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Organization of cellulose fibrils in the capsular matrix
of Acidisarcina polymorpha SBC82T identified
by synchrotron radiation
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A structural study of the cellulose-containing capsular matrix
of Acidisarcina polymorpha SBC82T was carried out using
synchrotron radiation. Analysis of the diffraction pattern
from a 45-day-old population of acidobacteria revealed that
the crystalline structure of the capsular matrix, formed by
cellulose fibrils with cylindrical symmetry, is well described by
a two-dimensional hexagonal lattice. Processing of diffraction
data allowed us to calculate the radius of fibrils in the main
(17.0+0.5 A) and additional (10=5.9 A) directions and their
mass ratio (9: 1), as well as to estimate the size of the crystalline
domain of the capsules (50 nm).
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Recently, small-angle X-ray scattering (SAXS) and wide-angle
X-ray scattering (WAXS), collectively referred to as SWAXS,
have become increasingly popular in structural biology as a way
to study the overall shape and state of biological macromolecules.!
SAXS can be used to determine the radius of gyration, maximum
extent, molecular weight and shape of a macromolecule at low
resolution, and to model complexes consisting of several macro-
molecules.? SAXS can quantify flexibility and conformational
changes in the structure of biopolymers with temporal resolution
and, in the presence of fibrous structure, determine the orientation
of microfibers.>* WAXS methods are often used to obtain
microstructural parameters (periodic structural features as small
as 40 A) of polymers.>-6

The advantage of SWAXS is the speed of research, as well as
the ability to study extremely small objects, comparable to the size
of an X-ray beam, in a native physiological state without special
sample preparation.” At the same time, the use of SWAXS
together with other high-resolution structural methods, such as
X-ray crystallography, nuclear magnetic resonance spectroscopy
and electron microscopy, multiplies the number of problems
solved.8-10

Due to the rapidity of data acquisition, SWAXS techniques
are widely used to study the structural changes that chain molecules
of biopolymers undergo under various types of deformation.!!-1?
For example, they have been used to study protein fibrils such as
actomyosin'? and collagen'*-1¢ or cellulose fibrils of wood.!”-18

Previously, we successfully applied the SAXS method to
analyze the structure of fibrils in cellulose-containing capsules of
Acidisarcina polymorpha SBC82T, a recently described member
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of the phylum Acidobacteriota isolated from acidic forest-tundra
soil (Nadym, Yamalo-Nenets Autonomous Okrug, Russia).!*2
Colonies of these bacteria on solid agar medium consisted of
polymorphic cells organized into bundle- or cluster-like aggregates
surrounded by a very large cellulose-containing capsule
[Figure 1(a),(h)],>° which looks like modern nanomaterials.?!
The capsule allows these bacteria to adapt to different habitats
and survive in adverse conditions. The SAXS method proved the
presence of ordered fibrils in the capsules, with a deviation from
parallel arrangement of 3.3°. However, it was not possible to
estimate the size of the fibrils themselves in the capsules due to
the ambiguity of the interpretation of the diffraction data.

In this work, we continued to investigate the capsule structure
of the acidobacterium A. polymorpha SBC82T using SWAXS
methods, focusing on the structure of the capsule layer in areas
of high cell aggregation, where individual capsules fused with
each other to form a dense biopolymer matrix [Figure 1(c),(d)].
The aim of the research was to evaluate the shape, size and
mutual arrangement of cellulose-containing fibrils in the dense
biopolymer capsular matrix of the acidobacterium A. polymorpha
SBC82T by analyzing small- and large-angle diffraction scattering
patterns.

A sample containing a cluster of encapsulated acidobacterium
cells [see Figure 1(c),(d)], which were cultured for 45 days on solid
MA20 medium to form a dense biopolymer matrix, was investigated
at the synchrotron station ID23-1 of the European Synchrotron
Radiation Facility (ESRF). The methodology of the study is
presented in detail in Online Supplementary Materials. In most
of the obtained diffraction patterns, the diffraction scattering was
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Figure 1 Images of A. polymorpha SBC82" culture grown on solid medium
for 45 days obtained with (a),(c) Zeiss Axioplan 2 phase contrast microscope
using Axiovision 4.2 software and (b),(d) Hitachi TM3000 scanning electron
microscope (accelerating voltage 15 kV). (a),(b) Individual cell aggregates
stuck together to form (c),(d) a biopolymer matrix. (¢) 2D X-ray diffraction
scattering pattern of the biopolymer matrix formed by A. polymorpha
SBC82T capsules (ESRF, ID23-1, wavelength 2 A, beam spot 4 um, flux
5x10'0 photons s~!, exposure time 5 s per frame, temperature 100 K).

represented by two radial bands, almost perpendicular to each
other (the average angle was 83+5°), and four diffraction peaks
[Figure 1(e)]. They were analyzed at small and large scattering
angles. The radial bands in the diffraction pattern indicated a
cylindrical symmetry typical of the fibril structure, while the
diffraction peaks at high angles indicated a periodic stacking of
the fibrils present. The second band indicated the presence of two
directions, main and additional, of fibril stacking in the sample.
It should be noted that these diffraction patterns were obtained
for samples of adult bacterial culture, in which groups of cells
(4-16) are surrounded by a capsule, and the capsules are fused
together into a dense matrix [see Figure 1(c),(d)]. A very bright
signal from such an object indicated an extreme ordering of the
fibrils in it, similar to or even stronger than the ordering of fibrils
in wood.'$!° Apparently, in older cultures, the capsules of
acidobacteria perform a role, including mechanical protection of
the cells, similar to dense layers of wood protecting the heartwood
of the tree. The scattering from younger cells of A. polymorpha, as
shown earlier,?° either did not have radial bands at all (in the case
of very young cells that had not yet formed a capsule), or was not
so intense and did not have an additional perpendicular band.
The analysis of the attenuation intensity pattern along the
radial bands located in the main and additional directions allowed
us to calculate their radius. The annealing algorithm was applied to
select the parameters of the experimental curve (see Online Supple-
mentary Materials). The fibril radii were 17.0+£0.5 and 10 = 5.9 A,
respectively. The large standard deviation of the radius values of the
fibrils located in the additional position is due to their high
heterogeneity. In this case, not only the radius values were evaluated,
but also the fibril size distribution function by radius. Based on
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Figure 2 Averaged intensity distribution over the diffraction peak area for
experimental (blue dots) and calculated (green solid line) values.

the integral intensity values along the main and additional fibril
directions, it can be assumed that their mass ratio is approximately
9 to 1. Probably, the perpendicular fibrils provide additional rigidity
to the capsule structure.

The presence of four diffraction peaks along the equatorial line
in the diffraction pattern showed that the fibrils in the capsules are
arranged in an ordered manner rather than chaotically. They are
well described by a two-dimensional hexagonal lattice perpendicular to
the axis of the fibrils forming it. Figure 27 shows an almost perfect
match between the diffraction data and the model of cellulose fibrils
with a hexagonal packing. The distance between the centers of the
fibrils in this packing is 37.5 A. Figure 3% shows a schematic
representation of the organization of cellulose fibrils in the
intercellular matrix, as well as frontal and lateral views of the atomic
model of the arrangement of fibrils.

The width of diffraction maxima along the radial direction is
related to the linear size of crystalline domains formed by cellulose
fibrils. Using the Scherrer formula®? for determining the size of
crystalline domains, all four diffraction peaks were analyzed.
The width of each peak corresponded to a crystalline domain size
of 50 nm. Assuming that the ordered domains are also cylindrical in
shape, each domain of this size consists of approximately 200 single
fibrils with a radius of 17.5 A. This is in good agreement with the
size of the capsule wall estimated from SEM images.

Further calculations showed that the fibrils in the crystalline
domain are arranged strictly parallel, with a possible deviation
angle of only 5° (see Online Supplementary Materials).
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Figure 3 Schematic representation of the hierarchy of organization of
cellulose fibrils in the intercellular matrix. Brown lines represent single
fibrils in the additional perpendicular direction.

 The calculations were carried out based on the proposed molecular
model of cellulose fibrils using the CristalDiffract software (https://
crystalmaker.com/crystaldiffract/index.html).

 The molecular model of cellulose fibrils was constructed using the Cellulose-
Builder ToolKit?® program and visualized in PyMol (https://pymol.org).
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In summary, the investigation of the capsular matrix of
acidobacterium A. polymorpha using synchrotron radiation allowed
us to decipher its structure. It was reliably established that it
consists of crystalline domains formed by about 200 cellulose-
containing fibrils with a radius of 17.0+0.5 A, very densely (center-
to-center distance 37.5 A) hexagonally packed in one direction
(deviation angle 5°), and about 22 perpendicular fibrils with a
radius of 10+5.9 1&, connecting the entire structure. This work
once again demonstrates the possibility of using SWAXS for
successfully solving many problems of structural biology.
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Online Supplementary Materials
Supplementary data associated with this article can be found
in the online version at doi: 10.71267/mencom.7604.
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