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ABSTRACT

A water-soluble sulfated glucan, SHG, was isolated from Hedysarum polybotrys Hand.-Mazz using anion-
exchange and gel-permeation chromatography. Elemental analysis indicated that SHG was a sulfated
polysaccharide containing small amount of sulfate groups (1.47 mass%). The molecular weight was
estimated to be 1.72 x 10° Da by high-performance gel permeation chromatography (HPGPC) and size
exclusion chromatography-multi angle laser light scattering (SEC-MALLS). SHG took random coil com-
pact conformation in 0.1 M NaNOs. Compositional analysis revealed that SHG was composed of glucose
only. On the base of partial acid hydrolysis, methylation analysis, gas chromatography-mass spectrome-
try (GC-MS), Fourier transform infrared (FT-IR) spectra, nuclear magnetic resonance (NMR) spectroscopy
of TH, 13C, B-correlation spectroscopy ((3-COSY), total correlation spectroscopy (TOCSY), heteronuclear
single quantum coherence (HSQC), and heteronuclear multiple bond correlation (HMBC), the results
showed that SHG was composed of a-D-(1— 4)-linked glucopyranosyl residues, with branches at C-6
consisting of non-reducing terminal approximately every eight residues. Sulfate groups may attach to

the backbone at O-6, occasionally occurring per thirty-eight anhydrous glucose units.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Plant originated macromolecules have been intensively investi-
gated for their biological activities. Among those, polysaccharides
have gained as biological macromolecules and polysaccharides
with a sulfate group play a predominant role. Interestingly,
some sulfated polysaccharide derivatives exhibit antiviral action
(Hatanaka et al., 1987; Tanaka et al., 1989). These sulfated polysac-
charides contain hemi-ester sulfated groups in their sugar residues.
Moreover, these compounds commonly found in marine algae
and higher animals but are absent in microbes and higher plants
(Shanmugam & Mody, 2000).

The dried root of Hedysarum polybotrys Hand.-Mazz, known as
“Hongqi” in China, is a famous traditional Chinese medicine. It has
a long history of use in the treatment of various diseases in China.
It has been reported that the crude polysaccharides from H. poly-
botrys exhibit anti-cancer, anti-aging, anti-oxidation, anti-tumor,
hypoglycemic, and immunological activities (Cui et al., 1998; Hu,
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Li, Zhao, Feng, & Wang, 2010; Huang et al., 1992; Jin et al., 2004; Jin
& Zhang, 2006; Lan, Zhang, Cheng, Wang, & Xi, 1987; Li et al., 2008;
Song et al., 2000; Wang, Ito, & Shimura, 1989; Zhou, Jin, Zhang, &
Li, 2006).

In the present study, a water-soluble sulfated polysaccharide
(designated SHG below) from H. polybotrys was isolated, purified,
and characterized by a combination of chemical and instrumen-
tal analysis, such as sugar analysis, methylation analysis, 1D and
2D NMR spectroscopy including (3-correlation spectroscopy (-
COSY), total correlation spectroscopy (TOCSY), heteronuclear single
quantum coherence (HSQC), and heteronuclear multiple bond cor-
relation (HMBC) experiments.

2. Materials and methods
2.1. Materials

The roots of H. polybotrys were purchased from Wudu, Gansu
Province and identified by Prof. Zhigang Ma, School of Pharmacy,
Lanzhou University. The voucher specimen was deposited in the
herbarium of School of Pharmacy, Lanzhou University. The radix of
H. polybotrys was air-dried in shade and ground into powder with a
mill (60-mesh). DEAE-52 Cellulose was purchased from Whatman
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Co., UK. The standard monosaccharides, including glucose, rham-
nose, xylose, galactose, mannose, arabinose, glucuronic acid, were
all from National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). Dextrans of different molec-
ular weights (668,000, 410,000, 273,000, 148,000, 48,600, 23,800,
11,600, and 5200 Da) were purchased from PSS (USA). Sephadex
G-200, G-100 were purchased from Treechem (Shanghai, China).
Unless otherwise stated, all of other reagents were all analytical
grade.

2.2. General methods

Evaporations were performed on Eyela (Tokyo, Japan) under
reduced pressure at a temperature less than 50°C. The opti-
cal rotation was measured on a Perkin-Elmer 341 polarimeter
(PerkinElmer, USA) in water at 25 °C. The solution was lyophilized
using a lyophilizer (Labconco FreeZone, USA). Total carbohydrate
content was analyzed by phenol-sulfuric acid method (Dubois,
Gilles, Hamilton, Rebers, & Smith, 1956), with glucose as the
standard. Protein content was analyzed by Bradford method
with bovine serum albumin as standard (Bradford, 1976). Uronic
acid content was determined by the m-hydroxydiphenyl method
(Blumenkrantz & Asboe-Hansen, 1973) using glucuronic acid as
standard. The sulfate content was measured by elemental anal-
ysis. Dialysis was carried out using a 3500 Da molecular weight
cut off membrane tubing (for globular protein). GC analysis was
taken on a Shimadzu GC-2410 (Shimadzu, Japan) with flame ion-
ization detector (FID), using a fused-silica capillary column OV-101
(50m x 0.25mm i.d x 0.33 wm film thickness).

2.3. Extraction and isolation

The dried roots of H. polybotrys were extracted by the follow-
ing method with modifications, as previously described (Ma et al.,
2008). Briefly, the ground roots (1000 g) were under reflux with
95% (v/v) ethanol to remove lipid. After removing the supernatant
through gauze, the residue was air-dried, and then extracted two
times with 10vol of distilled water at 60 °C for 2 h each time. The
pooled filtrate was concentrated to a proper volume under reduced
pressure and centrifuged. The supernatant was precipitated by
stepwise addition of chilled 95% (v/v) ethanol to final ethanol con-
centrations of 30%, 50%, 70% (v/v) and storage overnight at room
temperature. The precipitates were accordingly collected by cen-
trifugation (5000 rpm for 10 min, at 20°C) and lyophilized to get
three crude polysaccharide fractions, named as HPS1, HPS2, and
HPS3. Savag method was used for the deproteination of HPS2 (Li,
Hui, Feng, & OuYang, 2010). Then, the deproteined HPS2 was dia-
lyzed and freeze-dried.

2.4. Purification

HPS2 (180 mg) was dissolved in distilled water, centrifuged, and
then the supernatant was applied to a DEAE-52 cellulose column
(2.6 cm x 30 cm) equilibrated with distilled water. The column was
eluted stepwise with distilled water, 0.1 M, and 0.3 M NaCl aqueous
solution, and fractions collected at a flow rate of 0.4 mL/min. Then,
4-mL fractions were collected. The collected fractions were pooled,
dialyzed and freeze-dried.

The partially purified polysaccharide (100 mg) was performed
on a Sephadex G-200 column (3.4 cm x 50 cm), equilibrated with
distilled water. The column was eluted with distilled water at the
flow rate of 0.5 mL/min. 5-mL fractions were collected. Test tubes
(100 containing 8 mL eluent each) were collected using an auto-
mated step-by-step fraction collector. The fractions were pooled,
dialyzed and freeze-dried to obtain purified polysaccharides for

the subsequent analysis. The purification process was carried out
in several lots as described above.

2.5. Elemental analysis

Elemental analysis was carried out using an Elementar Vario
EL instrument (Elementar, Germany) to analyze carbon (C), hydro-
gen (H), oxygen (O), sulfur (S) and nitrogen (N). Sulfate content
(-SO,0~Na*, sodium salt) was calculated from sulfur analysis
according to the following relation: sulfate group =3.22 x S%.

2.6. Homogeneity and molecular weight

2.6.1. HPGPC

The homogeneity and molecular weight of polysaccharides
were estimated using HPGPC method, which was performed on
a Waters HPLC module consisting of a Model 600 pump, an RI
detector (Model 2414) and a photodiode array detector (PAD,
Model 2998). The column was a serially linked combination of an
Ultrahydrogel™ 1000 and an Ultrahydrogel™ 500 column. Deion-
ized water was used as the eluent for samples, with the flow rate
kept at 0.8 mL/min. The columns and RI detector temperature were
maintained at 40 and 35 °C, respectively. The columns were cali-
brated by reference to the MW-known T-series dextrans (668,000,
410,000, 273,000, 148,000, 48,600, 23,800, 11,600, and 5200 Da).
Data were processed by GPC software (Empower). A sample volume
of 20 L (0.5 mg/mL) was injected for each run.

2.6.2. SEC-MALLS

Homogeneity and molecular weight were also determined by
SEC-MALLS method. SEC-MALLS measurements were carried out
on a DAWN HELEOS-II laser photometer (DAWN HELEOS-II, Wyatt
Technology Co., Santa Barbara, CA, USA), combined with two
Shodex OH pak SB-804 and 803 columns (8.0 mm x 300 mm, Showa
Denko k.k., Japan) and equipped with a series 1500 pump HPLC
system (SSI, USA), differential refractive index detector (DRI, Opti-
lab rEX, Wyatt) and UV detector (SSI 500). The calibration of
the laser photometer was done with ultra pure toluene and the
normalization was done with polystyrene (PS, My =2.0 x 104 Da,
Myw[/Mp =1.10, APSC, USA) at the concentration of 0.15-0.75 mg/mL.
The calibration of the interferometric refractometer was made
with NaCl aqueous solution. The average value of refractive index
increment (dn/dc) was determined to be 0.135 mL/g using the inter-
ferometric refractometer at 633 nm. Astra software (Version 5.3.4)
was utilized for data acquisition and analysis. Columns tempera-
ture was maintained at 40°C, and DRI detector temperature was
maintained at 35°C.

SHG was dissolved in 0.1 M aqueous NaNOs and set aside
overnight. Solutions (200 L, 3 mg/mL) were injected and eluted at
0.8 mL/min with 0.1 M NaNOs, containing 0.02% NaN3, as a mobile
phase. The solution and mobile phase were dust-free treated by
passing through 0.2 wm pore size filter membrane and degassed
before being used.

2.7. Sugar analysis

2.7.1. TLC

SHG (15mg) was hydrolyzed with 2M trifluoroacetic acid
(TFA, 2mL) in a sealed tube at 100°C for 10h. The excess acid
was completely removed under reduced pressure by repeated
co-evaporations with methanol. Then, the hydrolyzed product
was divided into two parts for following analysis. One part was
examined by thin-layer chromatography (TLC). Another part was
analyzed by gas chromatography (GC) as aldononitrile acetates.

TLC was performed on thin layer plate (5%, CMCNa silica gel G,
containing 0.3 mol/LNaH;POg4, 5 cm x 20 cm) with a solvent system
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of ethyl acetate, glacial acetic acid, methanol and H,O in a ratio of
8:2:2:1 (v/v/v/v). The developing procedure repeated once. Rham-
nose, xylose, arabinose, mannose, glucose, and galactose (5 mg/mL
in water) were used as standard sugars. Sugar spots were visualized
by spraying aniline-diphenylamine reagent with heating at 80°C
for 10 min.

2.7.2. Neutral sugar composition as aldononitrile acetates

The hydrolysates were converted to acetylated aldononitrile
derivatives according to conventional protocols. The above dried
product was acetylated with 0.5 mL pyridine adding 10 mg hydrox-
ylammonium and 7 mg myo-inositol at 90 °C for 30 min, in parallel
with standards. Acetic anhydride (0.5mL) was then added to
the mixture and the solution was incubated at 90°C for another
30 min. Finally, the per-O-acetylated aldononitrile was partitioned
between methylene chloride (2 mL) and water (2 mL). The methy-
lene chloride layer was transferred to a clean tube and the
methylene chloride was evaporated to give aldononitrile acetates,
then 1 mL chloroform was added. Gas chromatography was per-
formed on a GC-2410 instrument with myo-inositol as the internal
standard. They were identified according to their retention times
and quantified using an internal standard method involving myo-
inositol.

The GC operation was performed using the following condi-
tions: injector temperature: 210°C; injection mode: split; split
ratio: 20.0; injection volume: 2 pL; carrier gas: nitrogen; detec-
tor temperature: 240°C. Temperature program: 110°C, held for
5.0 min, to 190°C at 5.0°C/min, held for 4.0 min, then to a final
temperature of 210°C at 3.0 °C/min, held for 20.0 min.

2.7.3. Sugar composition as trimethylsilyl derivatives

Methanolysis and trimethylsilylation were performed as pre-
viously described (Doco, O’Neill, & Pellerin, 2001; York, Darvill,
McNeil, Stevenson, & Albersheim, 1986).

SHG (0.1 mg) and monosaccharides were dried in a desiccator
over P, 05 and transferred to sealed tubes. Then 20 g of n-eicosane
was added as an internal standard. Methanolysis was performed by
adding 2.4 mL of 1 M methanolic HCI at 80°C for 20 h. Thereafter,
the cooled solvent was removed using a nitrogen stream at 40°C.
The resulting methyl glycosides were converted to the correspond-
ing trimethylsilyl derivatives by York et al. (1986). Subsequently,
the reactives were removed and the residue was immediately dis-
solved in 0.5 mL of hexane. GC analysis was performed with 2 pL of
this solution prior to centrifugation. Separation and quantification
of the per-O-trimethylsilyl methyl glycosides was performed on a
GC-2410 system by comparison with the corresponding standards.

The GC operation was performed using the following conditions:
the temperature program was used: 180°C at 2.0 °C/min and finally
250°C holding for 10 min. Injector temperature: 230 °C; injection
mode: split; split ratio: 20.0; injection volume: 2 uL; carrier gas:
nitrogen; detector temperature: 250 °C.

2.8. Partial acid hydrolysis

SHG (100 mg) was hydrolyzed with 0.1 M TFA (50 mL), kept at
100°C for 1 h. After TFA was removed by evaporation, the remains
were dialyzed with distilled water for 48 h. The solution was cen-
trifuged, and the supernatant in the sack was freeze-dried, and
then applied on Sephadex G-100 column (2.6 cm x 70 cm). The col-
umn was eluted with distilled water at the flow rate of 0.4 mL/min
and fractions (4 mL) were collected. This pool was concentrated,
and lyophilized to obtain sub-fraction. The sub-fraction in the sack
(the backbone of SHG) was designated as SHGp. To establish the
sequence of linkages in SHG, SHG and SHGp were subjected to the
conventional methylation method and NMR analysis as described
below.

2.9. Methylation analysis

Methylation analysis of SHG and SHGp was performed for four
times using a modification of the Hakomori procedure (Hakomori,
1964).

SHG and SHGp (4mg) were put in flasks (5mL) and 3 mL
4 A molecular sieve-dried dimethylsulfoxide (DMSO) were added,
respectively. Then, the mixture was stirred at room temperature
overnight, to which sodium dimethylsulfinyl anion (SMSM, 1.5 mL)
solution was added and the mixture was then treated by sonica-
tion attached to an ultrasonic cleaner (KQ-3200DE, Kunshan, China,
40 kHz) for 30 min (20-25 °C). After incubation overnight at room
temperature, methyl iodide (1.5mL) was added to the mixture
under ice bath and sonicated for a further 1 h at room temperature.
The methyl iodide was removed by evaporation under a stream of
nitrogen. The reaction was terminated with the addition of water.
The reaction solution was extensively dialyzed against distilled
water, and freeze-dried to obtain methylated polysaccharides. The
methylation procedure was under the protection of N.

The completion of methylation was confirmed by IR spec-
troscopy as the disappearance of OH bands.

The complete methylated polysaccharides were treated with
88% formic acid (2mL) for 6h at 100°C in a sealed tube. After
removal of formic acid by rotary evaporation, residues were heated
with 2 M TFA (3 mL) for 6 h at 100 °C and the resulting hydrolysates
rotary evaporated to dryness. Thereafter, the hydrolysates were
dissolved in 2 mL of distilled water to reduce by adding 25 mg of
NaBH, at room temperature for 2 h. 100 L of glacial acetic acid was
used to terminate the reduction and then acetylated by addition of
2mL of acetic anhydride at 100°C for 1h. The acetylated deriva-
tives were evaporated and extracted with CHCl3 (3 mL). The extract
was washed with 3 mL water for three times and passed through a
sodium sulfate column (0.5 cm x 10 cm) to remove water. The sol-
vent was evaporated by a stream of nitrogen, and the residue was
dissolved in 0.3 mL CHCls.

Partially methylated alditol acetates were identified by their
fragment ions in EI-MS, and the molar ratios were estimated from
the peak areas and response factors (Sweet, Shapiro, & Albersheim,
1975).

GC-MS analysis was performed on Shimadzu GC-MS Model QP-
2010 Plus automatic system (Shimadzu, Japan) fitted with a fused
silica Rxi-5 ms capillary column (30 m x 0.25 mm i.d x 0.25 pm film
thickness). Injector temperature: 250°C; injection mode: split;
split ratio: 50.0; injection volume: 1pL; carrier gas: helium,
1.0 mL/min; temperature program: 170°C, held for 2.0 min, then
to 190°C at 2.0°C/min, finally to 250°C at 10.0°C/min, held for
5.0 min. lonization mode: electron impact at 70 eV; temperature of
ion source: 200°C; interface temperature: 250 °C; acquiring mode:
scan, from m/z 43 to m/z 630; solvent delay: 4.0 min.

2.10. Spectroscopy

2.10.1. UV and FT-IR

SHG was dissolved with distilled water (1 mg/mL) and scanned
on a Perkin Elmer Lambda 25 Uv-vis spectrometer from 190 nm to
800 nm.

SHG and SHGp were mixed with KBr pellets for FT-IR measure-
ment and recorded on a Nicolet Nexus 670 spectrometer (Nicolet,
USA) in the frequency range of 4000-400cm~1.

2.10.2. NMR spectroscopy

The freeze-dried SHGp (37.4 mg) was kept over P,05 in desicca-
tor for several days and lyophilized four times with D,0 (99.96%).
Then the deuterium-exchanged polysaccharide was dissolved in
0.7 mL 99.96% D, 0, centrifuged, transferred in a 5-mm NMR tube
for NMR analysis. The 'H and '3C NMR spectra were recorded
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Fig. 1. HPGPC elution profile of SHG using a refractive index detector and photodiode array detector. (a) Profile of RI detector; (b) profile of photodiode array detector at

260 nm.

at 25°C on a Bruker DRX-600 NMR spectrometer operating at
600 MHz for 8y and 150 MHz for §c. The HOD peak was used as
the internal reference at 8y 4.62 for 'H NMR spectroscopy. The
chemical shifts were expressed in § (ppm) values relative to TTS
(tetramethylsilane) as external standard.

The 3-COSY experiment was 1280 Hz in both dimensions. The
TOCSY experiment was recorded at a mixing time of 80 ms. In HSQC
experiment, spectral widths were 1280 and 7000 Hz for the pro-
ton and the carbon dimensions. The HMBC spectrum was recorded
using a delay time of 80 ms. The 2D NMR experiments (3-COSY,
TOCSY, HSQC, and HMBC) were performed using the standard
Bruker Software.

3. Results and discussion
3.1. Isolation, purification of polysaccharides

The dried roots of H. polybotrys were defatted in 95% ethanol,
and the residues were dried in air followed by extraction with hot
water. Then the concentrated supernatant was precipitated with
95% ethanol (to give 30%, 50%, 70%, v/v final ethanol concentrations)
to achieve three crude polysaccharides accordingly, denoted as
HPS1, HPS2, and HPS3. The crude polysaccharides were lyophilized
to obtain as yellow powder, with their yield being 1.48% (HPS1),
2.29% (HPS2), and 1.03% (HPS3), respectively. The polysaccharide
contents of HPS1, HPS2, and HPS3 were found to be 20.23%, 22.30%
and 45.37% respectively as determined by the phenol-sulfuric acid
method.

HPS2 was further dissolved in distilled water and depro-
teined by Savag method. Then, the deproteined HPS2 centrifuged,
exhaustively dialyzed, and freeze-dried. Upon anion-exchange
chromatography on a DEAE-52 cellulose Cl~ column, three fractions
(HPS2a, HPS2b, and HPS2c) were obtained from HPS2 by stepwise
elution with distilled water, 0.1 M NaCl, and 0.3 M NaCl. Fractions
corresponding to peaks were pooled and freeze-dried. One main
fraction (HPS2b, eluted at higher ionic strength) was further puri-
fied on a Sephadex G-200 column and eluted with distilled water.
The major fractions were then pooled and lyophilized to obtain dry

polysaccharide, named as SHG. The purification process was carried
out in several lots, yielded 401.34 mg.

SHG appeared as a white fluffy material. The total carbohy-
drate content of SHG was 97.19% measured by phenol-sulfuric acid
method. The relatively high positive value of optical rotation of
[OL]%S +164.19° (c 0.2, H,0) suggested the presence of o form gly-
cosidic linkage, in agreement with the characteristic IR absorption
band at 852.6 cm~! which indicated the a-configuration of the glu-
cosyl motif (Mathlouthi and Koenig, 1986).

I,-KI reaction was negative, indicating no starch structure was
detected. The negative result of m-hydroxydiphenyl reaction sug-
gested that uronic acid was absent. SHG had a negative response in
the Bradford test, indicating that the absence of protein. On a con-
trary, a broad absorption at 260-280 nm in the UV spectrum (Fig. 1
(b), Fig. 2 (a), UV spectrum at 260 nm), indicating the presence of
protein or nucleic acid. This abnormal phenomenon really confused
us. To confirm whether protein or nucleic acid was present in SHG,
elemental analysis of SHG was done. The result of elemental anal-
ysis of SHG revealed that there were mainly C (40.11 mass%), H
(6.65%), O (52.77%), S (0.47%), and N (0.00%), and the molar ratios
of C/H/O were around 1:2:1, which demonstrated the absence of
protein or nucleic acid. The absorption at 260-280 nm in UV was
contributed to sulfate group, in agree with elemental analysis and
FT-IR (described below). The total sulfate content (-SO,0~) was
1.47%. Approximately one sulfate ester was present per 38 sugar
units on average.

3.2. Molecular mass and chain conformation

3.2.1. GPC

SHG showed a single and symmetrically sharp peak in
HPGPC profile (Fig. 1), indicating it was a homogeneous
polysaccharide. The calibration curve was linear, equation
log My, =s—3.87e—001T! +2.72e—003T2, with a correlation coef-
ficient of R%2=0.9972. According to the retention time and the
calibration curve with standard dextrans, it was calculated to have
a molecular weight of over 6.6 x 10 Da.
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Fig. 2. (a) Profile of SEC-MALLS assay of SHG. Light scattering (LS) signal at 90° (red), UV signal at 260 nm (green), DRI signal (blue). (b) Conformation plot of rms radius vs
M,, for SHG in 0.1 M aqueous NaNOs; at 40 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

3.2.2. SEC-MALLS

The characterization of natural polymers having various chemi-
cal components, molar mass, and chain conformation is important
because of their critical effect on end-use structure-property rela-
tions (Cui et al., 2008). SEC-MALLS, as an absolute method, are
convenient for the determination of true molecular mass and dis-
tribution without standard samples, which is extremely sensitive
to macromolecular aggregation.

The SEC-MALLS chromatogram patterns of SHG in 0.1 M aque-
ous NaNOs at 30°C were shown in Fig. 2(a), there was a single
peak (with a shoulder) with good symmetry detected by LLS, UV at
260 nm and refractometer for SHG.

The molecular weight and chain conformation of SHG were
determined with SEC-MALLS. The radius of gyration value, weight
average molecular weight, and polydispersity index (M /My,
M, =88.73 kD, My, =172.0kD) in 0.1 M aqueous NaNO3 were mea-
sured to be 9.0nm (R;), 1.72 x 10° Da, and 1.94, respectively.
According to their estimated molecular weight, it was possible
assume that SHG contained approximately 1048 sugar residues on
average.

From data of M,y and the radius of gyration, the conformation
plot describing the relationship between My, and the radius of
gyration can thus be created. Usually, the chain conformation of
a polymer in solution can be judged by the conformation plot. The
conformation plot is 0.3 for a globular shape, 0.5-0.6 for a flexible
chain conformation, and 0.6-1 for a semi-flexible chain. The con-
formation plot for SHG was 0.45, indicating that the glucan existed
as a compact random coil in 0.1 M NaNOj at 40°C. The conforma-
tion plot of rms radius of gyration vs My, for SHG in 0.1 M NaNOs3
was shown in Fig. 2(b).

There was a discrepancy in molecular weight values of SHG
measured by SEC-MALLS in 0.1 M aqueous NaNOs solution
(1.72 x 10° Da) and HPGPC in distilled water (over 6.6 x 10° Da).
One explanation for the discrepancy in molecular mass on SHG
could be that there was aggregation of SHG in distilled water but
not in aqueous NaNOs solution. Polysaccharides often have high
molecular weights, and tend to form aggregates in solution that can
mask the behavior of individual macromolecules. Another explana-

tion could be that SHG displayed an electrostatic repulsion effect
in pure water, whereas they exhibited normal polymer solution
behavior in 0.1 M aqueous NaNOs solution, proving that an elec-
trostatic repulsion effect could be screened out successfully by
adding salts. The electrostatic repulsion caused by macromolecule
anions (sulfate group in SHG), leading to the more expanded chains.
Therefore, as NaNO3 was added, the electrostatic repulsion could
be screened out. For macromolecules of the same molecular mass,
a more compact random coil chain conformation gives a lower
extent of expansion of the chain in solution. HPGPC is a relative
method according molecular size but not molecular weight, the
molecular configuration and size are changed along with elec-
trolyte concentration in mobile phase. Therefore, SHG has such
different molecular weight (Wang & Zhang, 2009; Zhang, Yang, &
Fang, 1997). In short, the disagreement between SEC-MALLS and
HPGPC in molecular weight was contributed to sulfate group.

Although the results are controversial and strongly depended on
the method used for analysis, the authors believe that the result of
SEC-MALLS as an absolute method is much more probable based
on explanations as foresaid. Thus the molecular mass and chain
conformation can be further studied.

3.3. Sugar analysis

Compositional analysis of SHG was determined by TLC prelim-
inarily. Through comparing with standards, the monosaccharide
composition was identified, a single spot on thin layer plate was
observed. The investigation indicated that SHG was composed of
only glucose, and no uronic acid was detected.

Monosaccharide composition of SHG also was determined by
GC of aldononitrile acetates. The result showed that SHG was
composed of glucose only, comparing the retention time with stan-
dards.

The aldononitrile acetates GC method cannot detect uronic acids
unless the carboxyl groups of glucouronic acids have been reduced.
Uronic acids can be quantified either by a colorimetric determina-
tion or by gas chromatography after methanolysis and subsequent
trimethylsilylation. Neutral sugars and uronic acids can be
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Table 1
Methylation analysis data for SHG and SHGp.

Methylated sugar Molar ratios Diagnostic mass fragments (m/z) Type of linkage
SHG SHGp

2,3,6-Mes-Glc 7.2 7.4 43,45,87,99, 117,129, 162, 173, 203, 233, 277 —4)-Glcp-(1—

2,3,4,6-Me4-Glc 1 1 43, 45,101, 117,129, 145, 161, 205, 249 Glep-(1—

2,3-Me;-Glc 1 1 43,85,87,101,117,127, 142,159, 161, 201, 261 —4,6)-Glcp-(1—

2,3,4,6-Me4-Glc=1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-p-glucitol, etc.

simultaneously determined using GC of TMSi derivatives. Result
from GC of trimethylsilylated methyl glycosides, showed that SHG
contained Glc without any uronic acid material.

Base on these results, compositional analysis of SHG, deter-
mined by TLC and GC analysis, revealed that glucose was the only
component in SHG, and SHG did not contain any uronic acid mate-
rial.

3.4. Partial acid hydrolysis

The analysis of polysaccharides in their native form is difficult
due to their high molecular weight. In order to overcome this,
polysaccharides are usually cleaved into oligosaccharides or poly-
mers with lower degree of polymerization. Partial acid hydrolysis
approach has been used in order to obtain polymers with lower
molecular weight suitable for structural characterization.

SHG was partially hydrolyzed with 0.1 M TFA. The hydrolyzate
was centrifuged, and then the supernatant was exhaustively dia-
lyzed against distilled water. After elution of Sephadex G-100, the
fractions were collected, named as SHGp. Based on SEC-MALLS, its
molecular weight, polydispersity (Mw/Mp) was 1.93 x 10% Da, 1.89.
SHGp (yielded of 72.2 mg, 66.79%) was subsequently subjected to
methylation and NMR analysis due to its lower molecular weight.

3.5. Methylation analysis

Methylation of SHG and SHGp were performed four times to
obtain fully methylated polysaccharides using the modified Hako-
mori method. The OH absorption at 3400cm! in IR disappeared,
indicating the completeness of methylation. After hydrolysis and
alditol acetate derivatization, the partially methylated alditol
acetates were analyzed by GC-MS. Peaks of methylated sugars
were identified by their mass spectra. The relative molar ratios of
methylated fragments were calculated based on the peak areas of
the methylated products and corrected using the effective-carbon
response method (Sweet et al.,, 1975). Methylation analysis pro-
posed the presence of three components. The methylation analysis
results (Table 1) indicated that the presence of 2,3,6-tri-O-methyl-
p-glucitol (m/z 43, 45, 87, 99, 117, 129, 162, 173, 203, 233, 277),
2,3-di-0-methyl-p-glucitol (m/z 43, 85, 87, 101, 117, 127, 142, 159,
161, 201, 261), 2,3,4,6-tetra-O-methyl-p-glucitol (m/z 43, 45, 101,
117,129, 145, 161, 205, 249) in a molar ratio of nearly 7:1:1. SHG
and SHGp had the similar results, so it indicated that the repeating
unit of SHG was unchanged during partial acid hydrolysis. These
results indicated that this glucan contained a backbone chain com-
posed essentially of (1 — 4)-linkages with side branching on C-6
deduced from the existence of 1,4,6-Glc linkages.

3.6. FT-IR

FT-IR spectroscopic analysis (Fig. 3) of SHG and SHGp showed a
strongband at 3422.76 cm~! attributed to O-H stretching vibration.
The band at 2926.42 cm~! was due to C-H stretching vibration. The
broad band at 1638.97 cm~! was due to bound water (Park, 1971).
In addition, no absorption peaks at 1730 cm~"! indicated that there
were no uronic acids.

The bands at 1241.80cm~!, 1369.98cm~!, 580cm~! were
assigned respectively to asymmetric and symmetric stretching
vibrations of 0-S-0 that was an evidence of sulfate esters (Mahner,
Lechner, & Nordmeier, 2001; Melo et al., 2002). The feeble band at
1241.80 cm™! describing an asymmetrical S=O0 stretching vibration
indicated low content of sulfate. The region around 800-850 cm™!
was used to infer the position of the sulfate group (Chopin &
Whalen, 1993; Lahaye & Yaphe, 1988). However, besides the C-O-S
vibration in 820-850cm~! region, there was also C-H bending
vibration of sugar reducing end, and the content of sulfate was too
small, which affected the judgment on the position of sulfate group
in SHG (Li, Gu, & Xu, 2004).

The band at 852.65 cm~! was ascribed to a-type glycosidic link-
ages, absorptions at 931.16 and 762.82cm~! were typical signal
for p-Glc in the pyranose form (Barker, Bourne, Stacey, & Whiffen,
1954). Therefore, the FT-IR spectroscopy results, together with
the high positive specific rotation, indicated the presence of a-D-
glycosidic linkages in SHG. The absorptions at 1025.23, 1082.57,
and 1154.86cm™! also indicated a pyranose form of the gluco-
syl residue. These results agreed with a-p-(1 — 4)-linked glucose
residues in SHG.

3.7. NMR spectroscopy

The presence in the spectrum of well defined and sharp peaks
testified the high purity of the sample. In the low field region,
no typical signals were observed for the carboxyl group of the
uronic acid units. The spectra were interpreted according to the
literature values (Delben, Forabosco, Guerrini, Liut, & Torri, 2006;
Ghosh, Chandra, Ojha, & Islam, 2008; Roslund, Tahtinen, Niemitz,
& Sjoholm, 2008; Seymour, Knapp, Chen, Jeans, & Bishop, 1979;
Yamada et al., 1986).

The 600 MHz 'H NMR spectrum of SHGp (Fig. 4(a)) showed
three anomeric proton signals at § 5.26, 5.21 (unresolved doublet,
5.22,5.20 ppm), and 4.83 ppm, which were designated as A (—4)-
a-D-Glcp-(1—), B (—4,6)-a-D-Glcp-(1—), and C (a-D-Glcp-(1—),
respectively, according to their decreasing anomeric chemical
shifts. Consistent with presence of an IR band 852.65 cm~1, this con-
firmed that the sugar residues were a-glycosidically linked glucan
(Chakraborty, Mondal, Pramanik, Rout, & Islam, 2004). Accord-
ing to the peak areas, integration data indicated that three types
of residues were in the ratio of nearly 7:1:1. This was also in
accordance with the results of methylation analysis. The 13C NMR
(150 MHz) spectrum of SHGp showed that three anomeric carbon
signals appeared at § 102.14 (A), § 101.11 (B), and § 98.29 (C) ppm
in a molar ratio of approximately 7:1:1. The a-configuration of the
D-glucosyl groups was again conformed by the presence of three
anomeric peaks, in the regions of § 102.14, 101.11 and 98.29 ppm
from 13C NMR spectrum of SHGp (Fig. 4(b)).

The anomeric proton signal of residue A at § 5.26 ppm indi-
cated that it was an a-linked residue. The downfield shift of
C-4 (79.27 ppm) with respect to standard value (Agarwal, 1992)
indicated that residue Awas a (1 — 4)-linked a-p-Glcp moiety. Pre-
dominant signal of 102.14 ppm, together with the typical signal
of O-substituted C-4 at § 79.27 ppm, supported the results from
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Fig. 3. FT-IR spectrum of SHG (A) and SHGp (B).
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chemical analysis, the high proportion of a-p-(1— 4) linkages in
the linear arrangement.

Residue B had an anomeric proton chemical shift at 5.21 ppm
(H-1 resonances appeared as unresolved doublets), indicating that
it was an a-linked residue. The split of H-1 may imply that the
linkage is present as branch both terminal Glcp and sulfate group
at O-substituted C-6. The 13C signal for the anomeric carbon of the
D-glucosyl moiety was observed at 101.11 ppm. The downfield shift
of C-4 (78.70 ppm) and C-6 (71.84 ppm) signals with respect to
the standard value of methyl glycosides was due to the effect of
glycosylation (Seymour, Knapp, & Bishop, 1976). Hence, the car-
bon values of residue B indicate that it was a-D-(1 — 4,6)-linked
glucose.

Residue C had an anomeric proton signal at § 4.83 ppm indi-
cate that it was an a-linked moiety. The C-1 signal of residue C at
98.29 ppm was confirmed according to evidence in the literature
(Rout, Mondal, Chakraborty, & Islam, 2006; Roy et al., 2009). From
the results of methylation analysis and NMR experiments, it could
be concluded that C was terminal a-D-glucose.

The 'H and 13C signals of SHGp could be assigned using 3-COSY,
TOCSY, and HSQC NMR experiments. Although the presence of B
and C was shown by the methylation analysis, no signal for B and C
was identified in the 2D NMR spectra. The reason was that their low
quantity did not allow detection in 2D NMR spectra and the other
proton overlapping peaks (H2-H5) of SHGp were not assigned.
Therefore, NMR is not appropriate to identify a small component
even at substantial amounts.

The HSQC (Fig. 5(a)) spectrum of SHGp revealed information on
correlation of 13C and its linked 'H: C-1/H-1 at § 102.14/5.26 for
(1 — 4)-a-p-glucosyl residues. C-6 (residue A: 62.94 ppm) corre-
lated with two protons (residue A: § 3.68, 3.64 ppm), C-2, C-3, C-4,
C-5 each correlate with one proton. The atom signals of glucosyl
ring carbon at § 74.04,75.86,79.27,73.68,62.94 ppm corresponded,
respectively, to C-2, C-3, C-4, C-5, C-6 of residue A.

The sequence of glycosyl residues of SHGp was determined by
HMBC experiment (Fig. 5(b)). The cross peaks of both anomeric
proton and carbon of each of the sugar moieties were examined,
and intra- and inter-residual connectivities were observed. Cross
peaks were observed between H-1 (§ 5.26) of residue A and C-4
(6 79.27) of residue A (AH-1, AC-4); C-1 of residue A (5§ 102.14)
and H-4 (6 3.45) of residue A. However, the cross peaks between
H-6 of residue B and C-1 of residue C (BH-6, AC-1), C-6 of residue
B and H-1 of residue C (BC-6, AH-1) were not observed due to the
same reason as described. Nevertheless, (1 — 4,6)-linked D-glucose
could confirm from 13C NMR spectra. Unfortunately, the position

of sulfate group in SHG did not be determined by NMR spectra.
According Wang and Zhang (2009), the reactivities of the active
hydroxyl groups were in the order of C-6 >C-4>C-2 on the whole,
combined with doublets of residue B, therefore, we deduce that the
position of sulfate group could be at O-6.

Hence, based on all these chemical and spectroscopic evidences,
it was confirmed that SHG had the structure of a-(1 — 4)-linked D-
glucopyranosyl and terminated with one single terminal residue at
the 0-6 position of (1 — 4,6)-linked-a-D-glucopyranosyl approxi-
mately every eight residues, along the main chain. Sulfate groups
may attach to the backbone at 0-6, which one sulfate esters occa-
sionally occur per thirty-eight anhydrous glucose units (Fig. 6).

So far, there is first reported on the sulfated glucan from H.
polybotrys. However, a lot of glucans which have a fairly simi-
lar structure to SHG have been found in literature (de Lourdes
Corradi daSilva et al., 2008; Fang & Wagner, 1988; Pang et al., 2007;
Whistler et al., 1976; Yamada et al., 1986). This indicates that 1,4-
linked ai-D-glucan having side chains at O-6 of the glucosyl residues
of the main chain are common in nature.

Sulfated polysaccharides commonly found in marine algae and
higher animals but are absent in microbes and higher plants
(Shanmugam & Mody, 2000). However, we isolated a sulfated glu-
can from H. polybotrys. Moreover, there is relatively little research
pertaining to their biological activities of glucans mentioned above.
Therefore, SHG is of special interest in the present study and we will
concentrate on the biological activities.

In general, the biological activity of the sulfated polysaccha-
ride is related to several structural parameters such as the degree
of sulfation, the molecular weight, the sulfation pattern, glyco-
sidic branchings, and type of sugar. The presence of the sulfate
group is necessary for anti-HIV activity, and potency increase with
increasing degree of sulfation (Schaeffer & Krylov, 2000). Sulfated
homopolysaccharides, for example, are more potent as anti-HIV
agents than heteropolysaccharides. Sulfation of the linear 3-1,3-

Gllcp
!

6 6
— 4)—0.—D—Glcp—(l+4)— o-D— Glcp—(1+ 4)—(1—D—Glcp~(1—n-
6

50,07

Fig. 6. The structure of SHG isolated from Hedysarum polybotrys. Sulfate groups
may attach to the backbone at O-6, which one sulfate ester occasionally occur per
38 anhydrous glucose units.
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glucan curdlan has been proven to result in potent anticoagulants
in vitro, which exhibit antithrombotic activity in vivo comparable
to that of heparin (Alban, Jeske, Welzel, Franz, & Fareed, 1995).

Sulfated polysaccharides are known to exhibit a wide range of
physiological and biological activities, thus medically useful activ-
ities, such as antiviral (Lee, Hayashi, Maeda, & Hayashi, 2004),
anticoagulant (Nishino & Nagumo, 1991), anti-tumor (Alekseyenko
et al., 2007), anti-inflammatory (Kim, Kim, Shim, & Hwang, 2007),
antioxidant (Chew, Lim, Omar, & Khoo, 2008).

To confirm whether SHG has biological activities, various biolog-
ical activities for SHG, in connection with sulfated polysaccharides,
should deserve more an in-depth research in the future, such as
anti-HIV, anticoagulant, antioxidant activity. Further investigations
on the relationship between biological activities and characteristic
structure are presently underway in our laboratory.

4. Conclusions

Based on the data obtained, it could come to conclusion that a
sulfated glucan (SHG) can be isolated from H. polybotrys in a very
pure form by the method used in this study. Distinct from other
reported polysaccharides from H. polybotrys, SHG possesses a small
amount of sulfate groups. This is the first report on structure of
sulfated glucan from H. polybotrys. Thus, structural analysis gives
reliable results. Backbone chains of SHG are shown to be the lin-
ear 1,4-a-D-glucan, with a single 1,4,6-a-D-glucosyl side branching
unit approximately every eight residues. Moreover, the branch is
present as both terminal Glcp and sulfate group at O-6. The bio-
logical activities of SHG deserve more an in-depth research in the
future.
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