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Abstract

Changes of the supramolecular structure of cell walls of yeast under the action of mechanical activation
was studied. It was established that the reactivity of polysaccharides of the cell walls towards subsequent
enzymatic hydrolysis increases substantially. A new method to obtain biologically active mannanoligosaccharides
was proposed. It involves mechanical activation of enzymatic hydrolysis of the components of cell wall
supramolecular structure followed by extraction of the target components.
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INTRODUCTION

Manufacturers from the countries of the
European Community have completely exclud-
ed synthetic growth stimulators and antibiotics
from the fodder of agricultural animals [1, 2].
In this connection, it became urgent to make
ecologically safe substituents. From the view-
point of antibacterial activity, preparations
containing mannanoligosaccharides (MOS) at-
tract attention. It is known that the develop-
ment of  many intestinal diseases,  for example
salmonellosis, involves fixing of the pathogen-
ic bacterium on the mucous membrane of in-
testines [3, 4]. Fixing occurs through binding
mannan-binding lectins with mannose residues
on the surface of mucous membrane. Addition
of MOS blocking up lectins into forage for an-
imals prevents the disease [5].

A promising raw material for obtaining MOS
preparations is the yeast biomass, in particular the
yeast cell wall which is a layered supramolecular
structure containing a complex of polymers, main-
ly polysaccharides and glycoproteins (protein mol-
ecules bound with carbohydrates). In addition to a
number of other functions, the yeast cell wall
serves as the external skeleton; its strength is pro-
vided by β-glucan [6,  7]. Analysis of  the published
works allows us to represent the yeast cell wall as
a set of interconnected structures of glucan and
mannan-protein complex  [8,  9].

The cell wall proteins form covalent bonds
with polysaccharide molecules forming and sus-
taining the molecular arrangement of the cell
wall. About 40 % of the total mass of cell wall
is represented by proteins and mannanoproteins
that penetrate the cell wall and form a man-
nanoprotein layer on its surface.
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Mannanoproteins of  the cell walls are divided
into two groups according to the type of chemi-
cal bond between the protein and hydrocarbon
parts of glycoproteins: O- and N-bound oligosac-
charides. The mannanoligosaccharide part of  O-
bound mannanoproteins is easily detached under
the action of a weak alkali, while the N-attached
mannanoligosaccharide part may be removed only
under the action of specific enzymes.

Usually the procedures necessary to extract
MOS from the cell walls include induced autol-
ysis, long-term heating in an autoclave, hy-
drolysis with acids and alkalis, followed by the
separation of the products [10�13]. The major-
ity of these procedures have shortcomings, such
as the necessity to maintain high temperature
for a long time, to use aggressive, volatile and
readily inflammable reagents.

The treatment of the raw material using the
special mechanochemical equipment,  planetary
and ball mills is a recognized method to acti-
vate subsequent heterogeneous processes with
the participation of  liquid phases (for exam-
ple, extraction) [14, 15]. In application to bio-
genic raw materials, the observed effect is ex-
plained by an increase in the specific surface
and distortions of the arrangement of supramo-
lecular structures formed by biopolymers. As a
result, diffusion limitations decrease substan-
tially. As a consequence, the rates of extrac-
tion and other processes taking place with the
participation of  the liquid phase increase.

The goals of the present work are to study
the changes in the cell wall structure and the
corresponding increase in its reactivity, search
for new ways of using mechanoenzymatic treat-
ment for obtaining the products with increased
content of biologically active glycoproteins and
oligosaccharides.

MATERIALS AND METHODS

Reagents and materials

We used the aqueous solution of NH3 of the
kh. ch. reagent grade (GOST 3760�79), AgNO3

of  kh. ch. grade (TU 6-09-3703�74),  D(+)-glu-
cose (99 %,  Acros organics),  D(+)-mannose
(99 %, Acros organics), yeast Saccharomyces
cerevisiae (GOST 171�81, Novosibirsk Yeast
Plant), enzymatic complex CelloLux 2000 (Sib-

biofarm Ltd., Novosibirsk Region), H2SO4 of kh.
ch. grade (GOST 4204�77), carbazole (95 %, Sig-
ma Aldrich).

Mechanical and mechanoenzymatic treatment
of S. cerevisiae

Weighed portion of S. cerevisiae containing
10 % of the enzymatic complex Cellolux 2000
was subjected to mechanical treatment in the
planetary type activator AGO-2 for 2 min (20g).
The resulting mechanocomposite was pressed
into a tablet under the pressure of 10 kg/cm2

and heated at 45 °C for 28 h.

Determination of the total content of glucose
and mannose

To extract the components of yeast cells, we
added 1.0 mL of water to the weighed portion
of initial yeast or the product of treatment, then
conserved the mixture with sodium azide and in-
activated enzymes. Extraction was carried out at
50 °C in a thermostated shaker (rotation frequen-
cy: 750 min�1) for 2 h, then the suspension was
centrifuged (8000 min�1, 15 min). A part of the
supernatant was used for quantitative determi-
nation of  carbohydrates with the help of  the
modified phenolsulphuric method [16]. This meth-
od is generally accepted for studies involving yeast
cells and allows rapid determination of  glucose
and mannose content, both in the free form and
in glycoproteins and oligosaccharides.

To determine glucose and mannose content,
5 mL of 85 % H2SO4 was added to 300 µL of
the supernatant under intense mixing. After cool-
ing the mixture to room temperature, we add-
ed 300 µL of carbazole solution in ethanol shook
intensively and incubated with the boiling wa-
ter bath for 10 min. After cooling to room tem-
perature, the solutions were examined by means
of photometry at λ equal to 440 and 540 nm.
The extinction coefficients of glucose and man-
nose were determined from calibration plots. The
error of measurement was less than 5 %.

Determination of the content of soluble
carbohydrates not bound with proteins

Ethanol was added to the extracts of initial
yeast and the products of treatment to reach
the concentration of 70 %, and the mixture was
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left at a temperature of 2 °C for 10�12 h. The
precipitate containing proteins and glycoproteins
was separated by centrifuging for 15 min at the
rotation frequency of  7000 min�1. The precipitate
was discarded,  and the supernatant was used to
determine the concentrations of dissolved carbo-
hydrates not bound with proteins. The modified
phenol sulphuric method was used for this pur-
pose. The concentration of soluble glycoproteins
was determined on the basis of the difference of
the total carbohydrate content and the concentra-
tion of carbohydrates not bound with proteins.

Contrasting with the ammonia complexes of silver

The reduction of complex ammonia salts of
silver and the formation of metal silver was
used to reveal the regions of cell walls contain-
ing the end aldehyde groups and to estimate
the defect content of these regions. We added
1 mL of the working solution containing 10.0 mL
of water, 1.0 mL of the solution of 1.0 mM
AgNO3, 300 µL of concentrated ammonia so-

lution to 200 mg of the weighed portion of ini-
tial yeast and yeast subjected to mechanoenzy-
matic treatment. Then the solutions were kept
at room temperature for 24 h and used to car-
ry out electron microscopic studies.

Preparation of ultrathin sections for transmission
electron microscopy

The samples of initial yeast and yeast af-
ter mechanoenzymatic treatment were fixed
with 1 % solution of osmic acid [17]. Hank�s
solution was used as a buffer. Dehydration was
carried out in the solutions with increasing eth-
anol concentration and in acetone; epone
araldite was poured into the mixture. Ultrathin
sections were prepared with an ultratome (Re-
ichert, Austria), contrasted with uranyl ace-
tate and lead citrate. The preparations were
examined with an H-600 electron microscope
(Hitachi, Japan) with the accelerating voltage
of 75 kV and under the light microscope (Axio-
plan-40, Zeiss, Germany).

Fig. 1. Mechanism of hydrolysis of β-1,3-glucan chain.
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RESULTS AND DISCUSSION

The major element of yeast cell wall respon-
sible for sustaining its strength is β-glucan oc-
cupying the middle layer of the cell wall. The
glucan layer is coated with mannanoproteins
from inside and outside [6�9].

To destroy the bonds of  MOS  and mannano-
proteins with glucan, we carried out enzymat-
ic hydrolysis activated by the mechanical treat-
ment (mechanoenzymatic hydrolysis). The es-
sence of this kind of treatment is reduced to
the mechanical action on the mixture of yeast
biomass with the enzymatic complex, followed
by the enzymatic hydrolysis of polysaccharides
of the cell walls. Hydrolysis is performed in the
heterogeneous mode in the presence of the lim-
ited amount of water.

At the first stage of treatment, yeast is sub-
jected to mechanical activation with the enzy-
matic complex Cellolux 2000 containing 1,3- and
1,4-β-glucanases [18]. This process involves par-
tial mechanical destruction of cells, partial dam-
age of the supramolecular structures of cell
walls causing an increase in the reactivity of
glucan with respect to the enzyme, the uni-
form distribution of enzymes over the sample
volume. Thus mechanocomposite is formed. It
is a product with increased reactivity in which
the diffusion routes of enzymes are shortened,
and the structural layers of cell walls are dis-
ordered and have diffuse character.

The second stage is compacting of the re-
sulting mechanocomposite. This allows us to in-
crease the volume fraction of the enzyme, to
simplify mass transfer between the composite
particles and to prevent the loss of water that
is necessary for enzymatic hydrolysis.

The third stage is heating the compacted com-
posite at the optimal temperature of enzyme
action (45 °C), leading to the hydrolysis of
β-glucan (Fig. 1). Most probably, the cells de-
stroyed at the first stage serve as the centres of
localization of enzymatic hydrolysis (Fig. 2, b). The
residual moisture promotes the propagation of
reaction front, while temperature rise removes
the diffusion hindrance and increases the mo-
bility and hydrolytic activity of enzymes.

We studied the changes in yeast cell walls
caused by mechanoenzymatic treatment with
the help of electron transmission microscopy.

Fig. 2. Micrographs of initial yeast (a) and yeast after
enzymatic hydrolysis (b).

Fig. 3. Ultrathin section of initial yeast cells.
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Cell wall, organelles and nucleus are clearly seen
in the electron microscopic micrograph of ini-
tial yeast cells (Fig. 3).

Mechanical treatment of yeast cells under
the conditions of restricted shock causes clear-
ly exhibited damage of yeast cells; destruction
of organelles, deformations of cell wall and
its rupture are observed (see Figs. 3 and 4, a).
The major part of the preparation is repre-
sented by cellular detritus appearing as elec-
tron-dense mass in which membrane-like struc-
tures of different sizes and the residues of cell
wall are observed. The latter look like separate
fragments and flattened walls of whole cells with
ruptures. In comparison with the cells of the ini-

tial preparation, the structure of the cell wall is
disordered; the wall looks homogeneous, which
is the evidence of distortion of intermolecular
interactions between the structural elements.

Mechanoenzymatic treatment was carried
out in the presence of  natural moisture of  the
biomass. For this purpose, yeast was subjected
to mechanical activation in mixture with en-
zyme and subsequent heating in the form of
compacted mass. One can see in the ultrathin
section of the yeast biomass after mechanoen-
zymatic treatment (see Fig. 4, b) that the cell
walls are injured; the cytoplasm and organoids
are destroyed and form a continuous osmiophil
mass localized between cell walls. Electron-dense
grained structures 12�25 nm in size are detect-
ed in the cell walls. These structures are likely
to be the complexes of  mannanoproteins [19]:

Enzymatic hydrolysis of glucan leads to the
removal of diffusion limitations, which provides
the possibility of the formation of osmiophil
grained structures.

To reveal the changes in glucan-containing
regions, we used the reaction of the reduction
of the ammonia complex of silver nitrate [20]:
I R�COOH + Ag+ �  R�COOAg + H+

    R�SH + Ag+ �  R�SAg + H+

II R�COOAg + e� �  R�COO� + Ag

    R�SHAg + e� �  R�S� + Ag

Silver salts are formed at stage I, while silver
reduction proceeds at stage II. A reducing agent
is necessary for the formation of the particles
of elemental silver. The role of this reducing
agent is played by the end aldehyde groups.
One can see in the ultrathin section of the ini-
tial yeast cell treated with the ammonia com-
plexes of silver (Fig. 5) that the electron-dense
particles are localized inside the cell, which
points to the intracellular reduction of silver.
In the native cell wall,  polysaccharides form
stable structures with a small number of ac-
cessible reducing centres, so the cell wall is only
weakly contrasted. In view of the insignificant
content of extractive carbohydrates in the wa-

L � lysine, methionine, tryptophan, histidine, cysteine

Fig. 4. Morphology of yeast cells after mechanical and
enzymatic treatment. Ultrathin sections of preparations
fixed with osmic acid: a � cell walls after mechanical
activation (in the form of  the strips of  medium electron
density) are surrounded by electron-dense cell detritus;
b � yeast biomass after mechanoenzymatic treatment,
electron-dense cell detritus and the fragments of cell walls
containing osmiophil particles.
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Fig. 5. Initial yeast cells, the preparation is treated with
ammonia complexes of silver.

Fig. 6. Preparation of yeast subjected to mechanoenzymatic
treatment: a � cell walls after mechanical activation;
b � fragments of membrane-like structures after
mechanical activation and enzymatic hydrolysis.

ter-soluble fraction (as confirmed by chemical
analysis),  the reduction of  silver in the space
near the cells proceeds insignificantly and no
electron-dense product is formed.

Mechanical activation (Fig. 6, a) is accompa-
nied by ruptures of cell walls; the structure
of the fragments is diffuse in its character. The
cell wall does not interact with silver complex-
es due to the low concentration of reducing
aldehyde groups.

Enzymatic treatment of mechanically acti-
vated biomass leads to a noticeable increase in
the reactivity of cell wall towards the ammo-
nia complexes of silver nitrate. Previously [21]
studying yeast cells in the electron microscope
on grids we established that the cells are elec-
tron-impermeable structures. Hydrolysis of
polysaccharides is likely to be accompanied by
substantial accumulation of reducing aldehyde
groups in the wall; these groups are potential
centres of nucleation for metal silver particles
during reactions in solution.

In addition to endoglucanase activity,  the
enzymatic complex involved in the work ex-
hibits exoglucanase activity,  so substantial
amounts of reducing carbohydrates providing
the growth of silver phase nuclei are accumu-
lated in the system. Due to these factors, a
dense, almost continuous layer of elemental
silver is formed on the surface of cells.

Ultrathin sections (see Fig. 6, b) exhibit ac-
cumulation of  silver nanoparticles inside and
on the surface of cell walls, which is due to

the presence of isolated immobile nucleation
centres. According to the data of  chemical anal-
ysis, as a result of mechanoenzymatic treat-
ment, the amount of water-soluble carbohy-
drates accumulating in the system is sufficient
for the growth of nuclei.

The data obtained are confirmed by the re-
sults of  chemical analysis. Due to mechanical
activation, the yield of the sum of free MOS
and mannanoproteins increases during extrac-
tion by a factor of 2.8 � from 1.3 to 3.8 %
(Fig. 7). After enzymatic treatment, the yield
of MOS increases substantially; the fraction
of glucosaccharides bound with protein decreas-
es. The latter effect is connected with hydroly-
sis resulting in the detachment of glucosaccha-
rides from glucioproteins.
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Only a small amount of MOS passes into the
extract of  the initial yeast (see Fig. 7),  mannano-
proteins are almost non-extractable after mechan-
ical activation,  the yield of  mannanoproteins in-
creases. They get extracted to a higher extent
from the product obtained by the combined me-
chanical activation and enzymatic hydrolysis.

Thus, it was demonstrated that mechanical
activation of the yeast biomass followed by
enzymatic hydrolysis allows one to achieve a
substantial increase in the content of  mannan-
oligosaccharides and mannanoproteins available
for extraction by solutions.

CONCLUSION

As a result of mechanical activation of the
yeast biomass, the reactivity of polysaccharides
of cell wall towards enzymatic hydrolysis in-
creases. This effect is based on disordering of
the supramolecular structure of cell walls. Due
to this, the diffusion limitations are removed
and the efficiency of enzymatic hydrolysis of
the structure-forming component � glucan �

Fig. 7. Yield of oligosaccharides depending on treatment
conditions: I�III � extracts of initial yeast (I), yeast after
mechanical activation (II), and after mechanical activation
and enzymatic hydrolysis (III).

increases substantially. A combination of  me-
chanical treatment and subsequent enzymatic
hydrolysis allows one to increase by a factor of
2.9 the overall content of  mannanoligosaccha-
rides and mannanoproteins available for extrac-
tion in the yeast preparations.
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