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Abstract

Polysaccharide levan is a homopolymer of fructose and is an important component of plants, yeast, fungi and some bac-
terial biofilms. In this paper we report on the structural properties of aqueous solutions of bacterial levan utilizing small-
angle X-ray scattering and light microscopy. In addition to commercially available levan isolated from Zymomonas mo-
bilis and Erwinia herbicola, we also studied levan isolated and purified from the biofilm of Bacillus subtilis. The small-
angle X-ray scattering data were analyzed by the string-of-beads model that revealed qualitative differences in the struc-
ture of levan molecules. Levan can be represented as a semi-flexible chain that interacts intra- and inter-molecularly and
therefore forms various suprastructures on larger size scales. Increasing the concentration of levan makes the levan
structure more compact, which was observed on the nano as well as on the micro scale. The structures with most homo-
geneously distributed polymer local density were found in B. subtilis levan solutions.
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1. Introduction

Levan is a water soluble polysaccharide composed
of fructofuranosyl rings, connected by B-(2,6) glycosidic
linkages and occasional branching through -(2,1) glyco-
sidic linkages. Levan of bacterial origin typically contains
from 9 to 12% of such branching points.'™ Structure of le-
van is stable from pH 4 to pH 11, at concentrations of
inorganic salts from 20 to 30% and temperatures up to 70
°C.° Levan is widespread — it is found in plants, yeast, fun-
gi and bacterial biofilms.” Biofilms are multicellular mi-
crobial communities embedded in extracellular polymeric
matrix (EPS-matrix) and levan can represent a major
polymer component, as for example in B. subtilis subs.
subtilis strain NCIB 3610 biofilms, grown in a sucrose
rich liquid medium.>® Biofilms based on levan can play a
key role in the development of plant diseases,’ dental ca-

ries and periodontal disease.'®!! Levan shows extremely
low intrinsic viscosity and exhibits a rather atypical non-
gelling behavior in aqueous solutions in comparison to
most other common polysaccharides.*!> At high concen-
trations of up to 8 wt % levan can nevertheless support rat-
her robust biofilms.'? Levan from Bacillus sp. behaves li-
ke a newtonian fluid up to 30 wt % solution and is soluble
even up to 60 wt % solution.*'* Modelling attempts to re-
solve the structural details of such polysaccharide systems
based on small-angle X-ray scattering (SAXS) results are
very scarce.>!*

In the present study we focus on the detailed inter-
pretation of SAXS data obtained for 1, 2, 4, 6, and 8 wt %
aqueous levan solutions of three bacteria: Bacillus sub-
tilis (BS), Zymomonas mobilis (ZM) and Erwinia her-
bicola (EH). In our previous structural and rheological
study we have shown that the mole fraction of branching
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points was (10.5 £ 0.7) % in B. subtilis levan, (11.0 £ 0.7)
% in Z. mobilis levan, and (10.2 = 0.3) % in E. herbicola
levan. The intrinsic viscosity value for B. subtilis levan
was (0.35 + 0.04) dL/g, for Z. mobilis levan (0.36 = 0.01)
dL/g, and for E. herbicola levan (0.45 + 0.01) dL/g. The
hydration number for all three samples was around 6. Le-
van samples also showed very similar viscosities at low
concentrations (1 wt %), while viscosities varied signifi-
cantly at higher concentrations. In concentration range
from 1 to 8 wt % all three samples showed elastic charac-
ter. Another difference between studied levan samples
was in the weight average molecular weight M. The es-
timate for M, of B. subtilis levan was (31 = 2) MDa, of Z.
mobilis levan (226 + 4) MDa, and of E. herbicola levan
(280 + 40) MDa. These results were consistent with the
ones obtained by light microscopy. The largest particles
of (0.5 £ 0.3) um were observed in E. herbicola levan so-
lution, followed by Z. mobilis levan particles of (0.45 +
0.10) um and B. subtilis levan particles of (0.35 = 0.10)
um in diameter in 1 % (w/v) aqueous solutions. The
SAXS data of different levans were analyzed and inter-
preted by the classical approach utilizing the Ornstein-
Zernike'!'¢ and an additional Debye-Bueche!®!® term.’
Unfortunately the classical approach failed to provide the
information on the static correlation length, i.e. we could
not satisfactorily describe the SAXS intensities in the in-
nermost regime of the scattering curves.® Therefore, in
this work, we applied a more complex string-of-beads
model**?! to describe experimental SAXS curves, and
propose a new levan supramolecular structure in the aqu-
eous solution.

2. Experimental and Methods
2. 1. Materials

In this study three different samples of bacterial le-
van were used. Two of them were commercially available
levans isolated from Z. mobilis (Sigma Aldrich) and E.
herbicola (Sigma Aldrich). The third sample was obtained
from biofilm of B. subtilis subs. subtilis strain NCIB
3610. Detailed isolation and purification procedures are
described by Dogsa et al. (2013)® and Benigar et al.
(2014).°> The purity of isolated B. subtilis levan (98.3%)
was comparable to purity of commercial levans isolated
from E. herbicola (98.5%) and Z. mobilis (98.8%).° Levan
samples for SAXS measurements were prepared as 1, 2, 4,
6, and 8 wt % aqueous solutions utilizing strong vortex
mixing. Levans originating from bacteria B. subtilis, Z.
mobilis and E. herbicola are hereinafter referred to as BS,
ZM and EH levans, respectively.

2. 2. Light Microscopy

The microscopy was performed with an Axio Obser-
ver Z1 inverted microscope (Zeiss, Gottingen, Germany)

equipped with Zeiss Plan-Apochromat 100x/1.40 Oil im-
mersion objective and MRm AxioCam camera using the
differential interference contrast technique (DIC). The
magnification was further enhanced by using 2.5 fold in-
ternal lens (optovar). For slide preparation 5 uL of sample
was spotted on a clean glass slide and covered with a co-
ver glass with a thickness of #1.5. The prevention of water
evaporation from the sample on the slide was accomplis-
hed by sealing the gap between the slide and the cover
glass. For flat-field correction the out-of-focus images,
where uneven light distribution can be observed, were ta-
ken for each sample. The images were processed by Ima-
gej software (ver. 1.48b, W. Rasband, NIH, USA). Firstly,
by normalizing sample image on out-of-focus image the
flat-field correction was achieved. Then the enhance con-
trast function of imageJ was applied. The particles were
manually measured by drawing straight lines over them
representing their diameter. In this way at least 50 levan
particles were analysed. In order to exclude the biased se-
lection of the levan particles the horizontal and vertical li-
nes across the full-size of the processed image were
drawn and only levan particles on the lines were conside-
red.

2. 3. Small-Angle X-Ray Scattering
Measurements

Levan samples were measured at 25 °C with a
Kratky compact camera (Anton Paar KG, Graz, Austria).
The camera was attached to a conventional X-ray genera-
tor (Kristalloflex 760, Bruker SAXS GmbH, Karlsruhe,
Germany) equipped with a sealed X-ray tube (Cu K,
X-rays, A = 0.154 nm) operating at 40 kV and 35 mA.
Monochromatic primary beam was attenuated by a Ni foil
of appropriate thickness due to the limitations of the de-
tector. In addition a software monochromator was used to
register only the scattered X-ray photons within a predefi-
ned range of energies. The samples were measured in a
standard quartz capillary with an outer diameter of 1 mm
and wall thickness of 10 pm. The scattered X-ray intensi-
ties were detected with a PSD-50M ASA position sensiti-
ve detector (M. Braun GmbH, Garching, Germany) in the
small-angle regime of scattering vectors given by (0.07 <
qg<T) nm™', where q = 4m/\ - sin (9/2). Each individual
sample was measured for 24 to 48 hours to yield reliable
measurement statistics. Prior to further analysis the scatte-
ring data were corrected for the empty capillary and pure
solvent scattering, and normalized to an absolute scale us-
ing water as a secondary standard.

2. 4. Interpretation of SAXS Data -
»String-of-Beads« Model
For the interpretation of SAXS curves the string-of-

beads model developed by Dogsa et al.'”! was applied.
In this model the polymer or the polymer segment is si-

Benigar et al.:  Evaluating SAXS Results on Aqueous Solutions ...



Acta Chim. Slov. 2015, 62, 509-517

mulated as a linear chain of sequential spherical beads
approximating monomers. The validity of this approxi-
mation was verified in our previous paper,’' where we
calculated the theoretical scattering curves of sugar tri-
mers at atomic level and compare them to the theoretical
scattering curves of superimposed structures made of
three beads. In the case of levan, which is uncharged
Bfructan, a basic monomer unit is fructose. The position
of the bead in the polymer molecule, relative to its prede-
cessor, is described by © (bond) and @ (torsion) angles.
Each pair of angles is set according to the probability p*
(@P and (Dp) for the random variation of the angles © and
@ between adjacent beads. For example, if p* = 0 the
polymer forms a rigid helical structure. If p* = 1 all mo-
nomers have random © and @ values and this translates
to a random conformation of the polymer molecule
(chain). To further vary the stiffness of a polymer chain
an additional parameter, © . . is used. This parameter
sets the upper limit of the bond angle © in the simulation.
In addition, one can also vary the size of the polymer
chain N, i.e. the number of monomers per chain. For this
study the chains with N ranging from 25 to 1000
monomers were modeled.

The algorithm firstly calculates the representative
form factor, P(q), of the modeled chain with size & (=
2R ) shown in Figure 1, for each set of the four shape pa-
rameters.2?' Each representative form factor is combined
with the term representing the intermolecular interactions

v

into a total scattering function /(g) according to the follo-
wing expression:*

=Pla)|.

where Ap? is the scattering length density difference bet-
ween polymer and solvent, {(5¢?) is variance of the volu-
me fraction of the polymer, (@) is the mean volume frac-
tion of the polymer, v, is the single polymer chain or poly-
mer segment volume, K is the constant proportional to the
strength of the repulsive interactions, & is the correlation
length over which the repulsion occurs, g is scattering
vector, = is correlation length that describes the average
size of the Debye inhomogeneities (Figure 1),>* which
cause fluctuations in the local volume fraction of the poly-
mer. Model equation is then fitted to the experimental
SAXS data and only solutions with sufficiently good fits
are taken into further consideration.”® While fitting, only
one type of interaction is assumed to be presented in the
system, i.e. either (5¢*) > 0 and K = 0 or (6¢?) = 0 and K
> 0. Based on solutions of interaction parameters one can
than simulate the suprastructure made of individual poly-
mer chains or polymer segments.”” The volume fraction of
the polymer is assumed to be log-normally distributed
through space.’*?

In the present study we apply this modelling ap-
proach on semi-concentrated aqueous solutions of various

Figure 1: Scheme illustrating two correlation length parameters occurring in levan samples: = describes the average size of the Debye inhomoge-
neities, while & ( 2R) represents the size of the simulated polymer segment. Each segment is represented in different color. = on the scheme cor-
responds to 300 A. The contours on the left-hand side scheme indicate the regions with the same local polymer density (i.e. volume fraction of the

polymer). White color represents high density, black low density.
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samples of aggregating non-ionic polysaccharide levan
obtained from different bacterial origins.

3. Results and Discussion

3. 1. Small-Angle X-ray Scattering and
Modelling Results

When applying the SAXS technique one has to be
aware that due to the limited range of the scattering vector
available by this technique, structural details from appro-
ximately 1 nm up to a few tens of nm can be obtained.
This means that in the studies of the polymer systems
SAXS technique can successfully reveal the structural in-
formation on the molecular level, whereas for the infor-
mation on the macroscopic structure usually other met-
hods need to be applied. In combination with an appro-
priate molecular model one can usually obtain geometri-
cal parameters of the macromolecules in solution. SAXS
technique has previously been successfully applied in the
structural studies of various polysaccharides,>!?-21:26-28
while SAXS studies on polysaccharide levan are scar-
ce.”!* In the present study we apply the string-of-beads
model according to eq. (1) to the experimental SAXS
scattering data of 1, 2, 4, 6, and 8 wt % BS, ZM, and EH
levan samples. Since levan is an uncharged polymer, the
parameter K, describing the strength of repulsive interac-
tion was set to 0. Experimental SAXS data of 1, 2, and 8
wt % BS, ZM, and EH levan samples are shown in a doub-
le logarithmic plot in Figure 2. The symbols represent the
experimental data and the full lines correspond to the best
fits obtained by the string-of-beads model. As can be seen
from the scattering curves the BS levan most notably dif-
fers from the other two levan samples. Such a relationship
was observed also in the case of macroscopic rheological,
sound velocity and hydration results, which suggests that
the molecular and macroscopic structures are in levan
strongly related.

The result of string-of-beads model is a set of all so-
lutions satisfying the fit quality criteria®® each of which
comprises the values of the interaction parameters and the
corresponding set of four shape parameters: 6, @, 6, .
and p*. The ranges of resulting parameters for levan sam-
ples are given in Table 1a and b. In addition, the 3D repre-
sentation of the polymer structure parameters obtained
from the best fits of 2 wt % levan are depicted in Figure 3.
The cube contains points corresponding to all good fit so-
Iutions. A representative molecular structure of the poly-
mer segment is depicted below the cube. It can be observed
that none of the structures represents a true random coil as
p*-values are much smaller than 1. In general, levans adopt
semi-flexible chain conformations irrespective of concen-
tration with p* between 0.1-0.7. However, the p*-values
of BS are higher than p*-values of ZM or EH, which
means that the BS modeled chains in comparison to ZM or

EH adopt conformations that are more similar to those
characteristic for random coil. At the same time other sha-
pe parameters (@p, (Dp, @plim) do not vary significantly.
Therefore the chain segments of BS levan structure are
more flexible than the segments of ZM or EH levan, which
is in agreement with the previous observation that BS le-
van had the lowest viscosity.’ This is a characteristic of

(@) 1 % levans
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Figure 2: Log-log plots of experimental SAXS curves (open sym-
bols) of (a) 1 wt % BS (O), ZM (O), and EH (O) levan, (b) 2 wt %
BS (O), ZM (O), and EH (O) levan, and (¢) 8 wt % BS (O), ZM

(O), and EH (O) levan. The solid lines represent best fits to the da-
ta by the string-of-beads model according to eq.
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polymers with small persistence length,? typically occur-
ring in random coils. At this point we have to comment on
the values of the parameter N in Table 1, which represents
the number of beads in the string. The value of N does not
represent the whole levan molecule (individual polymer),
but rather its shorter entangled segments (Figure 1).

It is important to point that not all of the values of
parameter N provide good fits — if the value was too large
or too low no satisfactory fitting solution was obtained.
The lowest values of parameter N, as well as fs were ob-
tained for BS levan. Because the electrostatic interaction
is not present in uncharged levan (K = 0), the second term
in eq. 1 assumes that modeled segments are randomly di-
stributed in space. Therefore the size of the segment, &
(Figure 1) is also the distance above which the individual
segments become uncorrelated in space. This means that
BS structure is not only the most random at the level of
the individual chain segment, but also at the level of seg-
ment arrangements. This is in the agreement with our pre-

vious DLS (dynamic light scattering) results, where the
relaxation times were the fastest in BS levan.® Increasing
the levan concentration, decreases the segment size N, as
well as segment &.. This can be explained by the observa-
tion that in these levan samples critical overlap concentra-
tion is reached for concentrations above 1 wt %,> which
forces the levan molecules to adopt more dense structure.
Because segments build suprastructures, one expects that
segments will impact the behavior on the larger size scale.
The correlation length of Debye-Bueche heterogeneities
Z is lowest in BS levan and decreases with levan concen-
tration in all levans. Supramolecular structures of 2 wt %
BS, ZM, and EH levan are shown in Figure 4 and were si-
mulated based on the log-normal distributions of levan
polymer density (i.e. volume fraction of the polymer),
which was obtained from (5¢*)/{¢)* and {¢). For exam-
ple, subspaces ¢, indicate the characteristic subspace le-
van distribution, which is found in 5% of the levan sample
volume. The local polymer density in the high density ex-

Table 1. a) Interaction parameters of the fits to the experimental SAXS data, and b) shape parameters for
BS, ZM, and EH levans. The ranges of parameter values of good fits are given:

a) Interaction fitting and calculated parameters

Wievan [WE. %0] 1 2 4 6 8
BS
N 75 75 50 40 40
(802 p)* 0.26-0.94 0.14-0.16 0.12-0.17 0.17-0.23 0.10-0.15
Z[A] 71-180 120-150 60-75 55-65 65-70
& [A] 68-86 78-82 58-62 50-54 55
EH
N 50-200 100 100 75 75
b) Model shape parameters
Wievan [WE. %0] 1 2 4 6 8
Z[A] 90-890 320-450 240-260 120-240 100-125
& [A] 60-140 100-101 98-100 68-82 78-85
™
N 150-200 150 100 100 50-75
(80P p)* 2.2-10 1.5-1.6 0.97-1.00 0.30-0.32 0.14-0.20
E[A] 170-1300 270-290 170-190 150-180 90-180
& [A] 98-140 110 95-100 95-110 81-102
BS
Gp“m 1.25-2.0 1.5-2.0 1.25-2.0 1.5-2.0 1.65-1.85
Gp 0.0-1.9 0.7-1.1 0.7-1.4 0.5-1.3 0.9-1.1
D, 0.2-3.1 1.0-2.1 1.3-3.0 1.3-3.1 1.3-1.5
p* 0.25-0.75 0.3-0.55 0.35-0.7 0.35-0.70 0.325-0.375
EH
6 tim 1.25-2.0 1.75-2.0 1.75-1.9 1.5-2.0 1.4-2.0
6, 0.8-1.9 1.05-1.10 1.15-1.2 1.1-1.9 1.15-1.45
D 0.9-3.1 1.24-1.29 1.4-1.5 1.4-2.6 1.4-1.75
p* 0.1-0.6 0.22-0.25 0.25-0.275  0.30-0.45 0.275-0.35
™
9plim 1.25-2.0 1.9-2.0 1.6-2.0 1.4-2.0 1.4-2.0
(-)p 1.2-1.9 1.1-14 1.1-1.35 1.15-1.35 1.15-1.35
D, 1.0-1.6 1.2-14 1.4-1.75 1.45-1.65 1.5-1.85
p* 0.15-0.25 0.225-0.275  0.275-0.325 0.275-0.35 0.275-0.375

Benigar et al.:  Evaluating SAXS Results on Aqueous Solutions ...

513



514

Acta Chim. Slov. 2015, 62, 509-517

treme is much higher in ZM and EH levan than in BS le-
van. On the other hand, in the low density extreme the lo-
cal polymer density of BS levan is higher compared to the
other two levans. Furthermore, BS levan molecules were
the most homogeneously distributed, as the variations
among subspaces were the smallest. ZM and EH levans
had virtually identical density distribution. This is in
agreement with calculated relative fluctuation of volume
fraction of the polymer (5¢*)/{¢)* (Table 1a), which mea-
sures the heterogeneity of the system on the size scale of
Z. It is lowest in BS and decreases with concentration in
all levans.

As the molecular suprastructures build macrostruc-
tures the behavior of levan was also studied under the mi-
croscope.

3. 2. Microscopy Results

To complement the interpretation of SAXS data
light microscopy was used. As shown already in our previ-
ous study5 1% (w/v) BS, ZM, and EH levans in aqueous
solution form spherical particles. In the present study we
used the differential interference contrast microscopy
(DIC) to investigate an extended range of aqueous solu-
tions of 1, 2, 4, and 6% (w/v) BS, ZM, and EH levan. We
also prepared 8% (w/v) levan solutions, but ZM and EH
levan samples were too dense to observe individual levan
particles. The microscopy images of 1 and 6% (w/v) levan
solutions are depicted in Figure 5. As can be observed the
number of BS levan particles was much smaller than the
number of ZM and EH levan particles. The levan particles
became smaller and more homogeneously distributed

a) 2 % BS levan

|

b) 2 % ZM levan

with increasing concentration. The effect was most noti-
ceable in EH levan solutions and the least in BS levan so-
lutions. Average sizes of BS, ZM, and EH levan particles
are presented in Table 2. The average size of 1% (w/v) ZM
and EH levan particles was similar, while the average size
of 1% (w/v) BS levan particles was significantly smaller.
Similar trend can be also observed for 2% (w/v) levans.
This is in accordance with the observations that levans of
BS have the highest p*-values and lowest number of mo-
nomers per segment, NN, as obtained from SAXS (Table 1).
Such segments have small radius of gyration and are more
flexible. Therefore one could expect that superposing the-
se segments results in smaller structures, which was in-
deed observed. However, with increasing concentration
the difference in size between the three levan particles de-
creased and finally the average size of 6% (w/v) BS, ZM,
and EH levan particles were comparable (Table 2). This
agrees with our observation that with increasing concen-
tration levan molecules become more compact on nanos-
cale.

Table 2. Average diameter of BS, EH, and ZM levan particles at 1,
2,4, and 6 % (w/v) concentrations. Error estimate for average dia-
meter is + 0.10 pm.

Average diameter d [um]

Y%, (W/v)] BS EH ™M
1 0.45 0.65 0.65
2 0.40 0.60 0.55
4 0.40 0.45 0.50
6 0.35 0.35 0.45

¢) 2 % EH levan

plim

20

Figure 3. Graphical presentation of the results of the string-of-beads model obtained for the experimental scattering curves shown in Figure 2b. Be-

low: Best-fit conformations for: a) 2 wt % BS levan (O

lim

=175, 6,=0.9, @, = 1.241, and p* = 0.35), b) 2 wt % ZM levan (6,

=2,6,=13,

lim

ch =1.296, and p* = 0.25) and c¢) 2 wt % EH levan (@plim =2, @p =1.05, <DP = 1.246, and p* = 0.225). Above: Resulting shape parameters are pre-

sented as grayscale points in 3D cubes.
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75

Figure 4. Molecular distribution of 2 wt % levan in space, calculated from interaction parameters presented in Table 1 and the best-fit shape para-
meters from Figure 3. On the right-hand side of the figure index of @ represents the probability to encounter a characteristic subspace with the lo-
cal ¢ in a levan sample. Assumptions: p(H,0) = 9.47 x 107 cm™, p(levan) = 1.31 x 10~ cm ™, levan mass density = 1.45 g/cm®. The size of the mo-
nomer bead (5.2 A) is depicted in proportion to the side-length of the subspace box (300 A).
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4. Conclusions

Structural properties of different bacterial levan aqu-
eous solutions were studied with SAXS technique. The re-
sults of modelling SAXS curves indicate that with increa-
sing concentration levan molecules in aqueous solution
become more compact. This phenomenon propagates
from nanoscale to microscale of levan. Heterogeneity of
the levan suprastructure decreases with increasing levan
concentration. The most random and homogeneously di-
stributed structures can be found in BS levan aqueous so-
lutions.

Figure 5: DIC microscopy image of a) solvent — water, b) 1% (w/v) BS levan, c¢) 6% (w/v) BS
levan, d) 1% (w/v) ZM levan, e) 6% (w/v) ZM levan, f) 1% (w/v) EH levan, g) 6% (w/v) EH le-
van. Scale bar represents 2 pm.
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Polisaharid levan je homopolimer fruktoze. Levan je pomembna sestavina rastlin, kvasovk, gliv in nekaterih bakterij-
skih biofilmov. V tem delu poroc¢amo o strukturnih znacilnostih vodnih raztopin bakterijskih levanov z uporabo ozko-
kotnega rentgenskega sipanja in svetlobne mikroskopije. Poleg komercialno dostopnih levanov bakterij Zymomonas
mobilis in Erwinia herbicola, smo izolirali, o¢istili in raziskovali tudi levan iz biofilma bakterije Bacillus subtilis. Re-
zultate ozkokotnega sipanja rentgenskih Zarkov smo analizirali z modelom biserne veriZice, ki je razkril kvalitativne
razlike v strukturi molekul treh levanov. Molekule polimera si lahko predstavljamo in jih modeliramo kot delno fleksi-
bilne verige, katerih konformacije so odvisne od intra- in intermolekularnih interakcij. Slednje so vzrok za razli¢ne su-
prastrukture, ki se tvorijo v sistemu na vecjih velikostnih skalah. S povecevanjem koncentracije levana so postale struk-
ture bolj kompaktne, kar smo opazili tako na nanoskali, kot tudi na mikroskali. Najbolj homogeno porazdeljene struktu-
re glede na lokalno polimerno gostoto smo opazili pri levanu bakterije B. subtilis.
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