total number of these atoms in the triplex at 300 K
(see Fig. 2). This network of H-bonds is strongly related
to the triplex stability, as it can be demonstrated by the
disruption of the triple-helical conformation easily
achievable by the addition of dimethylsulfoxide (an
H-bond breaking compound) to the water solution of



Figure 8. A fragment of triplex overlaid each 200 ps, during the last
3 ns of simulation at 300 K. The overlap is obtained by minimizing the
mean square distance among the frames.

Table 3. Characteristic residence times (s)a of the water molecules in
the first shell of solvation (300 K)

Oxygen s1 (ps) s1
b (ps) s2 (ps) s2

b (ps)

O-4(A) 0.48 ± 0.02c 0.58 ± 0.01 2.99 ± 0.15c 3.96 ± 0.15
O-4(B) 0.51 ± 0.01c 0.55 ± 0.01 3.08 ± 0.15c 3.64 ± 0.16
O-4(C) 0.56 ± 0.01d 0.57 ± 0.01 3.69 ± 0.14d 4.22 ± 0.16
O-4(D) 0.46 ± 0.01d 0.54 ± 0.01 2.93 ± 0.11d 3.70 ± 0.14

a From Eq. 5.
b Triplex.
c G13G.
d

0

0.5

1

0 2 4 8

N
HB

t (ns)

Figure 7. Number of the interstrand H-bonds involving all the O-2
atoms of the backbone (O-2(A), O-2(B), and O-2(C)), normalized by
the total number of the same atoms, during the simulation of the
triplex at 300 K.
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the Sclg.40 As it can be seen such network of H-bonds is
steady during the simulation. This confirms the stability
of the triple-helical structure of our model with respect
to the stochastic perturbations arising from solvent col-
lisions at 300 K. In addition, it is worth noting that the
changes in the x distribution (side chains) do not affect
the inter-strand H-bonds number.
Figure 8 shows a fragment of triplex overlaid each

200 ps, during the last 3 ns of simulation at 300 K (equi-
librium for the x distribution). The backbone triplex
retains its conformation and no unwinding process occurs
during the simulation. As expected, the side-chain glu-
cose rings show a higher mobility in comparison with
the backbone glucose units. Furthermore, it can be
pointed out that no remarkable bending of triple helical
axis was detected during the simulation, it can thus be
confirmed that our model retains the experimental high
stiffness of the Sclg triplex.41

The residence time distributions around selected oxy-
gen atoms, obtained as described in the experimental
section, exhibit an exponential decay, in agreement with
Engelsen et al.37 In particular, the simulations were fit-
ted by the following bi-exponential equation:
G16G.
NwðtÞ ¼ x1 � expð�t=s1Þ þ ð1� x1Þ � expð�t=s2Þ ð5Þ

where Nw(t) is the normalized number of water mole-
cules with residence time t, s1 and s2 represent the char-
acteristic residence times, and x1 the fraction of
molecules with characteristic residence times s1. The fit-
ting parameters, for the last 3 ns of the simulation at
300 K, are reported in Table 3 for all the O-4 atoms.
When the same parameters were calculated at different
times during the simulation, no remarkable differences
were detected (data not shown). Thus, the variation in
x values during the simulation does not affect the water
residence features. This is not surprising because the sur-
roundings of each oxygen is slightly influenced by the x
conformation and, as stated above, the average time for
the x transitions is two/three orders of magnitude
slower than the water residence time. In all cases, s1
refers to water molecules (87–92%) residing for about
0.5 ps around the oxygen atoms, and s2 values are
related to the water molecules with a longer residence
time; a remarkable difference between the s2 computed
in the triplex and the corresponding value of G13G
and G16G was observed. Our values for the G13G
and G16G are similar to those of Engelsen et al.37 for
similar molecules.
The fitting parameters obtained considering all the

water molecules at a distance less than 0.35 nm are



Table 4. Percentage of bonded water molecules, with a residence time more than 20 ps, for six oxygen atoms of the Sclg representative of the core
(O-4(A), O-4(B), and O-4(C)) and the side-chain (O-4(D), O-2(D), and O-6(D))

T (K) O-4(A) (%) O-4(B) (%) O-4(C) (%) O-4(D) (%) O-2(D) (%) O-6(D) (%)

273 7.5 7.7 7.8 4.3 4.8 4.2
300 5.1 5.2 5.4 1.9 2.3 2.0
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strongly influenced by the large number (more than
87%) of water molecules that interact for only a short
time (residence of about 0.5 ps) with a selected oxygen
atom. To characterize the water molecules strongly
interacting with the solute, in Table 4 the percentages
of water molecules with residence time of more than
20 ps at two different temperatures are reported. Two
different behaviors of the water are present. In one,
the water molecules interact with the oxygen atoms of
the triplex backbone (O-4(A), O-4(B), and O-4(C)) with
slightly different residence times for the two tempera-
tures (300 and 273 K). In contrast, the water molecules
that interact with the oxygen of the side-chain residues
(O-2(D), O-4(D), and O-6(D)) have residence times that
depend more strongly on the temperature. These data
suggest that the more external water molecules, being
more influenced by the temperature, are consistently
involved in the conformational transition experimen-
tally detected at about 280 K for scleroglucan. On the
contrary, the inner water molecules, interacting with
the oxygen atoms of the triplex backbone, form a scaf-
fold essentially retained also at higher temperature
(300 K) supporting the idea that these molecules are
only marginally involved in such transition.24,25
4. Conclusions

In order to study the complex structure of the polysac-
charide Sclg, we added to FFGMX in the GROMACSGROMACS

software package a new atom type and related parame-
ters, to better take into account exo-anomeric and
gauche effects. These parameters reproduced the main
features of laminarabiose and gentiobiose. The simu-
lated Sclg, consisting of 3 strands of 13 tetrasaccharide
residues each, retained the properties of the polymeric
chain. In particular, the interchain H-bonds between
O-2 atoms were mostly retained during the simulation.
This confirmed the idea that this H-bond network is
responsible for both the stability and stiffness of the tri-
ple helix of Sclg and other b-(1!3) glucans. The flexibil-
ity of the x torsional angle, directly involved in the
conformational transition at about 280 K for high
molecular weight polymer, is strongly temperature
dependent, as shown by the transition average times at
different temperatures. The analysis of the solvent
persistence times at two different temperatures (300
and 273 K) showed that two kinds of water molecules,
interacting with the triplex, are present. The first kind,
constituted by the water molecules near the Sclg back-
bone, essentially retains its properties at both the ana-
lyzed temperatures. In contrast, the water molecules
interacting with oxygen atoms of the side-chain glucose
residues are more influenced by the temperature
decrease. This suggests that only the second kind of
water molecules are directly involved in the reported
highly cooperative transition.
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