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Abstract: Glucans are most widespread polysaccharides in the nature. There is a large diversity in their molecular
weight and configuration depending on the original source. According to the anomeric structure of glucose
units it is possible to distinguish linear and branched a-, B- as well as mixed o,B-glucans with various glycoside
bond positions and molecular masses. Isolation of glucans from raw sources needs removal of ballast compounds
including proteins, lipids, polyphenols and other polysaccharides. Purity control of glucan fractions is necessary
to evaluate the isolation and purification steps; more rigorous structural analyses of purified polysaccharides are
required to clarify their structure. A set of spectroscopic, chemical and separation methods are used for this purpose.
Among them, NMR spectroscopy is known as a powerful tool in structural analysis of glucans both in solution and
in solid state. Along with chemolytic methods [methylation analysis (MA), periodate oxidation, partial chemical
or enzymatic hydrolysis, etc.], correlation NMR experiments are able to determine the exact structure of tested
polysaccharides. Vibration spectroscopic methods (FTIR, Raman) are sensitive to anomeric structure of glucans and
can be used for purity control as well. Molecular weight distribution, homogeneity and branching of glucans can be

estimated by size-exclusion chromatography (SEC), laser light scattering (LLS) and viscometry.
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Introduction

Polymers of glucose, glucans, with different types of
glycosidic linkages and anomeric configurations are most
widespread polysaccharides in the nature. Most of them
play a role of cell wall structural components; others are
used as the energetic source for metabolism. Despite
simple monosaccharidic composition, glucans demonstrate
large structural variability. They vary in anomeric
configuration of d-Glep units, position and distribution
of glycosidic bonds, molecular size and type and degree
of branching (DB). There are three main structural types
of these polysaccharides, namely a-glucans, p-glucans and
mixed a,B-glucans (1). The configuration of glycosidic
bonds and molecular mass are also important for glucan
characterization. Structures, sources and physiological
function of common and some unusual glucans are

summarized in Table 1.
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Linear (1—4)-a-D-glucans and branched (1—4)
(1—6)-0-D-glucans are widespread in the nature playing
a role of energy supply. These glucans represent basic
structures of amylose and amylopectin, the polysaccharidic
components of starch in plants (3). Animal glycogen (12) as
well as some fungal polysaccharides are also branched (1—4)
(1—>6)-a-D-glucans. Unlike it, pullulan, a water-soluble
fungal polysaccharide, is linear glucan containing both
a-(1—4) and a-(1—6) linkages (10). It consists of regularly
repeating maltotriose and, in some cases, maltotetraose
fragments connected by o-(1—6) glycosidic bonds (11).

Cellulose, the linear (1—4)-B-D-glucan, is the most
abundant polysaccharide (22). It constitutes mainly
plant cell walls and derived materials like wood or fibers
(cotton, flax, etc.). The cellulose chains are aggregated into
microfibrils or more complex ordered structures stabilized
by intra- and intermolecular hydrogen bonds (39). These
microfibrils are primary architectonical elements of cell
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Structure Trivial name(s) Sources Physiological role References

(1—4)-a-p-glucan Amylose® Higher plants Storage 3)

(1—3)(1—4)-a-p-glucan® Nigeran Fungi Aspergillus niger (7)
Elsinan Elsinoe leucospila 8)
Isolichenan Lichens Cetraria islandica 9)

(1—4)(1—6)-0-d-glucan® Amylopectin® Higher plants Storage (©)]
Glycogen Animals (14)

(1—3)-B-p-glucan Callose Higher plants Wall anti-stress (16)
component
Paramylon Protozoa Euglena gracilis Storage (17,18)
Curdlan Microorganisms Agrobacterium sp., Exopolysaccharide (18,19)
Streptococcus mutans,
Alcaligenes faecalis
Pachyman Fungi Poria cocos Wall component (20)
Laminarin Algae, lichens Storage (21)

(1—6)-B-p-glucan Pustulan Lichens Lasallia pustulata (24)
Fungi Guignardia citricarpa Exopolysaccharide (25)

(1—38)(1—4)-B-p-glucan® Calocyban Fungi Calocybe indica Wall component (28)

(1—4)(1—3)-a,B-glucan® Fungi Termitomyces Wall component (36)
microcarpus

(1—6)(1—4)-a,B-glucan® Fungi Calocybe indica Wall component (28)

2 linear; °, branched; ¢, starch component.
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Table 2 Methods commonly used in the estimation of purity of

glucan preparations

Analyte Method Basis References
Total Anthrone or phenol—  Colorimetry (48)
sugars  sulfuric acid assay
Reducing Folin-Wu Colorimetry (49)
sugars  Somogyi-Nelson (50,51)
3,5-dinitrosalicylic (52)
acid
P-Hydroxybenzoic (53)
acid hydrazide
2,2'-bicinchoninate (54)
Starch, lodine test Colorimetry (55)
amylose
Chitin GlcN after total Chromatography (56)
hydrolysis (57)
Acetic acid after (58)
deacetylation
Uronic  Carbazol Colorimetry (59)
acids m-Hydroxybifenyl (60)

O-acetyls Hestrin Colorimetry (61)

Proteins  Kjeldahl N (62,63)
Lowry Colorimetry (62,64)
Bradford (65)

Total Folin-Ciocalteu (galic ~ Colorimetry (66)

phenols acid equivalent)

walls of higher plants and algae. Rigid cellulose fibrils
are embedded in amorphous polymers like neutral and
acidic polysaccharides, proteins, and aromatics. Cellulose
is also produced by certain microorganisms and can be
obtained by fermentation (40). In addition to cellulose,
linear mixed (1—4) (1—3)-linked B-D-glucans, in which
blocks of (1—4)-linked B-Glcp units are separated by
single (1—3)-linkages, are widely present in plants, mainly
cereals (41). Most of these cellulose-like segments are tri-
and tetramers, but longer (1—4)-linked oligomers may also
be present in the chains. Cereal B-glucans from different
sources vary in their tri- to tetramer ratio, the share of
longer cellulosic fragments and the ratio between two types
of glycosidic bonds (42).

Fungal cell walls, which consist mainly of structural
polysaccharides and glycoproteins, are the main source
of various structural types of glucans (1). There are many
fungal and microbial polysaccharides containing B-(1—3)-
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and/or B-(1—6)-linked B-D-Glecp units, and B-(1—4)-
linked B-D-Glcp residues may be also present (43,44).
These B-glucans commonly have trivial names according
their fungal origin (grifolan, lentinan, pachyman, pleuran,
schizophylan, scleroglucan, etc.). Besides that differently
composed fungal glucans have been described, including
linear alkali soluble (1—3)-a-D-glucans (45-47) and linear
or branched a,p-glucans (28,36-38). Fungal glucans often
forms various complexes with other polysaccharides,
proteins or phenolics.

Isolation of glucans from raw materials includes various
extraction and purification procedures. The check of purity
helps in evaluation of the crude polysaccharidic fractions
and isolation/purification steps. More rigorous analyses
are required to clarify the structure of purified glucans.
Modern chemical, spectroscopic and separation methods
are used to solve these tasks. In the following paragraphs
analytical methods commonly used in the structural analysis
of glucans are reviewed.

Purity

Before rigorous structural analyses of isolated glucan it
is necessary to estimate its purity, i.e., the proportion of
polysaccharide component and the presence of impurities.
Total and/or reducing sugar assays as well as testing of
other compounds occurrence are usually used to solve this
task. The term “total sugars” covers all mono-, oligo- and
polysaccharides in comparison with non-sugars (proteins,
lipids, aromatics, mineral compounds, etc.) that may be
present in the glucan preparations. In a pure polysaccharide,
concentration of reducing sugars, having free carbonyl
group at the reducing ends, represents quantity of reducing-
end groups, depending on polymerization degrees (DP) and
DB. Estimation of linkages and structures, which are typical
for ballast polysaccharides including non-targeted glucans,
is the next analytical task. Methods commonly used for
these purposes are summarized in Table 2.

Molecular mass

Weight average molecular mass (M,), z-average radius of
gyration (Rg), intrinsic viscosity ([#7]) and other molecular
characteristics of soluble glucans can be determined by size-
exclusion (gel permeation) chromatography (SEC or GPC),
laser light scattering (LLS) and viscometry. Polysaccharides
are commonly dissolved in aqueous system or analyzed
directly in the extracts. Problems in analysis of insoluble or
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partially soluble glucans can be overcome by specific solvent
systems or appropriate chemical modification. Structural
homogeneity, branching, molecular weight distribution and
aggregation-disaggregation of glucans can be estimated by
combination of these methods.

Molecular characteristics (M,, R,) of the amylose and
amylopectin fractions of corn starch were estimated by high-
performance SEC (HPSEC) with multi-angle laser-light
scattering (MALLS) and refractive index (RI) detectors (67).
The specific volume for gyration (SV,) was 0.529 for
amylose and 0.092 for amylopectin, respectively. This value
was used for comparison of the molecular compactness or
DB. DMSO/water and DMSO/LiBr systems were used
as solvents for MALLS batch mode M, analysis of rice
starch, amylose and amylopectin (68). The former system
demonstrated better ability to dissolve starch and reduce
starch aggregation. Shear degradation of native starch was
examined by SEC using DMSO/LiBr systems as eluent (69).
Extensive shear scission was observed only in the amylopectin
region in the size distribution/flow rate curve. Authors
suggested that this SEC system permits to obtain the
complete size distribution only for smaller sizes, primarily
amylose. Starches with extreme phosphate content were
analyzed by SEC using NaOH solutions for starch dissolving
and elution (70). Starch aggregation was estimated by on
line RT and MALLS detection. Three major regions in the
SEC profile were identified as amylopectin aggregates,
amylopectin and amylose. Starches with a high amount
of amylopectin aggregates showed high peak viscosities.
Extreme amount of either starch bound phosphate or
amylose suppresses aggregation and thus decreases viscosity.
A N,N-dimethylacetamide/LiCl system was used instead of
water as solvent and mobile phase for SEC for pullulan and
other glucans (71). Pure and aqueous cadoxen was used in
LLS of linear (1—3)-B-D-glucan from Poria cocos (72). This
polysaccharide was found to form aggregates (206 kDa) in
the cadoxen-water mixtures, while single-stranded chains
(89.3 kDa) were detected in pure cadoxen. SEC study of this
glucan in DMSO/LICI system confirmed partial temperature
sensitive aggregation that was inhibited by heating to 80 °C (73).
SEC combined with LLS (SEC-LLS) and viscometry in the
same solution was used in the study of linear (1—3)-a-D-
glucan from Poria cocos (46). At the measuring conditions
this polysaccharide showed relatively extended flexible chain
conformation. Disaggregation of similar (1—3)-a-D-glucan
from Lentinus edodes was analyzed by LLS in an aqueous
NaOH/urea system (47). It was found that stronger conditions
led to a partial hydrolysis of this polysaccharide.

© Annals of Translational Medicine. All rights reserved.
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Chemolytic methods

Chemolytic analysis of glucans is based on chemical
or enzymatic cleavage of this polysaccharide followed
by separation of degradation products (oligo- or
monosaccharides or even smaller fragments). A parent
glucan and/or degradation products can be chemically
modified for analytical purposes. Resistance of glycosidic
bonds is not the same for various glucans and depends on
anomeric configuration, position, molecular environment
and availability. Chemolytic methods are still attractive for
linkage analysis of complex glucans.

Total hydrolysis of glucans can be made under
strong acidic conditions by the use of formic, sulfuric or
trifluoroacetic acids at concentrations around 2 mol/L and
at heating up to 110 °C for several hours. Several steps of the
acid hydrolysis in different media can be combined to achieve
a better effect. Obtained hydrolyzates are neutralized, diluted
and analyzed by appropriate separation method (usually
liquid chromatography). Alternatively, monosaccharide
mixtures can undergo reduction and then acetylation or
silylation to obtain volatile derivatives (alditol acetates or
methylsilanes) for gas chromatography (GC). Pure glucans
should consist in only one monosaccharide, i.e., glucose.
Therefore, total hydrolysis of these polysaccharides reveals
glucose only, and detection of other sugars confirms impurity
of glucan preparations.

The methylation analysis (MA) commonly using in sugar
linkage determination in glucans includes following steps (74):

(I) Methylation of all hydroxyls in the polysaccharide.
Disappearing of a broad absorption band at 3,200-3,700 cm™
(OH stretching) in FTIR spectrum of methylated glucan
confirms complete methylation;

(IT) Cleavage of the methylated glucan into the
monosaccharidic fragments. This treatment leads to braking
of all glycosidic linkages, but not methylether ones. Strong
acidic hydrolysis, methanolysis or acetolysis are suitable for
such degradation;

(ITII) Reduction of formed aldehydes followed by
acetylation or silylation. This step of MA leads to partially
methylated alditols (or silans), which are acetylated (silylated)
at the former linkage positions. Acetolysis at the previous
step leads to complete acetylation of free hydroxyls;

(IV) Separation analysis of the alditol derivatives.
Equipped with flame ionization (FID) or mass spectrometric
(MS) detectors, GC is commonly used for this purpose.
Positions of glycosidic linkages in the parent glucan
correspond to non-methylated hydroxyls in methylated
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Table 3 O-Methylglucitols formed from different Glep units of

B-p-glucans*

Linkages Original structure ~ O-methyl-glucitol
Terminal H’/‘”‘\ o ,o/R 2,3,4,6-tetramethyl
9 5 1
(non-reducing end) LN
L
1-2 HO/\Q/O/R 3,4,6-trimethy!
HO™ "o,
CH \R
153 OO 2,4,6-trimethyl
HO™ N OH
O\
R’ =
1—-4 Ho/\O,o/ 2,3,6-trimethyl
R«,O““‘ [ "OH
OH
1—6 Rlo oo~ 2,3,4-trimethyl
OH =
152 NN 4,6-dimethyl
1=3 :;%Jjo\kw
\R2 -
1-2 o o o~ 3,6-dimethyl
-4 “Q’
Rz/o b g
152 , o o " 3,4-dimethyl
R—O
156 /\q
HO" ’o\R1
OH -
1-3 o o o7 2,6-dimethyl
R O\
R! =
1-3 o 0. 0" 2,4-dimethyl
O\
R' -
14 2o 0. 9" 2,3-dimethyl
16 AQ’
1/O‘ “OH
R
1-2 6-methyl
1-3
1—4
1-3 2-methyl
1—4
1—-6
1-2 3-methyl
1—4
1—6

*, similar is true for a-b-glucans adjusted for the anomeric
structure; R, R', R* and R® represent consecutive parts of the

glucan chain.
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alditols (silans), while all free hydroxyls should be methylated.
Structures of O-methylglucitols formed from different Glep
units of f-D-glucans are summarized in Table 3.

Selective methods of cleavage (reductive cleavage,
periodate oxidation, Smith degradation, enzymatic
digestion, etc.) are alternative to classical MA. These
methods are also used in structural analysis of glucans.

Reductive cleavage using a combination of TMS-
mesylate and BF;/Et,O avoids the formation of meso-
alditols during MA and thus prevents the loss of structural
information (75). In this case the final products are
methylated at the anomeric position and acetylated at non-
reducing linkage positions. The time consuming hydrolytic
step is avoided by this approach. Reductive cleavage is
effective for structural characterization of branched glucans
with acid-labile groups or residues (76). In addition, it is
possible to distinguish pyranose and furanose forms of the
same sugar. Reductive cleavage is known to be specific for
some glycosidic bonds. For example, only (1—4)-a-linkages
in pullulan were effectively cleaved during MA, while the
(1—06)-a-linkages remained intact (77).

Periodate oxidation of glucans leads to specific cleavage
of C-C linkages between vicinal hydroxyls in Glep
units and formation of two aldehyde groups on the end
carbons of the opening. When two neighbor C-C bonds
are cleaved, formic acid is formed from the intermediate
carbon atom. It is evident that periodate oxidation is
impossible for the internal Glep units in the (1—3)-linked
sequence having no hydroxyls at vicinal position; only
end units can be cleaved. This is true for both (1-3)-a
and (1—3)-p-glucans. Contribution of the end glucoses is
negligible for glucans with a long resistant backbone, so
an amount of periodate used for oxidation is proportional
to the DB. Sites of periodate attacks on different Glcp
units in B-glucans are shown in 7able 4. Smith degradation
includes periodate oxidation, reduction of new aldehyde
groups and hydrolysis of acetals. This approach is useful
in structural analysis of branched glucans. Only in the
case of (1—3)-linked backbone Smith degradation gives
a resistant linear polysaccharide that could be analyzed
by "C NMR or other method; otherwise more deep
destruction occurs. The structure of backbone and side
chains is deduced from the spectra of parent and Smith-
degraded glucans. For example, Smith-degraded derivative
of botryosphaeran, a polysaccharide from ascomyceteous
fungus Botryosphaeria sp., was defined as linear (1—3)-B-D-
glucan; the side chains of this polysaccharide are single Glcp
or (1—3)-B-linked glucooligosaccharides (35). Similarly,
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Table 4 Sites of periodate attacks on different Glcp units in

B-glucans

Linkages Site(s) of periodate attacks  Reaction products

Terminal R
6 & R
O @ o o~
(non- HO T Ho/j/ \C
reducing o/ <
end) +HCOOH
1-2 3
. o o~
Reducing Ho/j/
=
end o] | o\R1
o
e (o} OH
/O)/ g/’o
Q| SR
1-38 no reaction
Reducing
end
HO oA
HO o
O\R
1—4 B
(] O
Reducing Ho \[
end o™ o
R' [
[e]
HO OFA°
0 +HCOOH
R
1—6
0 R
Reducing o o o~
end j \[\
o (¢}

+HCOOH

(e} 0
RLO/j/\%
=

o]
OH + 2 HCOOH

", similar is true for a-p-glucans adjusted for the anomeric
structure; arrows point on possible sites of periodate attack,
R and R’ represent consecutive parts of the glucan chain.

cell wall polysaccharide from yeast Schizosaccharomyces pombe
was identified as a highly (1—3)-B-branched (1—6)-B-D-
glucan (78). The size and distribution of repeating blocks of
resistant units can be estimated in mixed linkage glucans.
Mild acid hydrolysis and enzymatic cleavage of specific
glycosidic bonds have been also used in structural analysis
of mixed linkage or branched glucans. Matrix-assisted
laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry was used to analyze oligosaccharides

© Annals of Translational Medicine. All rights reserved.
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released by mild acid hydrolysis of (1—3)(1—6)-p-D-
glucan isolated from fruiting bodies of Ganoderma lucidum,
dextran and curdlan (79). These glucans were also studied
by MA combined with tandem mass (MS/MS) spectrometry.
Cellulosic oligosaccharide released by lichenase cereal
(1-3)(1—4)-p-D-glucan and lichenan were analyzed by
HPLC (80). It was found that the cereal glucans were similar
but had different ratios of (1—3)-B-linked cellotriosyl and
cellotetraosyl fragments (both constituted about 90% of
these polysaccharides). By contrast, lichenan was defined
mainly as a polymer of (1—3)-p-linked cellotriosyls.

Vibration spectroscopy

FTIR spectroscopy is a powerful tool of the structural
analysis of polysaccharides (81,82). This method is
sensitive to the position and anomeric configuration of
glycosidic linkages in glucans. It is possible to analyze
glucans in crude high molecular fractions isolated from
various raw materials. For example, fruiting bodies of
mushrooms contain two main types of glucans: branched
(1-3)(1—=6)-B-D-glucan and linear (1—3)-a-D-glucan
containing. Other compounds, mainly proteins, can be
also present in the isolated fractions. FTIR spectra of high
molecular fractions isolated from fruiting bodies of oyster
mushroom Pleurotus ostreatus demonstrate characteristic
bands of both glucans and proteins (Figure 1), and the
relationship between these bands indicates the protein/
glucan ratio. Two spectral regions are important for
structural characterization of polysaccharides. These are
“sugar region” (1,200-950 cm™) and “anomeric region”
(950-750 cm™). The highly overlapping intense bands of
CO and CC stretching vibrations in glycosidic bonds and
pyranoid ring predominate in the former region. The latter
region contains weak bands of complex skeletal vibrations
sensitive to anomeric structure of glucose.

FTIR was used for analysis of A and B starch granules (83).
The bands at 3,405 and 2,930 cm™ were assigned to OH and
CH bond stretching, respectively. The next bands at 1,420
and 1,366 cm™ arose from bending modes of CH,, CH and
OH. Intense overlapped bands in the region of 800-1,300 cm™
correspond to CO, CC stretching and COH bending modes;
several bands below 800 cm™ correspond to ring and skeletal
modes (84). Partially, the bands at 1,047 and 1,022 cm™
are associated with the ordered and amorphous structures
in starch, respectively (85). The ratio of these bands was
used to quantify the degree of order in starch samples (86).
However, the former band is composed of two overlapping
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Figure 1 FTIR spectra of crude high molecular fractions isolated from fruiting bodies of oyster mushroom Pleurotus ostreatus.

components at 1,040 and 1,053 cm™'; both are sensitive to
starch retrogradation, but in different manner (87).

FTIR spectrum of cellulose is sensitive to crystalline
and amorphous state of this polysaccharide (88). The
shift of the CH stretching band from 2,900 cm™ to
higher wavenumbers as well as significant lowering of this
band indicates the presence of amorphous cellulose. In
addition, the loss of crystallinity also leads to decrease or
disappearing of some bands in the region of 900-1,500 cm.
Partially, the band of CH, scissoring at 1,430 cm™" is known
as the marker of crystallinity. Fall of its intensity indicates
reduction in the crystallinity degree. By contrast, the IR
band at 898 cm™ assigned to COC stretching of glycosidic
bonds is the amorphous state marker; its intensity increases
for amorphous cellulose. Celluloses were also analyzed by
the second derivative (SD) FTIR (89) as well as by the use
of dynamic mechanical analysis (DMA) and 2D step-scan
FTIR spectroscopy (90). Greater resolution of SD FTIR
exhibited differences in several IR bands assigned mainly
to vibrations of groups involved in the system of hydrogen
bonds in cellulose (89). Partially, the broad band at 3,100-
3,700 cm™ (OH stretching) possesses information about
the intra- and intermolecular hydrogen bonds. Cellulose
sheets were stretched sinusoidally at low strains while
being irradiated with polarized infrared light (90). For the
obtained dynamic IR signals (in-phase and out-of-phase
responses), the dynamic IR cross-correlation was defined.
It consisted of two terms referred to synchronous and

© Annals of Translational Medicine. All rights reserved.

asynchronous 2D FTIR correlation intensities. As a result,
the mentioned region can be resolved giving several distinct
bands for inter- and intramolecular hydrogen bonds.

FTIR spectroscopy has been used to distinguish various
fungal glucans in polysaccharidic fractions isolated from
fruiting bodies of mushrooms and from other fungal sources
(45,91). It was found that IR bands near 1,160, 1,078, 1,044
and 890 cm™ are characteristic for fungal (1—3)(1—6)-B-D-
glucans, while the bands of (1—4)(1—6)-a-D-glucans are
located near 1,155, 1,023, 930, 850 and 765 cm™. The band
intensity ratios at 1,160/1,155, 1,041/1,023, 1,160/1,023,
and 889/930, 889/765 cm™, respectively, can be used to
estimate the relationship between a- and B-linkages in
glucan preparations (91). Alkali soluble fungal (1—3)-a-D-
glucan can be detected by characteristic IR bands near
1,366, 930, 850, 822, 542, 454 and 420 cm™ (45,92-95).

Raman spectroscopy has been applied in structural analysis
of plant, animal and microbial glucans-starch, glycogen,
cellulose, dextran, etc. (96-100). The substitution at C-4
position of a-D-glucans leads to the appearance of an
intense Raman band at 470-485 cm™ (amylose, amylopectin)
instead of that at 540-545 cm™ (dextran) (100). In the case of
pullulan no strong bands were found at these regions. Raman
spectroscopy was used for the determination of amylose
content in starch (101), study of starch gel retrogradation
(102,103) and identification of modified starches according
to their origin and type of modification (104). Structural
differences in celluloses originated from various sources (plant
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and bacterial cell walls) were analyzed by Raman and FTIR
spectroscopy (105). Both methods were suitable for cellulose
structure assessment in terms of crystallinity and allomorphic
structure. Various Raman bands were used for determination
of crystallinity, while FTIR spectra were sensitive to structural
changes in cellulose caused by non-cellulosic polysaccharides
(pectin, xylan). Two methods (uni- and multivariate ones) based
on FT Raman spectroscopy were developed to determine
cellulose crystallinity (106). Raman crystallinity index
(X, Raman) Was created to characterize the degree of crystallinity
of partially crystalline cellulose I samples (107). This value
was based on the crystallinity dependence of CH, bending
modes. Relative intensity ratios of the Raman lines at 1,481
and I 1,462 cm™ correlated linearly with the substitution of
crystalline cellulose I in calibration mixtures. Obtained X, gy
values of microcrystalline cellulose of different origin were in
agreement with the corresponding values obtained from NMR
spectroscopy (X xuw)-

FT-Raman and NMR spectroscopy were useful in analysis
of cereal and fungal B-D-glucans. These methods are able
to detect o-glucan impurities and predict configuration of
B-linkages in cereal (1—3)(1—4)-B-D-glucan preparations
(108,109). Both these methods were used in structural
characterization of yeast (1—3)(1—6)-p-D-glucan films (110).
The Raman band at 423 em™ is indicative for (1—3)-p-D-
glucan, whereas three bands at 948, 864 and 554 cm™' are
characteristic to (1—3)-a-D-glucan (45).

The backscattered Raman optical activity (ROA) spectra
of two glucans, pullulan and laminarin, were analyzed in
comparison with the spectra of their oligomers-maltotriose
and laminaribiose (110). Several differences were found
comparing the ROA spectra of laminarin and laminaribiose.
Four ROA signals at 1,050-1,150 cm™ and signal near 445 cm™
had reversed signs, and ROA signal near 1,431 cm™ was
increased in intensity, respectively. The last two signals
were assigned to vibrations involving the glycosidic link.
Observed spectral differences were explained by triple
helix formation in laminarin. In contrast, ROA spectrum
of pullulan, which adopts a random coil conformation in
aqueous solution, was very similar to that of maltotriose.

NMR spectroscopy

NMR spectroscopy has been effectively used in structural
analysis of various glucans (1,45,110). This method is able to
determine anomeric configuration of Glep units and the way
of glycosidic linking between them (111). Anomeric proton
and carbon signals at 4.9-5.1 and 98-100 ppm, respectively,

© Annals of Translational Medicine. All rights reserved.
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indicate a-D-glucans. Corresponding resonances at 4.3-
4.6 and 103-104 ppm are characteristic for p-D-glucans.
Downtfield shift of a specific carbon signal by ~5-10 ppm
in comparison with those of the corresponding anomer
of 1-methylglucoside indicates direct participation of this
carbon in the glycosidic bond. Therefore, these shifts permit
to distinguish substituted and non-substituted carbons
in Glep units. In some cases the assignment of resonance
signals is complicated owing to overlapping and it is difficult
to assign proton and carbon signals of specific sugar residues.
Two-dimensional correlation NMR techniques are able to
help solving problems with interpretation. Following steps
are often used in NMR analysis of complex glucans (111):
(D) the assignment of CH,/CH proton signals in Glcp units
(COSY and TOCSY experiments); (II) the assignment of
corresponding carbon signals (HETCOR, HMQC and/
or HSQC experiments); (III) analysis of inner and inter-
unit interactions between nuclei (NOESY, ROESY and/
or HMBC experiments); (IV) construction of the sequence
model based on the signal assignments.

Complete assignment of the 'H and "C signals of
amylose was made using correlation NMR spectroscopy
and deuterium exchange (112). The same approach
together with an INEPT experiment was used to assign the
resonance signals of linear and branched glucan fragments
as well as of branching glucan units of amylopectin.
Cellulose fragments (DP ~15) were analyzed by NMR
in NaOD/D,0O solutions (113). The proton and carbon
resonances were studied at different NaOD concentrations
to detect dissociation of the hydroxyls. All CH proton
resonances were upfield shifted linearly with an increase in
the NaOD concentration due to electron-shielding effect.
The shifting patterns of carbon resonances varied among
the six carbons: C1 and C4 carbons undergo the electron-
shielding effect, whereas the other carbons demonstrated
the electron-deshielding effect. NMR spectra also
confirmed that among all hydroxyls C3-OH has the highest
resistance to dissociation. High-resolution "C NMR studies
of cellulose and cellulose oligomers dissolved in the ionic
liquid 1-butyl-3-methylimidazolium chloride showed that
the (1—4)-p-linked glucose oligomers are disordered in this
medium (114). Several (1—-3)(1—6)-pB-D-linked glucans
(laminaran, curdlan, yeast glucan, scleroglucan, etc.) were
analyzed by correlation NMR spectroscopy (115). The
ratios between specific H1 signals were used for estimation
of the DP and DB. The DP and DB of water-soluble
laminaran were 33 and 0.07, respectively; the corresponding
values of water-insoluble yeast glucan were 228 and 0.003.

Ann Transl Med 2014;2(2):17
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Figure 2 "C CPMAS NMR spectra of crude high molecular fractions isolated from fruiting bodies of oyster mushroom Pleurotus ostreatus.

Curdlan was identified as linear (1—3)-p-D-glucan (DB =0),
while the DB of scleroglucan was 0.33.

Solid state NMR techniques, like "C cross polarization
magic angle spinning (CP-MAS) NMR, possesses
information about the structure of native celluloses (116)
and cellulose polymorphs (117). Solid-state "C NMR was
used to characterize the molecular ordering of cellulose
in a plant primary cell-wall preparation from the leaves of
Avrabidopsis thaliana (118). Proton and "C spin relaxation
time constants showed that the cellulose was in a crystalline
state. Digital resolution enhancement revealed signals
indicative of triclinic and monoclinic crystalline forms of
cellulose. Proton rotating-frame relaxation experiments
provided the clearest distinction between cellulose and other
cell wall components. "C CP/MAS NMR spectroscopy was
used in structural analysis of gel formed by barley mixed-
linked (1—-3)(1—4)-B-D-glucan (119). Results showed
that the polysaccharide chains contained regions of unique
crystalline A type and amorphous ones. Authors concluded
that junction zones occur in the glucan gel owing to the
interaction of two B-glucan chains in the A-conformation.
Solid state "C CP-MAS NMR spectroscopy was used to
identify polymorphic forms of (1—3)-p-D-glucan (120) and
evaluate a hydration effect on its conformation (121). This
method was also applied to structural analysis of glucan gels
(122,123). “C CP-MAS NMR was used for identification
of glucan fractions isolated from oyster mushrooms (44).
Branched (1—3),(1—6)-p-D-glucans were found as the

© Annals of Translational Medicine. All rights reserved.

main polysaccharide component predominated in hot water
extracts partially as protein complexes, in alkali extracts
together with (1—3)-a-D-glucans, and in alkali-insoluble
solids as a complex with chitin. Like FTIR, "C CP-MAS
NMR is able to evaluate the ratio between protein and
glucans as well as identify the type of glucan in the crude
high molecular fractions (Figure 2) because the chemical
shift of carbon signals are sensitive to the type of glycosidic

bonds.

Conclusions

Analysis of glucan preparations needs assistance of various
methods to estimate the purity, molecular weight and
configuration of glucan macromolecules. These methods
have some advantages and limitations, so cooperative using
of different methods and approaches may bring more
complete structural information about target glucans. In
this context, combination of spectroscopic, chemical and
separation techniques is especially effective for structural
analysis of complex glucans.
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