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ABSTRACT

Here we propose a 3D-molecular structural model for dextran sulphate sodium (DSS) in a neutral
aqueous environment based on the results of a molecular modelling study. The DSS structure is domi-
nated by the stereochemistry of the 1,6-linked a-glucose units and the presence of two sulphate groups
on each a-glucose unit. The structure of DSS can be best described as a helix with various patterns of di-
sulphate substitution on the glucose rings. The presence of a side chain does not alter the 3D-structure of
the linear main chain much, but affects the overall spatial dimension of the polymer. The simulated
polymers have a diameter similar to or in some cases even larger than model a-hemolysin nano-pores for
macromolecule transport in many biological processes, indicating a size-limited translocation through
such pores. All results of the molecular modelling study are in line with previously reported experi-
mental data. This study establishes the three-dimensional structure of DSS and summarizes the spatial
dimension of the polymer, serving as the basis for a better understanding on the molecular level of DSS-

involved electrostatic interaction processes with biological components like proteins and cell pores.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Dextran sulphate sodium (DSS) is a polyanionic derivative of
dextran with sodium sulphate groups (—OSO3Na) attached to each
repeating unit. DSS is widely applied in food, biotechnology,
pharmaceutical and cosmetic industry and functions as coating
material, anticoagulant agent, purification reagent, and condition-
ing agent [1—6]. DSS-involved interactions with protein materials
have been widely studied with examples like DSS-protein
complexation and particle formation for protein delivery pur-
poses [7] and DSS passage through protein nano-channels inserted
in a bilayer lipid membrane [8,9]. A realistic description of the
three-dimensional (3D) structure of DSS and its flexibility is of
utmost importance for a better understanding of the interaction
between DSS and proteins, especially for the study relying on the
spatial dimension of the polymer like the translocation via protein
nano-channels.

* Corresponding author.
E-mail address: W.Buijs@tudelft.nl (W. Buijs).

https://doi.org/10.1016/j.molstruc.2017.11.090
0022-2860/© 2017 Elsevier B.V. All rights reserved.

Proposals for the 3D structure of polymeric carbohydrates have
been mainly based on X-ray crystallography and nuclear magnetic
resonance (NMR) measurements [10—13]. Whenever there is no
experimental structure of a polymer available, especially in
aqueous environment, and when it is extremely difficult to study
the structure in a liquid environment in sufficient detail by exper-
imental methods, molecular modelling can be an efficient tool to
explore the structure. Molecular mechanics performs very well for
a wide range of molecules throughout almost the entire periodic
table. For large systems it is the only realistic option for molecular
geometry optimization both with respect to accuracy of the struc-
ture and computational time. In this study, the Merck molecular
force field (MMFF) [14,15] is used. The optimized geometries ob-
tained by MMFF provide good starting structures for other studies
like quantum mechanics modelling, molecular dynamics simula-
tions, etc.

The molecular structures of monosaccharides, e.g., glucose, in
aqueous environment have been widely studied by molecular
modelling via molecular mechanics methods [16—19]. Geometric
features like bond distances, bond angles, glucose ring conforma-
tion, and formation of hydrogen bridges with surrounding water
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molecules were well elucidated. Oligosaccharides or poly-
saccharides, e.g., dextrans, have not been studied as much by mo-
lecular mechanics as monosaccharides [20,21]. Molecular
modelling might shine light on characteristics like the rotation
along glycosidic linkages and derived torsional angles, polymer
elasticity, and competition among intramolecular hydrogen bridges
and intermolecular hydrogen bridges. Up to now, literature
reporting the molecular structure of sulphated polysaccharide de-
rivatives is scarce [22], and as far as we know there are no publi-
cations presenting neither the experimentally nor the theoretically
determined 3D-molecular structure of DSS. In this study, the 3D-
structure of DSS is determined using an approach which can be
applied to other (carbohydrate) polymers as well. The resulting DSS
structure will be used to study the electrostatic interactions and
structural dynamic behaviour with biological components like
proteins and cell pores.

In this study, it is aimed to establish the molecular structure of
DSS with an average molecular weight of 5000 Da, which value was
chosen considering the frequent usage of this size of DSS. The
parental polymer of DSS, dextran, is a highly-linear polymer of
anhydroglucose produced by Leuconostoc spp. and related micro-
organisms, connected mainly via a-1,6-linkages. These a-D-glucans
also possess side-chains, connected mainly via a-1,3- and occa-
sionally via a-1,4- or a-1,2- branched linkages [23]. The exact
structure of each type of dextran depends on its specific producing
microbial strain and hence on the specific type of dextransucrase(s)
involved [23,24]. Dextran, as the parental structure for the pro-
duction of DSS, according to the manufacturer's information [25], is
produced via an enzymatic process from Leuconostoc mesenteroides,
strain B 512. The produced dextran contains 95% a-1,6-linkages and
5% a-1,3-branch linkages [26,27]. The sulfur content in DSS is about
17—18%, which is equivalent to approximately two —OSOsNa ester
groups per glucose residue [28,29]. The —0OSO3sNa moieties can be
located on different carbons of the glucose ring [30—33]. Carbon 2
and 3 (C-2,3) appear to be more reactive towards sulphation than
the other carbon positions, and carbon 2, 3 and 4 (C-2,3,4) are the
common sites for dextran di-sulphation [33,34]. C-2,3 are more
suitable for di-substitution than carbon 2 and 4 (C-2,4) and carbon
3 and 4 (C-3,4) and all the three types of di-sulphation occur in the
DSS product [30—34]. In our model, DSS structures with di-
sulphation on C-2,3, C-2,4, and C-34 are used for structural
determination.

2. Approach

An updated version of the Merck Molecular Force Field (MMFF),
developed by Merck Research Laboratories [ 14], was applied. MMFF
is an integral part of the Spartan’16 software package [15] which
was used for all calculations.

A common DSS, obtained from Sigma Aldrich (Product Number:
D7037), has an average molecular weight of 5000. This corresponds
approximately to a dodecamer of «-1,6-p-glucose with two —O-
SO3Na moieties on each glucose ring. Although the material is
delivered as a solid, it is commonly used in an aqueous solution.
Therefore, particular attention was paid to the role of the aqueous
solvent, not only in adding various amounts of H,O explicitly, but
also the building and construction of the —OSOsNa units on the
sugar rings. They were introduced in silico as species in solution,
which result in more accurate solvation energies in the molecular
modelling calculations.

Starting from the established structure of o-p-glucose monomer,
a tetramer was constructed with the correct stereochemistry
around the 1,6-glycosidic bond [23—25]. A full conformer distri-
bution (CD) of the tetramer was determined. From the obtained CD,
low strain energy head-to-tail conformers were discarded, as these

showed intramolecular head-to-tail hydrogen bridges, which were
considered unrealistic in aqueous environment. For the same
reason, building a dodecamer of dextran based on dimeric or
trimeric a-p-glucose was not a good approach. On the other hand, a
real systematic search to a conformer distribution of the dodeca-
mer generated a huge number of possible conformers, which would
be too costly with respect to computational time. Thus, as an
optimal feasible approach, the final conformation for the lowest-
energy equilibrium conformer of the dodecamer of dextran was
obtained by triplication of the best conformer of the tetramers,
using the detailed geometric data of the connection between the
second and the third glucose ring to construct the 4,5 and 8,9
couplings in the final dextran dodecamer. This was another strong
reason to use the tetramer for building the dodecamer, as the
tetramer is the smallest oligomer with 2 internal a-glucose units.
Next, the final geometry of the dodecamer was obtained by an
unrestricted normal geometry optimisation.

Two (—0SO3Na) groups in close vicinity on each a-p-glucose
unit are the ionic functional groups on DSS. Regarding the fact that
the ionic bonds between sodium cation and sulphate anion are
subject to hydration, the optimised molecular structure of a sodium
sulphate (Na;S0O4) dimer in the presence of H,0 was studied before
introducing these charged groups to the dextran dodecamer. The
ionic option for the type of bonds between the sulphate anion and
the sodium cation was chosen. Furthermore, explicit solvation with
various numbers of H,O was carried out.

On average, DSS contains two (—OSO3Na) ester groups per o.-b-
glucose unit. To study the effect of these strongly ionic groups on
the structure of DSS, two (—0SO3Na) ester groups were added onto
the positions C-2,3, C-2,4 and C-3,4 of the a-p-glucose unit. Next,
CD's were determined for the three different a-p-glucose units with
two (—0SO3Na) ester groups, while keeping the geometry of the
sugar ring intact. Via these CD's, the preferred positions of the di-
(—0S03Na) ester groups as well as surrounding H,O molecules to
the a-p-glucose unit were obtained. In the later building process of
the final DSS dodecamers, the preferred positions of the di-(—O-
SO3Na) ester groups and surrounding H,O molecules were initially
fixed in the model, followed by cutting them as a whole group.
These fixed groups were connected to each a-p-glucose unit along
the dextran dodecamer to achieve structures of DSS dodecamers
containing 12 di-(—0SO3Na) ester groups and surrounding H,O
molecules. After completion of the building process, the connected
di-(—0S03Na) ester groups and surrounding H,O molecules were
unfixed, and an unrestricted full geometry optimization was carried
out.

Statistically, there are about 5% of «-1,3 branched linkages
among the DSS polymers. To study the influence of the side chain
on the structure of DSS, a two-unit-long DSS moiety was connected
to the DSS dodecamer with a «-C-1,3 linkage onto one of the a-p-
glucose units, followed by geometry optimisation.

3. Results
3.1. 3D structure of dextran dodecamer

p-glucose, which is the monomeric unit of dextran, exists in two
forms, a-p-glucose and B-p-glucose, which differ in the position of
the hydroxyl (—OH) group on carbon 1 (C-1) of the glucose ring. The
a-form has the OH group on C-1 on the opposite side of the methyl
hydroxyl (—CH,0H) group on carbon 6 (C-6). The B-form has both
chemical groups on the same side. Fig. 1 shows the two forms with
their strain energies from the MMFF calculation.

According to MMFF, a-p-glucose is slightly more stable than the
B form, in line with previously reported theoretical and experi-
mental results [35,36].
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Fig. 1. Molecular structure displayed in a tube format of a-p-glucose (a) and f-p-
glucose (b) and corresponding molecular strain energy. R and S indicate the absolute
stereochemistry on the glucose carbons. Grey represents carbon, red oxygen and white
hydrogen. This representation is applied in the following figures too.

The molecular structures of the a-p-glucose monomer, the o-D-
dextran tetramer and the dodecamer are shown in Fig. 2. A helix
structure was obtained for the dextran dodecamer. This structure
served as the parental structure for the final DSS structures.

From the tetrameric structure presented in Fig. 2 (b), it can be
seen that the first a—glucose ring shows a hydrogen bridge be-
tween the —OH group on carbon 6 (C-6) and the oxygen on C-5 in
the ring, and the fourth glucose ring shows a hydrogen bridge be-
tween the —OH group on C-1 and the oxygen on C-2 of the third
glucose ring. In constructing the final dodecamer of dextran, the
geometry of the coupling between the second and the third
a—glucose ring was taken, as this connection was not influenced by
neither head nor tail interactions.

3.2. Equilibrium geometry of NaySO4 dimer

Normally, dextran sulphates are supplied as sodium salts. In this
study, we wanted to elucidate the structure of the dextran sulphate
sodium (DSS) in neutral aqueous environment. As mentioned
before, on average, two (—OSO3Na) ester groups are located on one
glucose ring in close vicinity. Therefore, the behaviour of two
molecules of NaSO4 in an aqueous environment was studied. Fig. 3
shows the equilibrium geometries of one and two Na;SO4 mole-
cules with water as the solvent.

There is a strong interaction between sodium cations and sul-
phate anions. Three H,O molecules strongly coordinate to sodium
(charge: +1), and with a weaker H-bridge to sulphate-oxygen
(charge: about —0.5). Together with the nearby sulphate-oxygen,

(c)

Fig. 2. MMFF-optimized equilibrium geometry of a-p-glucose monomer (a), tetramer
(b) and dodecamer (c), where a cross-eyed stereo-pair picture of the dodecamer is
displayed. The blue dashed lines represent hydrogen bridges. See Fig. 1 for explanation
of the tube colors.

in total 5 oxygens coordinate to the Na cation. This is in line with
previously reported studies on the hydration of the Na cation where
4—6 water-oxygen coordinate to one Na cation [37—39]. In the
system of two Na;SO4 molecules, two Na cations are located in-
between the two sulphates (Fig. 3 (b)). Now the above-
mentioned 4—6 coordination of the Na cation is obtained with
2—3 sulphate-oxygens and 3 water-oxygens. Thus, three H;0O
molecules close to one Na cation were used to describe the behavior
of NaySO4 in aqueous environment.

In DSS, the two Na cations will also be located in between the
two sulphates which are held close together by their substitution
pattern on the sugar ring.

3.3. Equilibrium geometry of DSS

There are documents stating that “DSS is produced via the
esterification with sulphuric acid carried out under mild condi-
tions” [25]. However, this cannot be the case as extensive de-
polymerization occurs under these conditions [40]. Therefore a
powerful neutral sulphating agent like chlorosulphonic acid pyri-
dine is mostly used to avoid polymer degradation [41,42]. Chlor-
osulphonic acid in pyridine was reported for the sulphation of
dextran in previous studies [33,43].

Fig. 4 shows the monomeric a-p-glucose with different di-
sulphation patterns optimized in MMFF with and without solvent
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Fig. 3. (a): Equilibrium geometry of Na,SO4 in aqueous environment (with 32H,0
molecules); (b) two Na;SO4 molecules present with 12 surrounding (coordinating) H,O
molecules. In the figures, blue balls represent Na, S is in yellow and the thin wires
represent H,0. The two Na ions positioned in between the two sulphates are high-
lighted. All these representations are used for the following figures with corresponding
formats.

water molecules. The sulphate groups are in equatorial position
rather than axial position to avoid unfavorable sterical hindrance,
similar to what was found before [34]. In addition, the two sulphate
mono anions hold two Na cations in-between. In the di-sulphated
glucose structure in the absence of H,0, the sulphate-O to Na dis-
tance is about 2.1-2.2 A and Na—Na distance is about 4.8 A, while in
the presence of H,0, these values are about 2.1—4.1 A and 5.2 A
respectively. These differences in atomic distances reflect the sol-
vation power of H,O. Thus, based on the studies above, combining
the best conformer of the glucose with the best geometry of the
two (—0S03Na) groups leads to the best structure for the mono-
meric di-sulphated glucose units. The latter were used to build the
final DSS structures in the presence of H,O0.

Fig. 5 shows the DSS dodecamer structure in the presence of
72H,0 molecules, corresponding to 3H,0 per Na cation. The three
DSS structures are helices, similar to that of the parental dextran
structure. In each glucose unit, the two Na cations are located in-
between the neighboring sulphate anions.

Table 1 shows the geometric properties of dextran dodecamer
and DSS dodecamer under different conditions, including the di-
mensions and the average value of the pairs of dihedral angles,

which are illustrated in Fig. 6. The lengths of the various DSS
dodecamers are about 40 A. The length is measured as the distance
between the tips of the helix ends. Uniformly substituted DSS
dodecamers are longer than mixed substituted DSS dodecamers,
however their diameters and band widths are approximately the
average of the uniformly substituted DSS dodecamers. In order to
get a quantitative impression of the effect of full aqueous solvation,
the number of H,O molecules in the mixed DSS dodecamer was
increased to 1000 (see Fig. 7). The effect is a small increase in the
geometric parameters of approximately 5%. Dextran shows energy
minima at two dihedral angles of about 121 and 153° between each
glucose ring, thus leading to 2! possible conformers. As the energy
difference between the two conformers is about 0.6 kj/mol and the
corresponding rotational barrier is about 11.6 kJ/mol only, the
dextran helix structure will be very flexible with respect to these
dihedrals.

Diameter and band width of DSS dodecamers (about 20 A and
11 A respectively) are larger than those of the dextran (about 16 A
and 9 A respectively). The branched DSS obviously has a larger
diameter (about 23 A) than the linear DSS (about 20 A).

Table 2 lists the results of the MMFF strain energies for C-2,3, C-
2,4 and C-3,4 di-sulphated a-p-glucose monomers and the corre-
sponding DSS dodecamers. They are in line with previously re-
ported experimental results. It was stated that on the glucose ring,
C-2 is the most active site for sulphation, followed by C-3 and then
C-4. Thus after di-sulphation, the amount of C-2,3 di-sulphated
species is higher than C-2,4 and C-3,4, which reflects the relative
stability of the variously di-sulphated molecules [32,33].

3.4. Mixed type of di-sulphation

In reality DSS contains a mixture of various C-2,3, C-2,4 and C-
3,4 di-sulphated polymers of different lengths, with an average
chain length of 12. The average substitution pattern on the glucose
rings is about C-2,3/C-2,4/C-3,4 = 6/5/1 in a random way [30—32].
The mixed structure shown in Fig. 7 is thus only one candidate out
of thousands of structures with almost equal possibilities.

Comparing the geometric data of the mixed DSS dodecamer
with uniform DSS dodecamer does not reveal large differences.
Thus, the simulated DSS dodecamer can be considered as repre-
sentative for real (mixed) DSS.

With 72 surrounding H,O molecules (3 per sodium ion), the
mixed DSS dodecamer shows a shrinkage compared with the uni-
form DSS (see Table 1). This is due to the closer interaction of
—0S03Na on adjacent glucose rings within the groove of the helix.
The difference between the DSS structure with 72H,0 and
1000H,0 molecules is limited, as mentioned before.

3.5. DSS with side chain

Dextran is built up mainly based on «-(1,6) linkages (approxi-
mately 95%). The remaining 5% are a-(1,3) linkages account for the
branching of dextran. The length of the side chains of dextran has
been studied by sequential degradation and the results prove that
more than 80% of the side chains contain less than 2 glucose units
[23,44—48]. Fig. 8 shows the result of a structure with a side chain
linked at the 6th unit of the DSS main chain via a 1,3 linkage. The
side chain consisted of two units of 1,6-linked di-sulphated o-p-
glucose. The helix of the main chain structure was preserved. Due
to the presence of the side chain and its interaction with the main
chain, the pitch of the helix was slightly shortened. Furthermore
the orientation of the glucose planes as well as the attached (—O-
SO3Na) groups were altered. Some —0SO3Na groups were posi-
tioned outwards, contributing to the increase of the measured
length or diameter of the polymer geometry.
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Fig. 4. The graphs in the left column represent the Fischer projection of di-sulphated monomeric glucose ring. The graphs in the middle are a translation of the Fischer projection
images into 3D molecular structures. The graphs on the right show the di-sulphated monomeric glucose in the presence of H,0. Row (a) represents a glucose with C-2,3 di-
sulphation; (b) C-2,4 di-sulphation and (c) C-3,4 di-sulphation. See Fig. 1 and 3 for explanation of colors.

4. Discussion
4.1. Molecular structure of dextran

4.1.1. Enzymatic synthesis of dextran

Enzymatic synthesis of dextran was reported previously [49,50].
Dextransucrase catalyses the synthesis of dextran from sucrose. The
proposed mechanism [23,51,52] is that dextran is biosynthesised by
extrusion from the enzyme wherein glucose units are transferred
from sucrose to the active site and inserted between the enzyme
and the reducing end of the dextran polymer. The enzyme selec-
tively makes an «-1,6 glyosidic bond between the glucose units
during the extension of the dextran chain. The a-1,6 linkage be-
tween glucose rings is one of the common type of linkages in the
molecule of dextran depending on the type of the producing mi-
crobial strain. The degree of polydispersity of dextran significantly
affects it's in vivo behaviour [53,54]. Native isolated dextran's are
often polydisperse. The target chain length ranges from approxi-
mately 10 to 1000. Either partial acidic or enzymatic hydrolysis is
applied to reduce the polydispersity of the dextran polymer and
prepare the target size.

4.1.2. Conformation of six membered glucose ring and dextran
The structure of a-p-glucose has been described previously
[16,55,56]. The glucose ring shows a normal chair conformation

with all —OH groups and the —CH;OH group in an equatorial po-
sition, and only the glycosidic connection in an axial position due to
the stereo selectivity of the enzyme.

Basic features determining polysaccharide structures, like
dextran, have been described in Ref. [57]. The 3D structure of
dextran is dominated by the a-(1,6) glycosidic linkage, which leads
to two similar conformations with a different angle between the
imaginary planes of the six membered rings of about 120 and 150°
(AE=0.6 KkJ/mol). Consequently, dextran adopts a slightly disor-
dered helix structure [58]. The influence of thermal noise
(E = 2.4 kJ/mol) on the rotation of the a-(1,6) glycosidic linkage is
limited. Thus the dynamic randomness of dextran is limited to the
two possible angles between the imaginary planes of the six
membered rings. The optimised dextran dodecamer structure
corresponds to one of the possible 2!! very similar conformations of
dextran present in natural aqueous environment.

4.1.3. Hydrogen bridges

The influence of hydrogen bridges is an important factor when
dealing with modelling of carbohydrates and sugar-derived poly-
mers in aqueous environment regarding the function of the
maintenance of their preferred conformational structures. When
simulating the carbohydrate in vacuum in the absence of H,0, the
conformation of the molecule tends to be dominated by energeti-
cally favorable intramolecular hydrogen bridges among hydroxyl-
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(b)

(c)

Fig. 5. Equilibrium geometries of C-2,3 (a), C-2,4 (b) and C-3,4 (c) DSS dodecamers with 72 surrounding H,0 molecules. Cross-eyed stereo-pair pictures are displayed. See Fig. 1 and

3 for explanation of colors.

hydrogen and neighboring oxygen with mostly a length of about
2.2—2.3 A. These are weak hydrogen bridges with an energy of less
than 17 kJ/mol [59]. However, in aqueous environment, the mole-
cule tends to form hydrogen bridges with surrounding H,O with
1.7-19 A length, corresponding to a higher energy of about
17—60 kJ/mol [59]. In the presence of H,0, intermolecular hydrogen
bridges replace the intramolecular hydrogen bridges, but this for-
mation of hydrogen bridges among the glucose moieties and sur-
rounding H,0 does not cause any conformational change of the six
membered ring [13].

4.14. Hydrogen bridges and —0SO3Na groups
The electrostatic functional groups (—OSO3Na) along DSS were

proven to have no influence on the rotational dynamics of H,0O
outside the first solvation shells of the ions, so no enhancement or
breakdown of the hydrogen-bridge network in liquid water occurs
[60]. In the DSS molecular structure worked out by modelling, there
are two to three H,O molecules located around each ionic group.
The rest of the H,O molecules, together with the hydrogen bridges
among them, were little influenced by the presence of the polymer
with ionized groups.

In conclusion no literature was found on the influence of
hydrogen bridges on the structure of DSS, let alone the function of
hydrogen bridges for relevant DSS-involved interaction with other
biomolecular assemblies in aqueous environment.
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Table 1
Characteristics of the helix conformation of dextran and DSS dodecamers.

Characteristics DSS geometric properties in aqueous environment
Dextran Types of di-sulphation®
2,3 4 34 Mixed! Mixed (1000H,0) Mixed (side chain)®

Dihedral angle < 120.5°; 153.4° 108.1° 129.1° 151.8° 126.8° 142.7° —

Na to sulphate-O distance (A) - 2.5 3.0 3.1 2.7 33 -

Length (A)° 43.9 415 421 429 39.0 41.1 41.6

Diameter (A)° 16.2 203 18.7 19.5 19.8 20.7 226

Band width (A) 9.0 11.7 10.0 10.0 10.9 11.6 11.1

2 If not specified else, the DSS geometry is with 72H,0 molecules.

b Average of dihedral angles along the DSS dodecamer structure.

¢ See Fig. 6 for explanation of the various geometric properties.

d Mixed: there is a statistical mixture of different di-sulphation patterns on the glucose rings of the dodecamer according to previously reported experimental results.
¢ Mixed (side chain): attach a two units long side chain onto the linear DSS dodecamer.
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Fig. 7. Equilibrium geometry of DSS with quasi randomly-arranged mixed sulphation in the presence of 1000 water molecules. In detail, C-2,3 di-sulphation for glucose units 1, 3, 5,
7,9 and 11; C-2,4 di-sulphation for units 2, 4, 6, 10 and 12; C-3,4 di-sulphation for unit 8. A cross-eyed stereo-pair picture is displayed. See Fig. 1 and 3 for explanation of colors.
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Table 2
Strain energy of di-sulphated glucose and DSS dodecamers with various types of di-
sulphation calculated by MMFF.

Compound Strain energy (kJ/

mol)
Vacuum Aqueous

—1433.0 -18544
—1419.9 -1840.3
—-1393.4 -1802.3

a-p-glucose monomer 2,3-di-Na sulphate
a-D-glucose monomer 2,4-di-Na sulphate
a-p-glucose monomer 3,4-di-Na sulphate

¢-1,6-D-dextran dodecamer 2,3-di-Na sulphate _ —22178.3
o-1,6-D-dextran dodecamer 2,4-di-Na sulphate _ —22022.5
a-1,6-D-dextran dodecamer 3,4-di-Na sulphate _ —21954.5
¢-1,6-D-dextran dodecamer mixed-type-di-Na sulphate —21898.9

4.2. Molecular structure of DSS

4.2.1. Neutral sulphation procedure

Among the existing procedures of production of DSS, the best
known procedure is the sulphation of polysaccharides with SO3-
pyridine [61], in situ formed by chlorosulphonic acid pyridine.
During the sulphation process, a neutral environment is main-
tained where the sulphate esterification takes place on the hy-
droxyl groups of dextran. After cation exchange from pyridinium to
sodium, the final DSS is obtained. This sulphation procedure of
dextran was shown not to distort the homogeneity of the dextran
sample or the NMR spectrum of the poly-glucose structure, which
indicates that no detectable degradation occurs in the process
[33,62,63]. There is a preference of sulphation onto glucose
regarding the activity of the —OH groups on different carbons. At
low sulphation degrees, the carbon atoms in the glucose ring have
the reactivity C-3 > C-2 > C-4 towards sulphation, whereas at high
degrees of sulphation, the order is C-3 > C-2 > C-4 [33].

4.2.2. The geometry of DSS and its polymerisation units
Similar to the explanation of the (dynamic) dextran structure,
the structure of DSS is a dynamically-changing molecule with

flexibility in the rotational glycosidic linkage.

The introduction of —OSO3Na groups onto glucose rings along
dextran influences the dimension of the polymer. Both diameter
and band width of the polymer increase due to the bulky sulphate
groups. However, the length of the polymer is little influenced with
a difference of 1-3 A.

A slight increase of size was observed with the addition of
1000H,0 molecules compared to the DSS geometry with 72 sur-
rounding H,0 molecules. This increase is a result of the formation
of DSS-H,O hydrogen bridges instead of intramolecular ones
leading to a slight expansion of the polymer. In addition the dis-
tance between the Na cation and sulphate-oxygen also increases
slightly.

In a previous study on molecules containing a Na cation and
sulphate [64], it was found that the Na cation tends to form a bridge
between sulphate groups through favorable interactions with the
negatively charged oxygens. In the DSS case the two equatorial
sulphate ester groups on each glucose ring keep the two corre-
sponding Na cations together too.

The types of di-sulphation do not change the overall helical
scheme of the molecule. This is in line with earlier reported find-
ings that the molecular structure of heparin, another sulphated
polysaccharide chain, is little affected by the varying substitutions
and the presence of bulky, charged sulphate substituents [65].

4.3. Interactions of DSS with biological structures

4.3.1. Aspecific electrostatic interactions

DSS, as a widely applied polyanion, interacts with positively
charged materials, like proteins, most likely in an aspecific way. One
example may be the development of polyelectrolyte-encapsulated
controlled drug delivery systems [66—68]. Whenever oppositely
charged protein and polyelectrolyte are mixed, electrostatic ab-
sorption takes place and molecules tend to associate into nano- or
micro-particles [7]. In this process, the charge properties of the
interacting materials most likely dominate the interactions.

Fig. 8. DSS structure with a two units side chain connected via 1,3 linkages at the 6th unit of the mixed DSS dodecamer in the presence of 72H,0 molecules. In detail, C-2,3 di-
sulphation for glucose units 1,3,5,7,9 and 11; C-2,4 di-sulphation for units 2,4,10 and 12; C-3,4 di-sulphation for unit 8. A cross-eyed stereo-pair picture is displayed. See Fig. 1 and 3

for explanation of colors.
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Table 3
DSS dimension according to MMFF modelling and reported dimensions of DSS and protein nano-pores in previous studies on polyelectrolyte translocation.
Reference Size of DSS Nanopore size Comment
MMEFF modelling Mr. 5000 Da; _ _
length 4.1 nm;

diameter 2.1 nm;
band width 1.1 nm;

Teixeira et al. [70] Mr. 5000-500,000 Da;

Could enter the pore, but the entry of the entire
molecule was precluded by branched structure.

Brun et al. [8] Mr. 8000-500,000 Da;
Diameter: 0.4 nm
Pastoriza-Gallego et al. [69]

Gibrat et al. [71]

Length=10 nm;
diameter=2.6 nm.

a-hemolysin mesoscopic ion channel

An applied voltage-dependent
transport was reported.
a-hemolysin pore;
a-hemolysin pore;

Pore diameter 1.4—4.6 nm.
Pore diameter 2.0—2.6 nm.

4.3.2. Specific size-dependent interaction with protein nano-pores

In some cases, specificity through size-dependent interactions
can occur. Transport of macromolecules through membrane chan-
nels plays an important role in many biological processes and there
have been studies dealing with the interactions of polyelectrolytes
with protein nano-pores [69—71]. Besides the aspecific electrostatic
interactions between charged groups or polymer complexation
with local membrane functional groups, the topology of the inter-
acting materials is a non-negligible factor, especially when the
radius of the polymer is similar to the radius of the target pore. The
present study indicates that the simulated DSS polymer has a
diameter of about 1.9—2.2 A, while some model a-hemolysin nano-
pores have a size even smaller than the diameter of the DSS poly-
mer (see Table 3) especially when there are side chains attached
onto the polymer. The branched structure of DSS can preclude the
entry of the entire molecule in the pore compared with linear
polymers. The blockage by the polymer when entering the protein
nano-pore is a dominating factor to be taken into account during
polymer transport [8,72,73].

5. Conclusions

In this work, the 3D-geometry of the a-D-dextran dodecamer in
aqueous environment was elucidated in silico based on the
approach of careful expansion of the corresponding o-D-dextran
monomer/tetramer units optimized by MMFF. The connections
among the dextran units were based on the ones in the optimized
tetramer without head-to-tail interactions. Two Na;SO4 moieties in
aqueous environment were shown to be dimeric in nature, with
2—3 H,0 per Na cation as a sufficient hydration shell. The dimeric
behavior was maintained in all glucose disulphates. DSS shows a
helix structure, just like the parental dextran. The various helix
structures of dextran and DSS originate from the two energy
minima for the dihedral angle among adjacent sugar rings. The
addition of two (—OSO3Na) ester groups increases the diameter and
band width of the polymer but has little influence on the polymer
length. In the presence of 1000 surrounding H,O molecules, a slight
expansion of the polymer occurs. Still the Na cations tend to be
positioned between the two (—0SOs3Na) ester groups on each
glucose unit. The interaction of DSS involved in an encapsulating
process is mainly aspecific, and just based on electrostatic attrac-
tion among materials with opposite charge. However, size-
dependent specific interactions dominate in processes like the
interaction with the o-hemolysin nano-pores.
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