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Abstract

Three polysaccharides, two heteroglycans (PL-1 and PL-4) and one glucan (PL-3), were solubilized from the fruit bodies of
Ganoderma lucidum and isolated by anion-exchange and gel-filtration chromatography. Their structural features were elucidated by
glycosyl residue and glycosyl linkage composition analyses, partial acid hydrolysis, acetolysis, periodate oxidation, 1D and 2D
NMR spectroscopy, and ESI-MS experiments. The data obtained indicated that PL-1 had a backbone consisting of 1,4-linked a-D-
glucopyranosyl residues and 1,6-linked B-D-galactopyranosyl residues with branches at 0-6 of glucose residues and O-2 of galactose
residues, composed of terminal glucose, 1,6-linked glucosyl residues and terminal rhamnose. PL-3 was a highly branched glucan
composed of 1,3-linked B-D-glucopyranosyl residues substituted at O-6 with 1,6-linked glucosyl residues. PL-4 was comprised of
1,3-, 1,4-, 1,6-linked B-D-glucopyranosyl residues and 1,6-linked B-D-mannopyranosyl residues. These polysaccharides enhanced the
proliferation of T- and B-lymphocytes in vitro to varying contents and PL-1 exhibited an immune-stimulating activity in mice.

© 2002 Elsevier Science Ltd. All rights reserved.

Keywords: Ganoderma lucidum; Polyparaceae; Structural elucidation; Immunological activity; Heteroglycan; Glucan

1. Introduction

Ganoderma lucidum, an oriental fungus, has been
widely used to promote health and longevity in China
and other East Asian countries. The fruit bodies, cultured
mycelia, and spores of G. lucidum were reported to be
effective in the treatment of chronic hepatopathy, hyper-
tension, hyperglycemia and neophasia (Franz, 1989; Fur-
usawa et al., 1992; Shiao et al., 1994). This fungus has
attracted considerable attention because its poly-
saccharides have anti-tumor (Miyazaki and Nishijima,
1981; Wang et al., 1997) and hypoglycemic (Hikino et
al., 1985; Tomoda et al., 1986) activities. However, the
wild mushroom of G. lucidum is scarce. Thus, we have
an interest in the cultivated fungus and try to find
immunological polysaccharides from it. Recently, we
have reported an immunomodulating polysaccharide
from the spores of G. lucidum (Bao et al., 2001). Now,
we describe the isolation and structural elucidation of
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three neutral polysaccharides that have an immunoacti-
vating activity from the fruit bodies of G. lucidum.

2. Results and discussion

A brownish crude polysaccharide fraction, named PL
(vield: 3.8% from the crude material), was obtained
from the dried fruit bodies of G. lucidum by hot water
extraction. The crude product was fractionated on a
DEAE-cellulose column with water and different con-
centrations of stepwise NaCl solution elution (0.05, 0.2
and 0.5 M NacCl), leading to the isolation of four poly-
saccharide sub fractions PL-1, PL-2, PL-3 and PL-4
(Fig. 1). HPSEC analysis showed that PL-2 consisted of
more than 4 peaks with similar elution times and PL-1,
PL-3 and PL-4 gave a dominant peak in contrast to other
minor components. Therefore, each fraction besides PL-2
was further purified on a Sephacryl S-300 HR (or S-200
HR) column and gave a homogeneous polysaccharide.

PL-1 was composed of Rha, Gal and Glc in the molar
ratios of ca. 1:4:13 (Table 1). Glc was the only mono-
saccharide detected in PL-3, while PL-4 contained Man
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Fig. 1. DEAE—cellulose elution profile of the polysaccharides present
in the aqueous extract of Ganoderma lucidum fruit bodies. The column
was eluted stepwise with H,0, 0.05, 0.1, 0.2 and 0.5 M NaCl solutions.

Table 1
Glycosyl residue compositions of PL-1, PL-1-A?, PL-3 and PL-4 gly-
cans

Residues L-Rha D-Man D-Gal D-Glc
PL-1 6 - 21 73
PL-1-A - - 24 76
PL-3 - - - 100
PL-4 - 7 - 93

4 PL-1-A is the polymer obtained by partial acid hydrolysis of PL-1.

and Glc in a molar ratio of ca. 1:13 (Table 1). All gly-
cosyl residues in PL-1, PL-3 and PL-4 were D except
rhamnose that was L. PL-1, PL-3 and PL-4 had specific
rotations [] +129.6° (¢ 0.72, H,0), [o]ly —52.7° (c
0.30, H,0), [e]5 —38.3° (¢ 0.29, H,0), respectively. The
high positive value of the specific rotation of PL-1 and
the characteristic absorption at ca. 845 cm~! in the IR
spectrum of PL-1 were indicative of the o glycosidic
linkages of the glucosyl residues (Tsumuraya and Misaki,
1979), while the characteristic peak at ca. 890 cm~! in the
IR spectra of PL-3 and PL-4 indicated the glucosyl resi-
dues in PL-3 and PL-4 were B-linked (Ghosh and Rao,

1981). No absorption at 280 nm indicated all three
polysaccharides did not contain any protein. The average
M,s of PL-1, PL-3 and PL-4 were estimated to be
8.3x103, 6.3x10* and 2.0x10°, respectively, based on
the calibration curve of the elution times of standard
Dextrans on HPSEC.

The results of glycosyl linkage composition analyses
(Table 2) indicated that PL-1, PL-3 and PL-4 were
branched polysaccharides. The high content of 1,4-
linked glucopyranosyl residues in PL-1 suggested that
the backbone chain of PL-1 contained the 1,4-linked
glucosyl residues with branches at O-6 of some glucosyl
residues. Except for the presence of a small amount of
1,6-linked mannosyl residues in PL-4, both PL-3 and
PL-4 had a complex glucan structure.

The 'H and '3C NMR spectral signals of PL-1, PL-3,
and PL-4 were assigned using 2D NMR and referring to
the previous reports (Bao and Fang, 2001; Paramonov
et al., 1998; Bubb et al., 1997; Karlsson et al., 1997), and
the anomeric signals and other characteristic signals
were summarized in Table 3. The assignment of PL-1
was proved by the NMR spectrum of the partial
hydrolyzed product PL-1-A, in which the signals from
rhamnosyl residues and O-2 substituted galactosyl resi-
dues disappeared, while the signal for 1,6-linked galac-
tosyl residues became stronger. As shown in Table 3, the
anomeric configuration determination by NMR spec-
troscopic analysis was in accordance with the deduction
from the [«] values and IR spectra. Also, the presence of
O-substituted carbon signals confirmed the results of
methylation analysis described above.

The hydrolysis of PL-1 with 0.05 M TFA at 100 C for
1 h gave a degraded polymer (PL-1-A) and a mono-
saccharide fraction. PL-1-A was shown to be a homo-
geneous polymer (M, 6.1x10%) by HPSEC. Glycosyl
linkage analysis of PL-1-A (Table 2) revealed that the
content of 1,6-linked galactosyl residues increased in com-
parison with that of PL-1, and that the terminal rhamnose

Table 2
Glycosyl linkage compositions of PL-1, PL-1-A 2, PL-1-B ®, PL-3 and PL-4 glycans
Components Molar percent Linkages

PL-1 PL-3 PL-1-A PL-1-B PL-4
2,3,4-Mes-Rha 5 - - - - Rha,-(1—
2,3,4,6-Me,-Gle 14 15 19 21 17 Gle,-(1—
2,3,6-Me;-Glc 43 43 39 - 37 —4)-Gle,-(1—
2,4,6-Me;-Glc - - - 20 11 —3)-Gle,-(1—
2,3,4-Me;-Glc 4 4 10 40 12 —6)-Glc,-(1—
2,3,4-Me;-Gal 16 24 12 - - —6)-Gal-(1—
2,3,4-Mes-Man - - - - 7 —6)-Man,,-(1—
2,4-Me»-Glc - - - 19 4 —3,6)-Gle,-(1—
2,3-Me,-Glc 13 14 19 - 11 —4,6)-Glc,-(1—
3,4-Me,-Gal 5 - - - - —2,6)-Gal,-(1—

2 PL-1-A is the polymer generated by partial acid hydrolysis of PL-1.

b PL-1-B is the polymer generated by partial acid hydrolysis of PL-1-A.
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Table 3

Characteristic signals in the 'H and '3C NMR spectra of PL-1, PL-3 and PL-4%

Polysaccharides

Chemical shifts (H/C) (ppm)

Hydrogen/carbon assignments

PL-1 5.48/101.9
4.60/104.7
4.60/103.6
5.05/100.0
5.14/97.9
80.1
79.0
68.9
68.7
1.32/17.9

PL-3 4.62/104.8
86.3
69.2

PL-4 4.62/104.8
n.r.b/101.7
86.3
80.4
69.2
68.4

H1/C-1 of 1,4-linked or terminal a-D-Glc,
H1/C-1 of 1,6-linked B-p-Gal,

H1/C-1 of 1,2,6-linked B-p-Gal,

H1/C-1 of 1,6- or 1,4,6-linked o-p-Glc,
H1/C-1 of a-L-Rha,

C-2 of O-2 substituted B-p-Gal

C-4 of 0-4 substituted a-p-Glc

C-6 of 0-6 substituted B-p-Gal

C-6 of 0-6 substituted a-D-Glc

H6/C-6 of a-L-Rha

H1/C-1 of B-p-Glc,
C-3 of O-3 substituted B-p-Glc
C-6 of 0-6 substituted B-p-Glc

H1/C-1 of B-p-Glc,

H1/C-1 of B-p-Man,

C-3 of O-3 substituted B-pD-Glc
C-4 of 0-4 substituted B-p-Glc
C-6 of 0-6 substituted B-pD-Glc
C-6 of O-6 substituted B-pD-Man

2 Chemical shifts in ppm relative to CH;OH at § 51.07 for '3C at room temperature in DO.

® n.r., Not resolved.

and 1,2,6-linked galactosyl residues disappeared. The
monosaccharide fraction mainly contained rhamnose
and a small amount of glucose and galactose. These
results indicated that the terminal rhamnose was linked
to O-2 of 1,6-linked galactosyl residues. PL-1-A was
further hydrolyzed with 0.1 M TFA at 100 °C for 1.5 h,
giving the degraded polymer (PL-1-B) and three oligo-
saccharide fractions (PO1, PO2 and PO3). Glycosyl
linkage analysis of PL-1-B (Table 2) revealed that the
content of 1,6-linked galactosyl residues decreased
compared with that of PL-1-A, indicating that the
backbone of PL-1 was partly fragmented. The smallest M.,
fraction (PO1) eluted from a Sephadex G-10 column was
mixed monosaccharides and not studied further. Glycosyl
residue composition analyses of the PO2 and PO3 fractions
indicated that both were comprised of glucose. The
ESI-MS spectra of PO2 and PO3 fractions revealed that
PO2 contained a disaccharide and PO3 contained a tetra-
saccharide, both composed of hexosyl residues. 2D NMR
spectroscopic experiments established that oligosaccharides
PO2 and PO3 had the following structures, respectively:
o-D-Glc,-(1—4)-a-D-Glc, (PO2) and a-D-Glc,,-(1— 6)-0-D-
Glc,-(1-4)-0-D-Glc,- (1—-4)-0-D-Glc,, (PO3).

Three oligosaccharide fractions (AO1, AO2 and AO3)
were obtained by Sephadex G-10 chromatography after
acetolysis of PL-1. The first fraction (AO1) contained a
mixture of glucose, galactose and rhamnose. AO2 and
AO3 were identified as a disaccharide and trisaccharide,
respectively, composed of 1,4-linked Glc, by the 2D
NMR spectroscopy and ESI-MS experiments. These
results suggested that PL-1 had a backbone mainly
composed of 1,4-linked glucosyl residues, and that 1,6-

linked glycosyl residues were dispersed in the backbone
chain. With the consideration of the low content of 1,6-
linked glucosyl residues in PL-1, 1,6-linked galactosyl
residues occurred in the main chain of PL-1.

PL-3 and PL-4 were oxidized with periodate, and the
products were reduced, hydrolyzed and analyzed. The
unoxidized sugar was glucose in both samples, and the
yields were 21.5% in PL-3 and 17.6% in PL-4. PL-3
consumed 1.22 mol of periodate, with commitant pro-
duction of 0.56 mol of formic acid per sugar residue.
Also PL-4 consumed 0.88 mol periodate and produced
0.27 mol formic acid for each hexosyl residue.

Taken together, our results suggested that PL-1 had a
backbone composed of 1,4-linked a-D-glucopyranosyl
residues and 1,6-linked B-p-galactopyranosyl residues
with branches comprised of terminal glucose, 1,6-linked
a-D-glucopranosy! residues linked to O-6 of 1,4-linked
glucosyl residues, and terminal rhamnose linked to O-2
of 1,6-linked galactosyl residues. PL-3 glucan possessed
a backbone composed of 1,3-linked B-D-glucopyranosyl
residues with branching points at 0-6 of glucosyl resi-
dues with 1,6-linked B-D-glucose side chains. Hetero-
glucan PL-4 consisted of a primary structure of 1,3-,
and 1,4-linked B-D-glucopyranosyl residues and 1,6-
linked B-pD-mannopyranosyl residues with branches at
0-6 of glucosyl residues composed of 1,6-linked B-D-
glucopyranosyl residues.

Based on the earlier reports of anti-tumor and immu-
nomodulating activities of G. lucidum, the immunologi-
cal properties of PL-1, PL-3 and PL-4 were investigated.
These polysaccharides all enhanced the proliferation of
T- and B-lymphocytes to some extent in vitro (Fig. 2),
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Fig. 2. (a) Effect of PL, PL-1, PL-3 and PL-4 on proliferation of
ConA induced T lymphocyte in vitro. (b) Effect of PL, PL-1, PL-3 and
PL-4 on proliferation of LPS induced B lymphocyte in vitro.
*P<0.05, **P<0.01, ***P<0.001, significant difference from the
control group.

and it was evident that PL-1 was more effective that PL-
3 and PL-4. Therefore, the immunostimulating activity
of PL-1 was further investigated in mice (Table 4). The
data showed that PL-1 stimulated the proliferation of
T- and B-lymphocytes and the production of antibodies,
but had little effect on serum IgG, and complement (C 3)
levels at a dose of 25 mg/kg.

In conclusion, the structural features of PL-1 were
different from those of the polysaccharides that had
been isolated from G. lucidum previously. PL-3 was
closely similar with the structure of Ganoderma B iso-
lated by Tomoda et al. (1986), and PL-4 was similar
with the polysaccharide GF3 characterized by Liang
and Zhang (1993) except for the exist of a small amount
of 1,6-linked mannosyl residues instead of 1,6-linked
galactosyl residues. The polysaccharides all showed
immunoactivating properties and PL-1 was more effec-
tive than PL-3 and PL-4. The pharmacological results
obtained may help in understanding the use of the fruit
bodies of G. lucidum in the oriental countries.

3. Experimental

3.1. Materials

The fruiting bodies of G. lucidum (Fr.) Karst were
cultivated and collected in Shanxi Province of the Peo-

ple’s Republic of China. The fungus was identified by
X.-L. Wang by comparison with a voucher specimen
(No. 317), previously deposited in the herbarium of the
Phytochemistry Department of the Shanghai Institute
of Materia Medica, Academia Sinica, Shanghai, Peo-
ple’s Republic of China.

Concanavalin A (ConA) and lipopolysaccharide
(LPS) were obtained from Sigma and 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
was from Fluka. Medium RPMI 1640 was purchased
from Gibco Laboratories.

3.2. General

The 'H, '3C and 2D NMR spectra were recorded on a
Briiker AM-400 and DRX-400 NMR spectrometer
equipped with a dual probe in the FT mode at room
temperature. The DEPT experiment was carried out
using a polarization transfer pulse of 135. Specific rota-
tions were determined on a Perkin-Elmer 241M digital
polarimeter using water as solvent. IR spectra (KBr or
Nujol pellets) were obtained with a Perkin-Elmer 591B
spectrophotometer. HPSEC was performed with a
Waters instrument fitted with GPC software, using a
Waters 2410 RI detector. GC was done with a Shi-
madzu-9A apparatus equipped with a 5% OV 225/AW-
DMC-Chromosorb W column (2.5 mx3 mm). GC-MS
was performed with a Finnigan MD-800 instrument fit-
ted with HP-1 column, EI 70 eV. ESI-MS spectra were
obtained with a VG Quattro MS/MS spectrometer.

3.3. Isolation and purification

The air-dried G. [lucidum fruit bodies (4 kg), pre-
viously defatted with 95% alcohol, were extracted with
20 vols. hot water at 95-100 °C. The aq. extract was
treated with trichloroacetic acid to remove proteins, and
dialyzed against tap water for 2 days and distilled water
for 1 day (molecular weight cut off 3000-5000). The
retentate was concd. to a small vol. and treated with 4
vols. of EtOH. The resulting ppt. was isolated by cen-
trifugation and then washed sequentially with EtOH
and acetone. The crude product was vacuum-dried at
40 °C and gave a brownish power (PL, yield: 3.8%). A
portion (8.0 g) of this product was fractionated on
DEAE-—cellulose column (50x10 cm) eluted with H,O
and followed stepwise by 0.05, 0.2 and 0.5 M NaCl
solutions. Fractions were analyzed for total carbohy-
drate content and peaks for PL-1, PL-2, PL-3 and PL-4
(Fig. 1) were pooled, dialyzed, concd. and freeze-dried.
Except for PL-2, each fraction was applied to a Sepha-
cryl S-300 HR (or S-200 HR) column (100x2.6 cm),
eluted with 0.2 M NaCl. Fractions were collected
according to the carbohydrate profile detected by a RI
detector, concd., dialyzed and lyophilized to yield PL-1
(136 mg), PL-3 (107 mg) and PL-4 (35 mg).
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Table 4

Effects of PL-1 on lymphocyte proliferation, antibody production, serum IgG and complement (C3) levels in mice.* The mice were given samples by

intraperitoneal injection at a dose of 25 mg/kg for 4 days

Spleen index (mg/g) 1gG (mg/ml) C3 (mg/ml) Antibody Aspg Lymphocytes

T (As0) B (As70)
Control 5.02+1.60 17.3£1.50 2.08£0.35 1.114£0.02 0.5540.02 0.60+0.04
PL-1 7.16£1.60 18.6£1.73 2.23+£0.12 1.294£0.01%* 0.78 £0.01%** 0.86£ 0.02%*

@ Results are presented as mean=+s.d. (n=7).**P <0.01 and ***P <(.001, significant difference from the control.

3.4. Homogeneity and M,s

Determinations were carried out using by HPSEC
under an Ultrahydrogel™ 1000 column, eluted with
0.001 M NaOH at a flow rate of 0.5 ml/min, and the data
were analyzed with GPC software. The column was cali-
brated with standard T-series Dextran (T-500, T-110, T-
80, T-70, T-40 and T-9.3). All samples were prep. as 0.1%
(w/v) solns. and 20 pl of soln. was analyzed in each run.

3.5. Compositional and D, L-configuration analyses

The sugar compositions of PL-1, PL-3 and PL-4 were
determined by TLC of the acid hydrolysates and by GC
analysis of the alditol acetates derivatives as described
by Blakeney et al. (1983).

The absolute configurations of the sugars were iden-
tified by GC analysis of their TMSi (—)-2-butylglyco-
sides derivatives (Gerwig et al., 1978).

3.6. Glycosyl linkage composition analyses

The native polysaccharides and polymers generated
by partial acid hydrolyses were methylated three or four
times by the modified NaOH-DMSO method (Needs
and Selvendran, 1993). The per-methylated product was
hydrolyzed, reduced, acetylated and then analyzed by
GC-MS as previously described (Bao et al., 2001). The
partially methylated alditol acetates were identified by
their fragment ions in EI-MS and by relative times in
GC, and the molar ratios were estimated from the peak
areas and response factors (Sweet et al., 1975).

3.7. Partial acid hydrolyses of PL-1

PL-1 (200 mg) was dissolved in 0.05 M TFA (100 ml)
and kept at 100 °C for 1 h. After cooling, conc. and
dialysis, the retentate was lyophilized to give a degraded
polymer (PL-1-A, 162 mg). The glycosyl residue com-
position of PL-1-A was determined by GC analysis. The
dialysate was isolated on a Sephadex G-10 column
(100x 1.6 cm). A portion of PL-1-A (8 mg) was methy-
lated and its glycosyl linkage composition was deter-
mined as described above. The remaining portion (146
mg) was further hydrolyzed with 0.1 M TFA at 100 °C

for 1.5 h. A depolymerized product (PL-1-B, 60 mg) was
obtained and the oligosaccharide fraction was separated
by Sephadex G-10 chromatography. According to the
carbohydrate profile of the column, the oligosaccharide
fractions were pooled and lyophilized, respectively, and
their glycosyl residue compositions were determined by
GC as alditol acetates.

3.8. Acetolysis of PL-1

PL-1 (50 mg) was acetylated by a mixture of acetic
anhydride and pyridine (1:1, v/v) at 100 °C for 24 h. After
the excess acetic hydride and pyridine were completely
removed, the resulting product was treated with HAc—
Ac,O—conc. H,SO4 (10:10:1, v/v/v) at 40 °C for 8 h
(Vaishnav et al., 1997). The acetolysate was de-O-acety-
lated by treatment with 0.2 M NaOMe in MeOH, and the
soln. of oligosaccharides was deionised with Dowex 50
(H") resin. The resulting solution was applied to a
Sephadex G-10 column and the oligosaccharide fractions
were collected according to the carbohydrate profile of
the eluants.

3.9. Periodate oxidation of PL-3 and PL-4

PL-3 (50 mg) and PL-4 (50 mg) were dissolved in 0.02 M
NalO,4 (50 ml) and kept in the dark at 5 °C, respectively
(Vaishnav et al., 1997, Tomoda et al., 1986), with the
absorption at 224 nm monitored every day. The oxidation
was completed after 7 days and ethylene glycol (0.6 ml)
was added to the solution. Consumption of NalO, was
measured by a spectrophotometric method (Dixon and
Lipkin, 1954) and HCOOH production by titration with
0.01 M NaOH. The reaction mixtures of oxidative PL-3
and PL-4 were reduced with NaBHy, dialyzed and then
mildly hydrolyzed with 0.2 M TFA at 40 °C for 24 h.
The resulting solution was neutralized, dialyzed and the
retentate was then lyophilized. The glycosyl residue
composition of the resulting product from the oxidation
of PL-4 was analyzed by GC as alditol acetates.

3.10. Immunological assays

Immunological activity of PL-1, PL-3 and PL-4,
obtained from the fruiting bodies of G. lucidum was
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assessed by measuring the ConA or LPS induced T- and
B-lymphocyte proliferations in vitro and in mice. Serum
IgG and C-3 levels were measured in mice too.

Inbred ICR (%) mice, three months old, weighing
20+2 g, were obtained from Shanghai Experimental
Animal Laboratory, Chinese Academy of Sciences (cer-
tificate No. 133). For the tests in vitro, various dilutions
of the polysaccharide samples (1-100 pg/ml) were incu-
bated with mouse splenocytes in the presence of mito-
gen ConA (5.0 pg/ml) or LPS (20 pg/ml). After
incubation for 44 h at 37 °C in a humidified 5% CO,
atmosphere, T- and B-lymphocyte proliferations were
assayed by the MTT method as reported previously
(Heek et al., 1985; Zhou et al., 1986).

For the in vivo tests, 14 mice were divided randomly
into 2 groups: normal saline (control group), PL-1 25 mg/
kg. The mice were given samples by intraperitoneal injec-
tion for 4 successive days, respectively. Mice were sacri-
ficed on day 5 and their spleens were removed, minced and
passed through a sterilized ion mesh (200 mesh) to obtain
single cell suspension. Erythrocytes in the cell mixture
were destroyed by the rapid addition of H,O. Finally, the
cells were suspended to 5x10° cells/ml in an RPMI 1640
medium. The lymphocyte proliferation and antibody
production of spleen cells were measured by the MTT
method or quantitative hemolysinspectrophotomic assay
as described in previous reports (Xiang, and Li, 1993).
Serum IgG and complement (C-3) levels were deter-
mined by single immunodiffusion method described
previously (Li et al., 1990). The diameters of samples on
a rabbit anti-mouse serum plate diffusion ring were
measured.

The data were represented as mean=+s.d. Student’s #-
test for unpaired observations between control and tested
samples was carried out to identify statistical differences.
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