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Abstract

Small-Angle X-ray Scattering (SAXS) curves of pullulan oligomers and gellan gum were modeled with a new string of beads model. The
model enables one to simulate polysaccharide single helices with different pitch values, number of monomers per pitch, and cross-sectional
radius, as well as different random coils with excluded volume taken into account. The vast conformational space of possible polysaccharide
structures is systematically scanned and, for each selected polysaccharide 3D structure, the SAXS curve is calculated and compared to the
SAXS experimental data. All structures with RMSSD < 1 are retained as the solutions. By allowing the distribution of equally good solutions
to the given experimental SAXS curve, the new model enables one to get a phase space of possible polymer structures in the aqueous environ-
ment. Most importantly it avoids using pre-assumed secondary structure elements to fit the experimental data.

© 2008 Elsevier Ltd. All rights reserved.

Keywords: SAXS; Structure; Polysaccharides

1. Introduction

Carbohydrates are the most abundant biological molecules.
Most carbohydrates found in nature are polysaccharides, poly-
mers of high molecular weight [1]. They are used as food, stor-
age components, or structural elements in plants and animals.
Both bacteria and archaea have cell wall composed of polysac-
charides, which are essential in cell adhesion [2—5], biofilm
formation [5—7], and protect cells from hostile environment
[7,8]. Structures of polysaccharides differ from other bio-
polymers. This is primarily due to the presence of multiple
hydroxyl groups, which may form glycoside or hydrogen
bonds. For instance, 21 different compounds can be formed
by condensation between two D-glucose units [9]. There can
be, theoretically, more than 10'? different isomers of a
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hexasaccharide, which is seven orders of magnitude higher
than in hexapeptide [10]. In comparison with proteins and nu-
cleic acids, substantial hydrophobic elements, which stabilize
structure, are less prevalent [11]. Whereas all natural proteins
and nucleic acids are polyions, polysaccharides may or may
not be ionic. All of these factors contribute to the enormous
conformational space of polysaccharides [11] and present
a major challenge for polysaccharide structure determination.
There have been important advances made in the study of
conformational properties of polysaccharides by NMR spec-
troscopy, energy calculations [12—17], as well as different
light scattering techniques [18]. In particular the Small-Angle
X-ray Scattering (SAXS) is a powerful technique revealing
structural information on the 1—100 nm scale, which is typi-
cally inaccessible by other techniques.

Generally, the proposed structure of the polysaccharide is
defined with a set of structural parameters related to SAXS
curve by an analytical function /(g). The structural parameters
of polysaccharide are extracted by fitting this function to the
experimental data. Unfortunately, the assumption about the
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secondary structure (e.g. helix [19—21]) needs to be made be-
fore fitting the experimental data [22—24]. For polysaccha-
rides where local molecular order is expected to be
intermediate between the randomly coiled chain and the rigid
helix [25], simple models do not give an acceptable result. To
remedy this, a more complex modeling of broken rod-like
chains was developed [26,27]. In such models individual seg-
ments (i.e. coils or helices) are linked together in a random ori-
entation assuming equal averaged lengths [27], which is an
obvious simplification. To improve modeling realism, the
length of the rod-like chain segment should be shortened ulti-
mately to the size of an individual monomer. The alternative
approach for polysaccharide modeling is based on calculating
the energetically favorable structures on the atomistic level. In
the past 50 years the popular approach for polymer modeling
was Rotational Isomeric State (RIS) model [28], which takes
into account the interactions among monomers. The RIS
model was successfully applied to various polymers including
oligosaccharides [15,29]. Although no a priori assumptions
about the chain conformation are necessary, the range of pos-
sible conformations is dependant on the choice of the type of
the force field [14,30]. In addition, the energy calculation
makes the simulation relatively complex, computationally
demanding, and ignores interactions between residues that
are not the nearest neighbors in the primary sequence [25].
Therefore new modeling approaches that are acceptable both
in terms of versatility and computation time should be
developed.

In the new model described in this article, the monomers
are joined in the polymer chain as a string of beads in the
3D space. The polymer structure is resolved by taking into
account the geometrical properties of the polymer chain.
This is possible since SAXS curve directly depends on the
scattering length density distribution in the structure. No a
priori assumptions about the chain conformation are neces-
sary. The model has been successfully applied to pullulan
oligomers and gellan gum.

2. The model and computational procedures

2.1. Representative chain form factor P(q)

In the simulation the individual monomers are modeled as
spheres joined in the polymer chain as string of beads in the
3D space. The position of the monomer relative to its prede-
cessor in the chain is described by ©® (bond) and @ (torsion)
angles (Fig. 1). The angle pair is assigned to each monomer
added to a growing polymer chain. For example, in a helical
polymer both ® and @ angles are fixed throughout the entire
chain. The fixed values of ® and @ are denoted as ®, and
®@,,. The probability of the random variation of the bond and
torsion angles between successive beads is, in the case of a
straight single helix, equal to 0 (p =0). On the other hand,
in the completely random coil each monomer torsion and
bond angles are picked at random with the probability equal
to 1 (p=1). The random coil in our simulation, however,
is not an ideal chain, since, due to the excluded volume

Fig. 1. The schematic representation of bond angle ® and torsion angle @
between successive monomers in the modeled polymer chain.

principle, the monomer overlapping is not allowed. This effect
cannot be predicted analytically. In general, however, polysac-
charide chains tend to adopt intermediate structures that devi-
ate from the perfect helical or entirely random coiled structure
[25]. By varying the probability, p, the intermediate structures
between a straight helix and a random coil are obtained. For
example, if p=0.7 there is a 70% chance that each ® and
@ angle will be picked at random and 30% chance that ©®
and @ will take some preset value, @, and @,. To vary the
stiffness of a polymer chain an additional parameter, ® )y,
is introduced. This parameter sets the upper limit of the
bond angle © in the simulation. The shape of the polymer is
thus fully determined by the choice of ®,, @,, O, and p.
The p has no meaning in a dimer, since ® and @ angles are
not defined there. Therefore the fraction of random monomers
in polymer is (N — 2)/N x p. Furthermore the last monomer in
the polymer contributes only half of the impact compared to
the rest of the monomers. To correct for this, the effective
probability, p* is introduced as:
(NN72.5)p where N > 3 (1)
The positions of monomers in the 3D polymer structure,
modeled as described above, were converted into a pair-
distance histogram g(r). The following computational efficient
expression already used by Pantos et al. and van Garderen
et al. [31—33] on the basis of Debye formula [34] was used
to obtain a single polymer chain form factor P(g):

*

p:

Nbins

N2 el "] @

P(q) =F2(q) > o

where N is the total number of spheres in the system, r; is the
pair-distance between two spheres, g(r;) is the pair-distance
histogram with a bin-width commensurate with the experi-
mental resolution. Fy(q) is the form factor of a sphere with
radius R, uniform scattering length density p and volume V
defined as:

,Sin(gR) — gR cos(gR)

Fq)=Vp @Ry

3)

The simulation of the single chain with input parameters N, R,
Op, Py, Opiim, p was performed up to 100,000 times and the
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calculated single chain structure factors P(q) (Eq. (2)) were
averaged to obtain the representative chain form factor %
The automatic scan through the range of shape parameters
(Vps Pp, Opiim, and p) was performed and for each combination
of parameters, a representative chain form factor P(q) was
obtained, creating a population of representative chain form
factor P(q). Typically around 60,000 curves with different
shape parameters (@,, @p, O, and p) were created. The
ranges of parameters and the corresponding step sizes are
given in Table 1.

2.2. Interaction terms

Often polymer chains are not uniformly distributed in the
solution, i.e. interactions may occur, and additional knowledge
about the chain’s spatial distribution is necessary. To account
for the interaction between neighboring chains one usually
combines chain structure factor with interaction terms. Fitting
algorithm in our simulation model can select between two
different interaction modes: (i) no interaction; (ii) repulsive
Gaussian-type interaction.

2.3. No interaction

For non-interaction system the total scattering intensity is
given by:

1(q) = BP(q) (4)
where B is the constant proportional to concentration and P(q)
is the simulated representative chain form factor.

2.4. Repulsive Gaussian-type interaction

The polymer chains can be charged and consequently repel
each other. Although more sophisticated approaches on poly-
mer interaction potentials exist [35—37], we employ here the
repulsive Gaussian interaction as used by Coviello et al. [17]
and Yuguchi et al. [38]:

B _
1 +Kexp(—€2q2)P(q) ®

1(q)

Here, B is the constant proportional to concentration, and
Gaussian-type interacting potential is approximately expressed
by the correlation length, £, and constant K, which is propor-
tional to the polymer concentration and strength of the inter-
action. Variables B, K and £ are fitting parameters.

Table 1

Range of shape parameters and step size in the string of beads model

Shape parameter Range Step size
@plim [rad] 0—2.094 0.25

0, [rad] 0—2.094 0.10

@, [rad] 0-3.14 0.10

p 0—1 0.05

2.5. Experimental data

The experimental SAXS data of pullulan oligomers and
gellan gum were kindly provided by Brant [13] and Yuguchi
[39], respectively.

2.6. Fitting experimental data

The fitting algorithm fits the experimental data with Egs.
(4) and (5). No a priori assumption of the shape of the chain
was given. The fitting algorithm first picks a representative
chain form factor m and interaction parameters are esti-
mated by bisection method. All representative chain form fac-
tors, 1@ , created during simulation, are probed in this way.
The measure for the goodness-of-fit was RMSSD (Root
Mean Squared Scaled Deviation):

where m; is the theoretical mean of I(g) of each data point, d; is
the mean value of each experimental /(g) data point, s; is the
standard deviation of each experimental /(g) data point, n is
the number of data points contributing to each data mean d,,
and k is the number of data points in the experimental I(g)
scattering curve. The difference between the experimental
I(g) and model I(g), (m; — d;), is compared to standard error
of the experimental /(¢) mean, rather than to standard devia-
tion. The advantages of this measure of goodness-of-fit are
thoroughly explained by Schunn and Wallach [40]. The pro-
gram only retained fits with RMSSD < 1, although one can
arbitrarily specify a different less stringent limit in the pro-
gram. The RMSSD below 1 indicates that model has reached
the fidelity of the experimental data and thus the obtained
fits are equally good. The number of good solutions therefore
depends on the experimental data quality and structural com-
plexity. If structures do not differ enough, e.g. the step size of
parameter scan is too small, the fitting algorithm will recog-
nize corresponding form factors as indistinguishable. With
a larger experimental g scale, however, one can get a better
resolution in solution space.

The simulation program displays solutions of the fitting
procedure using shape parameters (@, P, Opim, p*) in
a 4D cube. The 4D cube is depicted in Fig. 2. Each 3D poly-
mer structure is determined by a combination of the shape
parameters. When p* =0 only straight helices, differing in
®, (bond) and @, (torsion) angles, are possible. When p* in-
creases, more and more monomers have assigned random
values of ® and @ angles, with the ® range limited by the
value of @, As a consequence of higher p*, structures
became more similar to random coils. At p* = 1, all the mono-
mers have assigned random values of ® and @ angles. Here
the structures are governed by the excluded volume principle
and @plim~
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Fig. 2. The 4D cube used to represent the solutions of the fitting procedure to the SAXS experimental data. Each point in the figure represents a possible solution of
the polysaccharide structure (a combination of shape parameters p*, ©,, @, and Oi,); p* is the effective probability, describing the chance that a monomer will
acquire random torsion (@) and bond (®) angles; @i, is the upper limit of the range accessible to bond angle (0).

3. Results and discussion

3.1. A comparison of the string of beads model with the
atomistic model

In Fig. 3a, an atomistic model of 1,4-a-linked glucose tri-
mer is depicted. To form relatively extended structure the
bond and torsion angles between sugar units [—II were chosen
to be # (0s—C,—0—C,) =92°, ¢ (C,—0—C4—Cs') =213°,
and for II-III sugar units § =98°, and ¢ =216°. The corre-
sponding SAXS curve was calculated using full Debye for-
mula [34] by taking into account all the atoms and their
individual atomic form factors, which were calculated using
parameterized Gaussian expression as described by Pantos
et al. [33]. On the Kratky—Porod graph the dependence of
the 1(¢)g” for the calculated atomistic structure on the scatter-
ing vector ¢ is given. Superimposed on the scattering curve is
a fit obtained with the string of beads model. The obtained fit
is in an excellent agreement with the atomistic model. The
simplified trimer structures that gave the best fit were com-
posed of three connected spheres of the uniform density
with a diameter of 5.2 A. This is consistent with the value of
5.15 A, which is often taken for the length of anhydroglucose
unit [24,41—43]. In Fig. 3b, monomers in the atomistic model
of 1,4-o-linked glucose trimer were rotated around their

C—O—C bonds. The structure is more condensed with torsion
angles for I-II sugar units § =222°, ¢ =273°, and for II-III
sugar units @ = 15°, ¢ =75°. The corresponding fit obtained
from the string of beads model is again in a very good agree-
ment with the atomistic model. The bond angle ©® has in-
creased from 1.00 to 2.07 rad. Similar comparison was also
performed on 1,6-a-linked glc trimer, where diameter of the
spheres increased from 5.2 to 5.34 A. In this case a minor de-
viations in fitted SAXS curves were observed at ¢ >4 nm™".
From these results it follows that sugar monomers may be
reliably represented as spheres when ¢ < 4 nm~'. Compared
to atomistic model, however, there is a significant decrease
in computation time, if one uses a string of beads model.
Even if we neglect scattering from H atoms, the remaining
11 C and 11 O atoms belonging to each glucose residue de-
mand 120 times longer calculating time compared to the string
of beads model. Computational time saving with string of
beads model is essential, if one wants to simulate larger poly-
meric molecules.

3.2. Pullulan
Before turning our attention to a large system we apply the

new model on a set of pullulan oligomers. Pullulan, an extra-
cellular polysaccharide produced by a fungus Aureobasidium
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Fig. 3. Comparison between atomistic model and string of beads model: (a) relatively extended conformation of glc trimer is modeled by atomistic model (black
curve), superimposed is a red curve obtained by string of beads model; (b) glc trimer structure was rotated around C—O—C glycoside bonds to form a more
condensed structure. [For interpretation of the reference to color in this figure legend, the reader is referred to the web version of this article.]

pullulans, is a linear glucan composed of 1,6-a-linked 1,4-0-D-
maltotriose units. The SAXS curves of aqueous pullulan trimer
(G3), hexamer (G3),, nonamer (G3); and dodecamer (G3), are
given in Fig. 4. The absence of strong scattering at small ¢
suggests no significant large-scale interactions. The assump-
tion about the absence of the large-scale interactions was
already made by several authors considering SAXS curves
of pullulan oligomers [13,15,16]. Consistently, there was no
need to use the interaction term to fit the experimental scatter-
ing curves.

As reported by Liu et al. [15], the samples of individual
oligomers, from which SAXS experimental data originate,
contained also a small fraction of shorter oligomers. For
example, the dodecamer (G3), sample contained 64.0% (w/
w) dodecamers, 14.9% nonamers, 7.0% hexamers and 14.1%
trimers. We took polydispersity into account by first fitting
the sample of the homogenous pullulan trimer (G3). The rep-
resentative chain form factor P(q) of the best fit for the trimer
sample, weighted by the appropriate fraction, was subse-
quently used as an additional term in Eq. (4) to fit the hexemer
(G3), sample. The best representative chain form factor m
for nonamer and dodecamer was obtained similarly. The solu-
tions for oligomers’ shape parameters (@, @,, Opjim, p*) are
shown in 4D cubes in Fig. 4. All the points correspond to
the equally good fits to the experimental data under stringent
conditions (i.e. RMSSD <1). On the right hand side in
Fig. 4 a sample structure corresponding to a central point in

the 4D cube of possible solutions is shown. The numerical
values of the parameters for the sample structures are given
in Table 2. In the case of pullulan trimer, the torsion angles
are not defined since the structure has only three monomers.
Consequently a large distribution along a torsion angle @, of
equally good solutions (RMSSD < 1) is displayed. Pullulan
trimer has 1,4 bonds only. As can be observed from the simu-
lation results, the bond angle ®, has not exceeded 0.8 rad, sug-
gesting that trimer is relatively extended. An increase in p* is
accompanied by a decrease in Opjiy,. Since Oy, limits the
range of possible bond angles this suggest a restricted flexibil-
ity of the trimer. From the potential surface energy calcula-
tions and molecular dynamics simulations [13,15,16] it
follows that 1,4 bonds are relatively rigid and extended. In
the case of pullulan hexamer one out of six monomers has
1,6 bond, which is a much more flexible conformation than
1,4 bond conformation [13,15,16]. As expected, ®p, Opjim
and p* are higher than in the case of trimer. Similarly, the flex-
ibility of the nonamer is higher than that of the trimer. The
comparison of the flexibility of nonamer and hexamer was
not possible, since solutions in 4D cubes overlapped. In the
case of dodecamer 3 out 12 monomers have 1,6 bond. The
value of p* has increased compared to the nonamer, indicating
higher proportion of the random structure. At the same time,
Opiim and O, remained relatively high. Together this suggests
that dodecamer has the most flexible structure of the evaluated
oligomers. The modeling by Buliga and Brant [44] indicated
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Fig. 4. The Kratky—Porod graphs of pullulan trimer (a), hexamer (b), nonamer (c) and dodecamer (d). Experimental SAXS data (O) string of beads model (@).
Each point in the 4D cubes is a solution of the fitting algorithm that gives equally good fit (i.e. RMSSD < 1). The sample structure, corresponding to the central
point in 4D solution cube, is given in the right hand side. Values of p*, @, @, and O;,,, for the sample structure are given in Table 2. The experimental SAXS data

were kindly provided by Brant [13].

that the directional correlations of the successive bonds in the
aqueous pullulan polymer chain are lost completely over the
range of approximately 15 residues. Similar results were
also obtained by '>*C NMR study of pullulan polymers [45].
Although a 15-residue pullulan has not been modeled in this
study, we have observed that directional correlations of the
successive bonds vanished almost completely already in do-
decamer. The changes of the experimental curves in Fig. 4

are not only due to changes in the shape parameters, but
also because of the increasing number of monomers per olig-
omer and larger radius of gyration. The radius of gyration was
determined from scattering curves of sample structures
by evaluating the initial slope of a plot In(P(g)) against ¢
according to Guinier law. The values given in Table 2 are in
a good agreement with the R, obtained by other authors

[13,15,16].
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Table 2

Values of p*, ©,, @, and O;, for the sample structures given in Figs. 4 and 5
Sample structures Tyiim [rad] T, [rad] Fy, [rad] p* R, [A]
Pullulan trimer 1.00 0.40 0.70 0.04 4.7
Pullulan hexamer 1.75 1.60 2.61 0.18 6.7
Pullulan nonamer 1.75 1.70 2.16 0.22 8.5
Pullulan dodecamer  2.00 1.80 2.66 0.44 10.2
Gellan I 1.00 0.70 1.38 0.00

Gellan II 1.50 0.40 1.73 0.05

Gellan III 0.75 0.50 1.53 0.15

Gellan IV 0.75 0.50 2.84 0.40

3.3. Gellan gum

This is a linear polymer composed of tetrasaccharide repeat
units: 1,3-B-p-glucose, 1,4-B-p-glucuronic acid, 1,4-B-p-glu-
cose and 1,4-o-L-rhamnose produced by Pseudomonas elodea.
The structure and the impact of different experimental phys-
ico-chemical conditions on structural properties of gellan
gum are well documented [38,39,46—57]. The M,, reported
for non-native gellans ranges from 170 kDa up to 360 kDa
[46—49]. For the simulation purpose an average reported value
of 250 kDa has been selected, which corresponds to 1570
monomer units. The experimental SAXS curve for the gellan
gum (1% w/v) at room temperature without added salt is given

q?i(q)

in Fig. 5. There was no model solution obtained without taking
an electrostatic interaction term into account. The problem
was that the model without the interaction term could not ac-
count for the broad peak around ¢ =0.5nm™'. It was shown
before that polyelectrolytes such as, for example, polysty-
rene-sulfonic acid [58], poly( p-phenylene) [59] or polysaccha-
ride sclerox [17] exhibit broad peak at large g, which was
attributed to the electrostatic interaction. Gellan is a polyelec-
trolyte and by taking the electrostatic Gaussian repulsive po-
tential into account (Eq. (5)) we were able to fit the SAXS
curve. The electrostatic interaction correlation length, &, ob-
tained from the fit was 29 + 1 A, which is similar to the value
of 31.6 10\, obtained by Yuguchi et al. [38]. As a result of their
modeling, Yuguchi et al. [38] obtained straight single helix
structure of gellan gum. Based on a limited number of second-
ary structures used in their modeling, they could discriminate
between the straight single helix and perfect random coil. Al-
though their fit indicates the prevalence of straight single helix
structure other less ordered secondary structures could not be
ruled out from the experimental data. As can be seen from
Fig. 5, straight single helix is one of the possible solutions
(i.e. at p* = 0). However, several other equally good solutions
(RMSSD < 1) are obtained as well. The effective probability
p* in the range from 0 to 0.45 suggests that in addition to
the straight helix other gellan gum conformations with higher

,\QQQ A

e

Fig. 5. The Kratky—Porod graphs of gellan gum. Experimental SAXS data (O ) string of beads model (@ ). Each point in the 4D cubes is a solution of the fitting
algorithm that gives equally good fit (RMSSD < 1). The sample structures are given in the right hand side. The values of p*, ©,, @, and Oy, for the sample
structures are given in Table 2. The experimental SAXS data were kindly provided by Yuguchi [39].
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proportion of the random structure are possible. Careful obser-
vation of 4D cube of solutions reveals that by increasing p*,
Opiim decreases which makes gellan gum structures stiff and
rod-like. This is expected since the line shape of the SAXS
curves for gellan gum is typical for rod-like particles [60].
As shown in Fig. 5, most of the sample structures of gellan
gum look like a curved thread composed of rod-like segments.
It is important, however, to be aware of the large spatial scale
on which gellan gum appears to be curved. On the small scale,
gellan gum is still predominantly helical. The rheological
studies done under similar experimental conditions (no added
salt, 1% w/v gellan gum concentration) imply that the transi-
tion temperature from helix to single coil is between 20 and
30 °C [50,51]. Therefore it is reasonable to expect that at
room temperature gellan gum will be mainly a single helix
with some inherent randomness. Such solutions have non-
zero effective probability p* in Fig. 5 and make the majority
of solutions.

4. Concluding remarks

Structure determination of polysaccharides in a solution is
a difficult subject. In this work we have developed a new string
of beads molecular model for structural determination of poly-
saccharides in solutions based on SAXS curves. The modeling
approach used is satisfactory both in terms of versatility and
computation time. The new model has been successfully ap-
plied to different unrelated linear saccharides such as pullulan
oligomers and gellan gum. The model has not been tested for
double and triple helices or non-linear polysaccharides. Using
the new model one is able to extract structural parameters
from SAXS curves such as bond and torsion angles and degree
of randomness in the structure, which is not easily obtained by
other methods. By semi-coarse-grained description of the
polymer chain with beads representing the whole monomers,
however, the precise information about the microscopic states
is lost. When precise microscopic information is required, the
atomistic modeling using energy constraints, as for example in
RIS, is a preferred method of choice. Nevertheless, as can be
inferred from Fig. 3, the correspondence between the atomistic
model and string of beads model is very good. Important ad-
vantage of our model is its ability to obtain a distribution of
equally good solutions of the polymer structure. Most impor-
tantly, the new model avoids using pre-assumed secondary
structure elements to fit the experimental data and offers a
valuable new tool in polysaccharide research.
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