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YCP, an a-D-glucan with molecular weight of 2.4 x 103 kDa, was isolated from the mycelium of marine
fungus Phoma herbarum YS4108. It interacted with TLR2 and TLR4 to induce B cells proliferation and
activation. Here, a series of homogenous LMWYCPs (namely LMWYCP-1 to LMWYCP-6) were obtained
by acid degradation. LMWYCP-3 and LMWYCP-4 were capable of inducing the proliferation of B cells
dramatically. Further research involved TLR defunctionalization and competitive binding assay demon-
strated that theimmunomodulating activities of LMWYCP-4 was TLR4-dependent but TLR2-independent,
while that mediated by LMWYCP-3 was neither TLR2- nor TLR4-dependent. Together with the structural
information that LMWYCPs shared the similar structure features with YCP, we deduced that LMWYCP-4
may be the functional unit of YCP responsible for YCP/TLR4 interaction. This is the first time that the
probable functional unit of glucan with the structure of a-p-(1-4)-linked residues in main chain and
a-D-(1-6)-linked residues in branches is reported.
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1. Introduction

In current decades, much attention has been attracted to
polysaccharides in the field of biochemistry and pharmacology
because of their multiple bioactivities and pharmacological actions,
such as immunological, anti-tumor, anti-virus and anti-oxidation
activities (Yang & Zhang, 2009). As one kind of biomacromolecules,
the bioactivities of polysaccharides are tightly dependent on their
structures including monosaccharide composition and sequence,
glucosidic bonds, configuration and chain conformations (Chi,
Chen, Wang, Xiong, & Li, 2008; Rudd et al., 2010; Yang & Zhang,
2009). Hence, the investigation of the structure-activity rela-
tionship (SAR) of polysaccharides has always been the focus of
glycobiology researchers. Back in the 1990s, the SAR of (3-(1-3)-
glucans had been investigated in detail (Bohn & BeMiller, 1995).
Until recently, related research still garnered a lot of attention
(Zhang, Li, Wang, Zhang, & Cheung, 2011; Zhang, Li, Xu, & Zeng,
2005). Furthermore, served as the basic polymer, 3-(1-3)-glucans
were chemically modified with sulfate donor to examine the cor-
relation of anticoagulant activities and the degree of sulfation as
well as the molecular weight (Franz & Alban, 1995). However,
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specialized studies involved the SAR of a-glucans were seldom
introduced. This situation indeed has been an obstacle for the fur-
ther development of this kind of polysaccharides.

YCP, an a-glucanisolated from the mycelium of Phoma herbarum
YS4108, was composed of a-D-(1-4)-linked glucose residues, with
branches at C-6 consisting of non-reducing terminal approximately
every seventeen residues (Yang et al., 2005). This polysaccharide
has great potential in inhibiting the growth of tumors (Heps, S180
and Lewis) without bringing any abnormal behavior of the exper-
iment mice (Chen, Guo, Gao, & Qian, 2005). Further researches
demonstrated that the anti-tumor activity of YCP was greatly
attributed to its modulation of the host innate and adaptive
immune responses such as enhancement of the phagocytic activ-
ity of macrophages, promotion of the proliferation of lymphocytes
as well as induction of cytokine secretion. Further studies on the
immunomodulating mechanism of YCP revealed that some mem-
bers of Toll-like receptor (TLR) family, including TLR2 and TLR4,
were responsible for YCP functions on B cells (Chen et al., 2009;
Yang et al., 2005; Zhang et al., 2013). Despite all these advances, it
remained unclear about the SAR of YCP, particularly in terms of the
unit of YCP required for its immunomodulating activities (so-called
functional unit). Thus, related studies could not only enhance the
understanding of YCP as an efficacious biological response modi-
fier in oncologic immunotherapy, but provide us the information
which may be of particular value in understanding the relationship
of structure and activity of a-glucans.
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Acidic or enzymatic-catalyzed hydrolysis has always been
employed to depolymerize macromolecular polysaccharides to
provide a library of oligosaccharides or low-molecular-weight
saccharide analogs for screening the functional units of origi-
nal polysaccharide ligands (Hu, Liu, Wang, & Ding, 2009; Ikeda
et al,, 2011; Jin et al, 2011; Wang et al,, 2012). In the present
study, in order to further understand the molecular mechanism
underlying the immunomodulating activity of YCP and expand
our knowledge in the SAR of a-glucans, we utilized trifluoroacetic
acid (TFA) to hydrolyze YCP to prepare a series of low-molecular-
weight fragments. Since our previous study has demonstrated the
requirement of TLR2 and TLR4 for YCP-mediated B cell activa-
tion, we then evaluated the immunomodulating properties of each
low-molecular-weight YCP (LMWYCP) on B cells and investigated
whether they were functionally related to TLR2 and TLR4 signaling.
On this basis, we nicely correlated the activities of LMWYCPs with
the molecular size and discussed the probable functional unit of
YCP for its immunomodulating activity.

2. Materials and methods
2.1. Materials and animals

The polysaccharide YCP was purified from the mycelium of
marine filamentous fungus P. herbarum YS4108 following the pro-
tocols described previously (Yang et al., 2005). Bio Gel P-10 gel,
medium (Bio-Rad, America) were purchased from HanBang Biotech
Co., Ltd., Nanjing, China. T-series dextran standards were pur-
chased from Pharmacia Co. Ltd., (Uppsala, Sweden). RPMI-1640
medium and FCS were obtained from Gibco (Grand Island, NY,
USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT), lipopolysaccharide (LPS), fluoresceinamine (FLA) and
1-cyano-4-dimethylaminopyridine tetrafluoroborate (CDAP) were
from Sigma-Aldrich (St. Louis, MO, USA). The column of Shodex
SUGAR KS-805 (8.0 mm x 300 mm) was from YMC. Co., Ltd. (Kyoto,
Japan). TFA and all of other chemicals and reagents were analytical
grade.

BALB/c mice between 6 and 8 weeks old were provided by the
Experimental Animal Center of Yangzhou University (Yangzhou,
Jiangsu, China). B6.129-Tlr2tm1Kir]] (TLR2-KO) and C57BL/10ScN]
(TLR4-KO) mice between 6 and 8 weeks old were provided by
the Model Animal Research Center of Nanjing University (Nanjing,
Jiangsu, China). All mice were housed in a specific pathogen-free
(SPF)facility under normal laboratory conditions, i.e., room temper-
ature (22 +£2°C), 45-55% relative humidity, and 12/12 h light-dark
cycle with free access to standard rodent chow and water.

2.2. Preparation of LMWYCPs

2.2.1. Partial hydrolysis, isolation and purification of LMWYCPs

The LMWYCPs were obtained by acid degradation. In detail, YCP
(60 mg) was dissolved and partially hydrolyzed in TFA solution at a
concentration of 10 mg per milliliter in an ampoule. Reaction was
terminated by removing the tube from the water bath and the acid
remaining in products was removed by repeated evaporations with
methanol. After dissolved in distilled water, the hydrolysate was
fractioned on a Bio Gel P-10 column (1.6 cm x 100 cm) and eluted
with deionized water at a flow rate of 0.125ml/min. Fractions
(1.5 ml each tube) were gathered, and sugar content was monitored
by the phenol-sulfuric acid method at 490 nm. After collecting the
specific part of the eluent, six crude LMWYCPs with higher con-
tent were obtained, which were further purified by another Bio-Gel
P-10 column with the same parameters stated above after accumu-
lation respectively. Then the collected fractions were concentrated
and lyophilized to give six white LMWYCPs.

The main affecting factors of acid hydrolysis of YCP were the
concentration of TFA, reaction time and temperature. In order to
optimize the hydrolysis conditions, single-factor test was designed
and developed with the ratio of the target area (area between
10.0min and 11.5min in HPLC spectrum of hydrolysate which
corresponded to the molecular weight from pan- to kilo-Da) as
a reference. The details of the reaction conditions were given in
Section 3.1.

2.2.2. Measurement of molecular weight and distribution

The molecular weights of LMWYCPs were determined by high-
performance gel permeation chromatography (HPGPC) equipped
with a pump (LC-20AT, SHIMADZU), a column (Shodex SUGAR KS-
805) and a refractive index detector (RID-10A, SHIMADZU). The
column temperature was kept at 30 °C while detector was 35°C.
All samples were dissolved in distilled water and passed through
a 0.22 pm Millipore filter. Then 20 ul solutions were loaded on
the column and eluted with deionized water with flow rate of
0.8 ml/min. T-series dextrans were used as standards to calibrate
the column.

2.3. Immunomodulating activity of LMWYCPs

2.3.1. Isolation of murine B cells

Murine spleens were gently homogenized in RPMI-1640
medium. Erythrocytes were lysed by NH4Cl hypotonic buffer (Tris
2.6 g/1, NH4Cl1 7.47 g/1, pH 7.2), and adherent cells were removed by
adherence selection overnight in complete medium (RPMI-1640
supplemented with 10% FCS, 60 mg/1 penicillin and 100 mg/I strep-
tomycin). The non-adherent cells were enriched, and B cell fraction
was isolated from them using a nylon fiber column (Wako, Osaka,
Japan) following the manufacturer’s instructions. Cells that were
CD19* were identified as B cells through fluorescence-activated cell
sorting (FACS).

2.3.2. B-cell proliferation assay

Splenic B cells were isolated from BALB/c, B6.129-TIr2t™1Kir/J apnd
C57BL/10ScN] mice as described above. B cells were seeded into
96-well plates at a density of 4 x 106 cells/ml in complete RPMI-
1640 medium (100 .1). YCP and LMWYCPs at final concentration of
200 pg/ml, unless otherwise stated, were added to wells (100 .l)
and incubated for 48 h at 37 °C. B-cell proliferative response was
detected by incubation of cells with MTT (5 mg/ml) for 4h, fol-
lowed by addition of DMSO for 10 min. Absorbance was measured
at 570 nm in a multiskan spectrum (Thermo Fisher Scientific, Van-
taa, Finland), and induction of cell proliferation was expressed as
the proliferation index, calculated by dividing As7¢ of stimulated
cells with As7q of control cells.

2.3.3. Competitive binding assay

Fluoresceinamine-labeled YCP (fl-YCP) was prepared using the
CDAP-activation method as previously described (Zhang et al.,
2013). Unlabeled YCP-degraded derivatives at concentration of
4000 p.g/ml were mixed with 250 pg/ml of fl-YCP, respectively, and
incubated with 1 x 10° B cells in 200 w1 PBS containing 1% BSA for
1h on ice. Free fl-YCP and YCP-degraded derivatives in the super-
natants were removed by two washes, and cells were collected for
FACSCalibur analysis. Data was acquired from a minimum of 1 x 10°
cells using the CellQuest Pro program (BD Bioscience) and analyzed
by the FlowJo program (FreeStar, Ashland, OR, USA).
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2.4. Structure identification of LMWYCPs

2.4.1. FT-IR analysis

The infrared spectrums (IR) of YCP and LMWYCPs were
recorded by a Nicolet-170X spectrophotometer in the range of
4000-400 cm~! using the KBr-disk method.

2.4.2. NMR analysis
TH NMR and 13C NMR spectrums were recorded by Brucker
AVIII-500 NMR Spectrometer at 30 °C. D, 0 was used as the solvent.

2.4.3. Methylation and GC-MS analysis

The methylation analysis was performed according to the
method of Needs and Selvendran (1993). Complete methylation
was confirmed by the disappearance of the O—H absorption band
(3100-3700 cm~1) in FT-IR spectrum. The permethylated products
were hydrolyzed subsequently by HCOOH (88%) for 6 h at 100°C
and then TFA (2M) for 8h at 100°C. The partially methylated
sugars in the hydrolysate were reduced by NaBH4 and acetylated
(Sweet, Shapiro, & Albersheim, 1975). The resulting alditol acetates
were analyzed by GC-MS (model: 6890N-5975B, Agilent, USA) with
an HP-5MS quartz capillary column (30 m x 0.25 mm x 0.25 um).
Temperature program was set rising from 160°C up to 180°C at
1°C/min then up to 220°C (standing for 10 min) at 3 °C/min. Range
of mass charge ratio (m/z) was 25-500.

The degrees of branching (DB) of LMWYCP-3, LMWYCP-4 and
YCP were calculated based on the following formula:

_ Nt + Np
" Nr+Np+N;
in which N7, N, and N; were the mol% of terminal residues,

branched residues, and linear residues, respectively (Bae et al.,
2013; Hawker, Lee, & Frechet, 1991).

CB

2.5. Statistical analysis

The Prism 5.0 program (GraphPad Software, La Jolla, CA, USA)
was used for statistical analysis. Student’s t-test or ANOVA were
performed to determine significant differences where appropriate.

3. Results

3.1. Effects of TFA concentration, reaction time and temperature
on YCP hydrolysis

Concentration of TFA, reaction time and temperature are three
key parameters that may influence the process of YCP hydroly-
sis and the resultant production of LMWYCPs. Here, concentration
of TFA was set at 15.6, 31.3, 62.5, 125, 250, 500 and 1000 mM to
investigate its effect on the hydrolysis of YCP while other reac-
tion conditions were as follows: reaction time 1 h and temperature
100°C. As shown in Fig. 1A, there was an increasing trend in the
proportion of target LMWYCPs from 15.6 to 62.5mM where the
proportion achieved a maximum percentage of 46%. After this
point, the proportion decreased obviously. Therefore, 62.5 mM was
selected as the optimal concentration of TFA in the following exper-
iments. Reaction time was set at 15, 30, 45, 60, 90, 120 and 150 min
when other hydrolysis conditions were similar to those described
above.From Fig. 1B, we found that the proportion of target LMWYCP
increased from 33% to 45% as the reaction time increased from 15
to 45 min. When the hydrolysis duration was longer than 45 min,
the proportion dropped slightly. Thus, 45 min is most favorable
reaction time for production of target LMWYCPs. As to reaction
temperature, it was set at 50, 60, 70, 80, 90, 100 and 110°C with
the other two conditions determined above. As shown in Fig. 1C,
YCP was rarely hydrolyzed by TFA when the temperature below
70°C. The proportion of target LMWYCPs increased with keeping
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Fig. 1. Effects of TFA concentration, reaction time and temperature on YCP hydrol-
ysis. The hydrolysis products of YCP obtained with different reaction conditions
were analyzed on a Shimadzu HPLC system equipped with a Shodex SUGAR KS-805
column and a refractive index detector. The ratio of areas under the curve (AUC)
of the goal products with the corresponding TFA concentration, reaction time and
temperature are shown in A, B and C respectively.

increasing of temperature, and reached the highest at 100°C. We
thereby chose 100 °C as the optimal reaction temperature.

3.2. Purification of LMWYCPs

The acid hydrolysis products of YCP were separated by size-
exclusion chromatography on a Bio Gel P-10 column. Each fraction
of the crude LMWYCP, in the same conditions, was sequentially
carried to the second purification in accordance with the average
molecular weight from largest to smallest after the first purifica-
tion. Fig. 2A showed six eluting peaks arranged from left to right. In
every separation profile, a single eluting peak with small promi-
nence behind can be observed. After collecting the top of each
eluting peaks followed by concentration and lyophilization, six
LMWYCPs, respectively named LMWYCP-1, LMWYCP-2, LMWYCP-
3, LMWYCP-4, LMWYCP-5 and LMWYCP-6 were obtained.

3.3. Determination of molecular weight and purity

HPGPC is the most popular method for determining the
molecular weight of polymers (Gémez-Ordéfiez, Jiménez-Escrig,
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Fig. 2. (A) Bio-Gel P-10 eluting curves of LMWYCPs. The hydrolysis product of YCP obtained under the optimum conditions was fractionated on a Bio-Gel P-10 column. Each
fraction with a volume of 7.5 ml was collected, concentrated, and further purified by another Bio-Gel P-10 column with distilled H,O as the eluent. The eluting curves of
different fractions on the second Bio-Gel P-10 column are shown. (B) HPGPC analysis of YCP and LMWYCPs. YCP and LMWYCPs were analyzed on a Shimadzu HPLC system
equipped with a Shodex SUGAR KS-805 column and a refractive index detector. The HPLC spectra of YCP and each LMWYCP with the corresponding retention time (Tg) are

shown.

& Rupérez, 2012; Nguyen, Winnik, & Buschmann, 2011). Analo-
gous analysis of a-glucans with the similar structure features of
YCP were successfully carried out in recent years (Shi et al., 2012;
Yan et al., 2013). Using a series of standard dextrans (molecular
weight: 1000 Da, 2500 Da, 4600 Da, 7100 Da, and 10,000 Da) as ref-
erences, the relative molecular weights of LMWYCP-1, LMWYCP-2,
LMWYCP-3, LMWYCP-4, LMWYCP-5 and LMWYCP-6 were esti-
mated to be 4664 Da, 3834 Da, 3409 Da, 2819Da, 2339Da and
1841 Da, respectively. All the six LMWYCPs showed a single and
symmetrically sharp peak on HPLC (Fig. 2B), and their poly-
dispersity indexes, the indicator of polymer homogeneity, were
approximately 1 (Table 1). These observations indicated that
the six LMWYCPs possessed a high purity and good homogene-
ity, and each of them could be used for subsequent functional
testing.

3.4. Immunomodulating activity of LMWYCPs

The effects of six LMWYCPs on B cell proliferation were shown
in Fig. 3A. Among these LMWYCPs, LMWYCP-3 and LMWYCP-4,
albeit less potent than YCP, were capable of inducing the prolifer-
ation of B cells dramatically, whereas the other four did not show

Table 1

Average molecular weight and distribution of LMWYCPs from HPGPC.
LMWYCP Retention time (min) M, (Da) M, (Da) My/M,?® DP"
LMWYCP-1  13.618 4664 3484 1.33 28.7
LMWYCP-2  13.705 3834 2934 1.30 23.6
LMWYCP-3  13.759 3409 2704 1.26 20.9
LMWYCP-4  13.843 2819 2281 1.23 17.3
LMWYCP-5  13.920 2339 1947 1.20 14.3
LMWYCP-6  14.025 1841 1541 1.19 113

Calibration curve: y=—1.016x+17.512,r=0.993. x =retention time (min), y = log My,
r=correlation coefficient.

2 Polydispersity index.

b Degree of polymerization.

any detectable proliferative effect at all the doses tested. Moreover,
LMWYCP-4 seemed to be more effective than LMWYCP-3 since it
can dose-dependently stimulate B cells to proliferative while this
manner did not appear in LMWYCP-3-treated cells.

In our previous study, TLR2 and TLR4 signaling have been iden-
tified to be responsible for the immunomoduating activity of YCP
in B cells (Zhang et al., 2013). Given that both LMWYCP-3 and
LMWYCP-4 were structurally analog to YCP, it is highly possible
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Fig. 3. Effects of LMWYCPs on B cell proliferation. (A) Proliferative responses of WT B cells to LMWYCPs. Splenic B cells were treated with different LMWYCPs or YCP at the
indicated concentrations for 48 h, and then subjected to proliferation test by MTT assay (n=6, *p < 0.05, **p < 0.01 vs. medium by Kruskal-Wallis test followed by Dunn’s post
hoc test). (B) Effect of TLR2 and TLR4 defunctionalization on the proliferative effects of LMWYCP-3 and LMWYCP-4. B cells from WT, TLR2 and TLR4 KO mice were stimulated
with 200 pg/ml of LMWYCP-3 and LMWYCP-4 and YCP, respectively, for 48 h, and then assayed for cell proliferation (n=6, **p <0.01 vs. WT, #p < 0.05, #p < 0.01 vs. Medium

by Mann-Whitney U test).

that the two LMWYCPs also mediated the immunostimulation of
B cells through a TLR2- and/or TLR4-dependent mechanism. To
confirm this hypothesis, the impact that loss of TLR2 and TLR4
has upon LMWYCP-3 and LMWYCP-4 activities was investigated in
B cells from either B6.129-TIr2tm1Kir] (TLR2-KO) or C57BL/10ScN]
(TLR4-KO) mice. As indicated in Fig. 3B, knocking-out of TLR4 allele
significantly reduced the proliferative effects of LMWYCP-4 and
YCP on B cells when compared with the wide-type controls. How-
ever, such reduction was not found in the TLR4-deficient B cells
treated with LMWYCP-3. In the analogous proliferation test using
TLR2-KO B cell compartment, it was found that TLR2 deficiency only
impaired the B-cell proliferative responses to YCP rather than its
degraded derivatives LMWYCP-3 and LMWYCP-4. Taken together,
these findings suggested that the induction of proliferation by
LMWYCP-4 was TLR4-dependent but TLR2-independent, while that
mediated by LMWYCP-3 was neither TLR2- nor TLR4-dependent.
To further confirm the statement obtained in B-cell prolifera-
tion assay, competitive binding assay was further performed to
examine the direct binding capacity of LMWYCPs to B cells. To
begin with, wide-type B cells were incubated with flI-YCP in the
presence of excess unlabeled LMWYCPs (16-fold amount of fI-YCP)
for 1h and then subjected to flow cytometric analysis. Among
all the six LMWYCPs, only additional LMWYCP-4 decreased the
median fluorescent intensity of B cells by 37% when compared
with LMWYCP-free control, suggesting LMWYCP-4 may share,
at least partly, an overlapping receptor profile with YCP. Since
the proliferation assay revealed the functional relevance of TLR4
rather than TLR2 in LMWYCP-4-mediated B cell responses, we next

investigated the inhibitory effect of LMWYCP-4 on YCP binding in
TLR2- or TLR4-KO B cells. As expected, LMWYCP-4 were still capa-
ble of inhibiting the binding of YCP to TLR2-KO B cells as in the case
with wide-type cells, but failed to induce a similar effect on TLR4-
KO B cell compartment, implying the receptor profile of LMWYCP-4
includes TLR4 but excludes TLR2. By contrast, LMWYCP-3 did not
result in any significant inhibition on YCP binding to either TLR2- or
TLR4-KO B cells (Fig. 4). This provided the evidence that LMWYCP-
4 could specifically bind to TLR4, whereas the binding ability of
LMWYCP-3 toTLR2 or TLR4 was absent.

Combining Figs. 3 and 4 together, we proposed that LMWYCP-
4 may be the functional unit of YCP responsible for YCP:TLR4
interaction. In addition, LMWYCP-3 probably utilized a TLR2- and
TLR4-independent signaling to activate B cells since both its binding
and proliferative effect did not require functional TLR2 and TLR4.

3.5. FT-IR analysis and NMR analysis

The FT-IR and NMR analysis were used for the structure charac-
terization of LMWYCP-3 and LMWYCP-4. Fig. 5A showed a strong
band near 3400cm~! assigned to the hydroxyl stretching vibra-
tion. The weak band at 2900cm~! attributed to C—H stretching
vibration and the band at 1650 cm~! corresponded to bound water.
The bands in the region of 850 and 930cm~! indicated the a-
configuration of the sugar units (Barker, Bourne, Stacey, & Whiffen,
1954). Three peaks at 1150, 1080 and 1025 cm™! also suggested
the presence of a-pyranose of the glucose residue and bands at
1025cm~! and 1080 cm™!, a characteristic of link type, indicated
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Fig. 4. Competitive inhibition of fl-YCP binding to B cells by LMWYCPs. B cells from wide-type, TLR2- and TLR4-KO mice were incubated with 250 pg/ml of fl-YCP for 1h
in the presence of LMWYCP-1, LMWYCP-2, LMWYCP-3, LMWYCP-4, LMWYCP-5, or LMWYCP-6, respectively, at concentrations of 4000 pg/ml, and then harvested for flow
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presented in panel B. For each plot in panel A, the open histogram represents staining of cells by fl-YCP in the absence of LMWYCPs (LMWYCP-free), while the filled gray

histogram represents flI-YCP binding in the presence of the indicated LMWYCP.

the a-(1—6) and a-(1—4) linkages both existed in the two YCP-
degraded derivatives (Shingel, 2002). All the characteristic peaks
can be observed in the IR spectrum of YCP. Overall the IR data sug-
gested that the depolymerization of YCP by TFA did not change the
basic chemical structure of YCP molecules.

This suggestion was further evidenced by the NMR spectrums
of LMWYCP-3, LMWYCP-4 and YCP (Fig. 5B and C). Though it is
difficult to clearly assign all the proton signals of samples over-
lap in the range of 3.5-5.5 ppm in the 'H NMR spectrum (Fig. 5B),
three anomeric proton signals at ~5.0, 5.4, 5.3 ppm corresponded to
residues A (a-D-Glcp-(1—), B (—4)-a-D-Glcp-(1—) and C (—4,6)-
a-D-Glcp-(1—) were obvious. According to the integration data of
the peak areas, three types of residues in LMWYCP-3, LMWYCP-4
and YCP were respectively in the ratio of nearly 1.4:9.2:1,1.2:6.6:1
and 1.3:16.3:1. In 13C NMR spectrum, the range of the chemical
shifts of samples is much wider than that of 'H chemical shift.

It is able to provide us more information about the fine chemi-
cal structures of saccharides. As shown in Fig. 5C, the signals at
~100 ppm corresponded to the anomeric carbon of Glc residues.
The signals at ~76 ppm corresponded to the C-4 carbons of residues
B, C and reducing end unit. The signals at ~60 ppm were assigned
to the unlinked C-6 carbons of all the residues except the branching
point unit. The other signals distributed in the region of 68-75 ppm
were attributed respectively to the C-2, C-3, C-5 carbons in all the
residues, the C-4 carbons in residues A, the C-6 carbons in residues
C and the reducing end unit. Combined with the 13C NMR spectro-
scopic assignments for a-D-glucans (Chen et al., 2011; Ishurd et al.,
2010; Nietal., 2009; Shi et al.,2012; Yan, Wang, Li, & Wu, 2011), we
concluded that both LMWYCP-3 and LMWYCP-4 shared the same
primary structure with YCP, i.e., a linear a-(1—4) bonded glucopy-
ranoside main chain lightly substituted with a few a-(1—6)-linked
side chain (Yang et al., 2005).
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Fig. 5. (A) FT-IR, (B) "H NMR and (C) '3C NMR spectras of LMWYCP-3, LMWYCP-4
and YCP.

3.6. Methylation and GC-MS analysis

To further characteristic the detailed structure of LMWYCP-3
and LMWYCP-4, methylation and GC-MS assay were performed.
The results (Table 2) indicated that the backbone chains of
YCP and its’ two degradation products were all mainly (1—-4)-
linked-a-D-glucopyranosyl (Residue-B) and (1—4, 6)-linked-a-D-
glucopyranosyl residues (Residue-C). The side chain attached to
the 0-6 position of Residue-C contained single non-reducing ter-
minal (1— )-a-D-glucopyranosyl (Residue-A) group. According to
the integration data of the peak areas, residues of A, B and C in

Table 2
Results of methylation analysis of LMWYCP3, LMWYCP-4 and YCP.
Methylated sugar? Type of linkage Retention Molar
time (min) ratios”
LMWYCP-3
2,3,4,6-Me4-Glc a-D-Glep-(1— 9.78 1.2
2,3,6-Me3-Glc —4)-a-D-Glep-(1— 13.43 8.9
2,3-Me2-Glc —4,6)-a-D-Glcp-(1— 18.29 1
LMWYCP-4
2,3,4,6-Me4-Glc a-D-Glep-(1— 9.76 13
2,3,6-Mes3-Glc —4)-a-D-Glcp-(1— 13.51 6.3
2,3-Me2-Glc —4,6)-a-D-Glcp-(1— 18.31 1
ycp
2,3,4,6-Me4-Glc a-D-Glep-(1— 9.83 1
2,3,6-Me;-Glc —4)-a-p-Glep-(1— 13.55 16.1
2,3-Me2-Glc —4,6)-a-D-Glcp-(1— 18.34 1

2 2,3,4,6-Mey-Glc = 1,5-tri-acetyl-2,3,4,6-tri-O-methyl glucitol, etc.
b Relative molar ratio, calculated from the ratio of peak areas.

LMWYCP-3, LMWYCP-4 and YCP were respectively in the ratio of
1.2:8.9:1,1.3:6.3:1 and 1:16.1:1. This was also in accordance with
the results of the NMR analysis. Besides, the DB of LMWYCP-3,
LMWYCP-4 and YCP calculated based on the results above were
19.8%, 26.7% and 11.0%, respectively.

4. Discussion

In this study, acidic hydrolysis was employed to obtain a library
of LMWYCPs to investigate the structure-activity relationship of
YCP. Compared with the enzyme degradation which incised sugar
chain at specific points and brought fragments with approximate
molecular weight (Ren, Yan, Yao, Jin, & Gao, 2010), acidic hydrolysis
of YCP could produce a series of fragments with different molecular
weight by the control of reaction conditions. In addition, in weak
acid solution, the hydrolysis of glycosides likely acted as described
by Holtan, Zhang, Strand, and Skjak-Braek (2006) and by Yan et al.
(2009), resulting fragments with the similar primary structure to
YCP. This was in accordance with our results from the structure
analysis of LMWYCPs.

In our single-factor test for optimizing hydrolysis conditions
(Fig. 1), the largest proportion of target LMWYCPs was obtained
in the following reaction conditions: TFA concentration 62.5 mM,
reaction time 45 min and reaction temperature 100 °C. The results
did not mean the lessening of degradation after the optimal point
but for the further diminished of products’ molecular weights
caused by the YCP’s deeply degradation, which might bring too
much fragments with extreme low molecular weight and reduced
the proportion of objective LMWYCPs.

Given that the primary structure of LMWYCPs was similar to
YCP (Fig. 5 and Table 2), the difference of DP/molecular size in six
LMWYCPs might partly attribute to the disparity in activity. There-
fore, the relationship of proliferation index and DP of LMWYCP
was analyzed (Fig. 6). It was found that the immunostimulatory
activity of LMWYCP increased as the DP value diminished from
29 to 17, and decreased rapidly when DP reduced continually. It
could be deduced that the fragment with about 17 residues might
comprise a basic functional unit of YCP responsible for the induc-
tion of TLR4-dependent B cell activation. Supernumerary glucose
unit might shelter the functional region and weaken the bioac-
tivity, while sugar chain shorter than 17 residues might not be
enough to maintain the conformation of the functional unit and
caused the loss of the activity as well. Actually, similar conclu-
sion about the relation between the DP and biological function
of sugar chain could be found in many reports. Bland, Keshavarz,
and Bucke (2004) found that the activation on immune cells of
araban and cyclodextrin differed with the degree of polymeriza-
tion. As the DP of the arabino-oligosaccharides increased from 6
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Fig. 6. The relationship between the proliferative effect at 200 p.g/ml and molecular
size (degree of polymerization) of LMWYCP.

to 8, ROS (reactive oxidizing species) production by immune cells
decreased, while 3-cyclodextrin with DP of 7 was more inhibitory
than a-cyclodextrin (DP 6) and +y-cyclodextrin (DP 8). Laminari-
heptaose, another important oligosaccharide, had been determined
as the smallest functional unit recognized by macrophage glucan
receptors (Lowe et al., 2001). Combined this conclusion with the
discovery that Laminariheptaose could complete a rotation in the
secondary structure (Bland et al., 2004), it was easy to find that
the suitable DP/molecular size of sugar chain played an impor-
tant role in the formation of conformation which was required for
the recognition by specific receptors. Actually, with the ChemBio-
Draw software, Hu and coworkers (Hu et al., 2009) investigated
the difference of conformation of three oligosaccharides with DP of
5, 6 and 11 respectively. Models showed that compared with the
conformation (a more flattened pocket structure) of pentasaccha-
ride, one additional galactose unit altered the conformation and
caused the loss of the bioactivity, whereas, undecasaccharide com-
posed of the part of five residues and a deeper pocket structure
formed by the other six residues exhibited pronounced biological
activities. Taken together, the bioactivity of saccharide could be
influenced by the DP through the expanding molecular length as
well as the higher structure emerged in specific environment. Our
study demonstrated LMWYCP-4 with about 17 glucose residues
might be the functional unit of YCP responsible for the induction of
TLR4-dependent B cell activation, which indicated for the first time
the functional unit of glucan with the structure of a-p-(1-4)-linked
residues in main chain and a-D-(1-6)-linked residues in branches.
Though the impact of DP/molecular size on bioactivity had been
studied, the branches’ effective still unclear, which should be fur-
ther researched.

It was noteworthy that LMWYCP-3 and LMWYCP-4 were struc-
turally similar but elicited the B cell responses via different path-
way. LMWYCP-4 activated B cells through TLR4 but not TLR2 while
LMWYCP-3 exerted its immunostimulating activity through a TLR2
and TLR4-independent mechanism (Figs. 3 and 4). However, as
their mother compound, YCP activated immunocytes through TLR2
and TLR4 synthetically (Zhang et al., 2013). Similarly, other stud-
ies focusing on the immune receptors of a-glucans also brought
us some interesting findings. For instance, ESG, an a-1, 6-branched
a-1,4-glucan prepared by enzymatically synthesized, emerged its
immunomodulating activity through TLR2 but not TLR4 (Kakutani,
Adachi, Takata, Kuriki, & Ohno, 2012), and another a-glucan
isolated from Pseudallescheria boydii cell wall induced cytokine
secretion by innate immunocytes through a TLR2-involved mech-
anism as well (Bittencourt et al., 2006). However, a-glucan derived
from M. tuberculosis activated immunocytes through DC-SIGN

which belonged to C-type lectin receptors (Geurtsen et al., 2009).
On this basis, we proposed that polysaccharides even though shar-
ing the similar primary structure might utilize different receptors
to activate immunocytes. This diversity of receptor profiles in the
face of similar backbones may be attributed to the difference in
the fine structure among these polysaccharides, such as molecu-
lar size/DP, degree of branching and branching length. In addition,
the three-dimensional conformation of polysaccharides might also
account for the diversity in their respective receptor profile.

5. Conclusions

In this report, six homogeneous LMWYCPs named LMWYCP-
1 to LMWYCP-6 with average molecular weights of 4664 Da,
3834 Da, 3409 Da, 2819 Da, 2339 Daand 1841 Da, respectively, were
obtained by the acidic degradation of YCP. Proliferative effects
of LMWYCPs on B cells were investigated and two derivates,
LMWYCP-3 and LMWYCP-4, exhibited significant bioactivities. Fur-
ther research involved TLR defunctionalization and competition
assay indicated that the induction of proliferation by LMWYCP-4
was TLR4-dependent but TLR2-independent, while that mediated
by LMWYCP-3 was neither TLR2- nor TLR4-dependent. Further
structure characterization demonstrated that the structural fea-
tures of LMWYCP-4 were very similar to YCP. Taken together, our
findings has for the first time suggested that LMWYCP-4 with a DP
value of about 17 may be the functional unit of YCP responsible for
its interaction with TLR4 and subsequent TLR4-dependent B cell
activation.
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