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A fructan, Opaw-2, with molecular mass of about 14 kDa, was isolated from the tuberous r@gisiopogon japonicus

Opaw-2 comprises fructose and glucose with a molar ratio of 30:1. Linkage and NMR analyses indicated that Opaw-2
has a backbone structure 8f(1—2)-Fru and 3-(2—6)-Fru residues that branches at O-6 #{1—2)-Fru residues

with a-1-linkage to the Glp residues and terminates with Fmesidues. In cultured lymphocytes, the application of
Opaw-2 significantly stimulated the proliferation of lymphocytes in a dose-dependent manner. By using atomic force
microscopy, Opaw-2 showed a morphological change from globular to helical fibrous shape at increasing concentrations.

Fructans are widely distributed as carbohydrate storage polymersblood sugar and treating myocardial ischemia, are closely associated
in the vegetative tissue of many families of plants, bacteria, and with its carbohydrate contentligosaccharides and polysaccha-
fungi. According to the type of linkage, fructans are classified into rides are the main constituents of the tuberous roo. géiponicus.
several families including inulin, which comprises—<2)-linked The structure and function of these carbohydrates have never been
pB-p-fructofuranosyl units, levan, which comprises—8)-linked well characterized. So far, only some oligosaccharides and one low
p-p-fructofuranosyl units, and graminan, which comprises both molecular weight polysaccharide from Radix Ophiopogonis have
(2—1)-linked and (2-6)-linked -p-fructofuranosyl units. Although been reported.
there are many reports on the structural analysis of fructans, reports  |n order to reveal the nature of active polysaccharides and their
on the bioactivity of fructans are still scanty. pharmacological mechanismolysaccharides from Radix Ophio-

O. japonicusKer-Gawler (Liliaceae) is an evergreen perennial. pogonis were analyzed. In this paper, a fructan, named as Opaw-2,
Its roots are widely used in traditional Chinese medicine (TCM) was isolated from the roots d. japonicus The structure and
as Radix Ophiopogonis. In combination with the rootsPainax function of Opaw-2 were characterized, and the results suggested
ginseng (Radix Ginseng) and flowers ofchisandra chinensis  that Opaw-2 could be responsible for the immune functio®of
(Fructus Schisandra Chinensis), Radix Ophiopogonis has been usegaponicus
for treating disorders of the cardiovascular systedtm folk
medicine, Radix Ophiopogonis serves as an expectorant and arResults and Discussion
anticough and tonic agent and to reduce blood sugar. From this ) ) . L
root many steroidal glycosides and homoisoflavonoids as well as 1 ne water-boiled extract dd. japonicusroots was precipitated
monoterpene glycosides have been isolated and charactéfibed. by four volumes of EtOH to obtain a crude polysaccharide fraction.

major pharmacological effects @. japonicus such as reducing After removal of protein, the fraction was dissolved inCHand
further precipitated with 45% EtOH. The precipitate, dissolved in

* Corresponding author. E-mail: pengfeitu@bjmu.edu.cn. Tel: (86) 10- H,O, was loaded onto DEAE and Sepharose CL-6B columns for
8280 1404. Fax: (86) 10-8280 2750. purification. The profile of polysaccharides was followed, and a
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University Health Science Center. single peak of polysaccharide with the highest abundance was

*School of Medicinal Sciences, Peking University Health Science Center. chosen for further fanalysis (data not shown). This pO'ys_aCCharide
§ The Hong Kong University of Science and Technology. showed a symmetrical narrow peak, as revealed by a sizing column
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Table 1. EIMS Fragmentation of the Derivatives of Opaw-2
Produced by Reductive Cleavage and Acetylation

Wu et al.

Table 2. Assignment and Molar Ratio ¢f-p-Fruf and
a-D-Glep Residues in Each Opaw-2 Molectle

1,5-anhydro-2,3,4,6-tetr@methyl-o-glucitol (5.87)2 m/z41

(32%), 43 (18), 45 (53), 55 (8), 58 (14), 59 (27), 71 (80), 75 (50),
85 (12), 88 (35), 99 (25), 101 (100), 111 (11), 115 (13), 125 (15),
143 (23), 175 (12), 188 (5)
2,5-anhydro-1,3,4,6-tetr@-methyl-o-mannitol (5.99F m/z41
(24%), 43 (10), 45 (100), 55 (13), 59 (25), 71 (67), 74 (25), 75
(23), 83 (24), 85 (15), 87 (26), 89 (51), 99 (37), 101 (96), 111 (33),
115 (37), 125 (20), 126 (12), 143 (65), 156 (30), 175 (32), 188 (3),
221 (3)

2,5-anhydro-1,3,4,6-tetr@-methylp-glucitol(6.33)2 m/z41

(12%), 45 (57), 55 (8), 59 (15), 71 (35), 74 (11), 83 (7), 85 (10),
87 (23), 89 (27),99 (20),101 (100), 111 (25), 115 (18), 125 (5),
143 (33), 221 (3)
1-O-acetyl-2,5-anhydro-3,4,6-t-methylb-mannitol (8.39)
m/z41 (24%), 43 (92), 45 (72), 55, 59 (20), 69 (20), 71 (100),

75 (18), 83 (28), 85 (22), 87 (50), 89 (21), 99 (22), 101 (95), 111
(73), 115 (53), 117 (30), 126 (33), 143 (67), 156 (10), 158 (12),
171 (9), 175 (5), 188 (7), 203 (10), 216 (3)
6-O-acetyl-2,5-anhydro-3,4,6-t-methylb-glucitol (8.61)2

m/z41 (18%), 43 (73), 45 (55), 59 (17), 71 (72), 75, 83 (20), 87
(43), 89 (19), 98 (17), 101 (100), 111 (59), 114 (26), 115 (25),
117 (70), 126 (16), 143 (40), 156 (7), 171 (5), 188 (3), 203 (7),
216 (3)

1-O-acetyl-2,5-anhydro-3,4,6-t®-methyl-o-glucitol (8.78)2

m/z41 (24%), 43 (85), 45 (58), 55 (7), 59 (23), 71 (95), 75

(10), 83 (20), 87 (56), 89 (19), 99 (20), 101 (100), 111 (59),

114 (24), 115 (23), 117 (40), 126 (48), 143 (25), 158 (10),

171 (7), 188 (7), 203 (5)
1,6-di-O-acetyl-2,5-anhydro-3,4-dB-methyl-o-mannitol (11.60%}
m/z41 (13%), 43 (100), 45 (15), 59 (10), 71 (33), 83 (13), 85

(8), 87 (38), 101 (17), 111 (10), 117 (20), 154 (6), 186 (5), 216 (7)
1,6-di-O-acetyl-2,5-anhydro-3,4-db-methyl-b-mannitol (12.09}
m/z41 (13%), 43 (100), 71 (40), 87 (37), 101 (13), 111 (15),

assignmerit molar rati®

terminal 2.8

2,1-linked 11.2
pro-Frd 2.6-linked 25

1,2,6-linked 2.8-p-Glep
terminal 0.6

a Assignments were based on methylation analydigolar ratio of
monosaccharides was determined by GC-MS analysis.

10% of the sample. Reductive cleavage gave the only glucose-
derived unit, suggesting that thelinked-d-Glcp residue was in
the nonreducing terminal position and was linked only at the
1-position.

The NMR spectra of Opaw-2 indicated that the above deduced
sugar linkages coincided with the predicted structure of Opaw-2
(Figure 1). According td3C NMR and published valuésil12the
anomeric carbon resonancesdal03.9 and 103.6 were assigned
to C-2 of the (2-1)-linked fructose residues, and the anomeric
carbon signals ad 104.3 and 104.5 to C-2 of the terminal and
branched fructose residues. Those signadsldi4.7 and 104.9 were
assigned to (2-6)-linked fructose residues. The occurrence of
(2—6)-linked fructose residues was also strongly supported by the
signal atd 80.9. The resonance at81.7 indicated linkage at C-5.
The broad signal at 63.7 was characteristic of 6-substitution from
the (2—6)-linked fructose residuésTable 3 summerizes the NMR
data of Opaw-2.

The structure of Opaw-2 was further confirmed by its HMQC
and HMBC spectra. In the HMBC spectra, two resonances, at
103.9 for (2-1)-linked fructose and 104.3 for (1,2-6)-linked

115 (16), 117 (17), 124 (10), 125 (5), 143 (5), 156 (4), 216 (5)

fructose, correlated with the H-1 signal@&b.22 of theo-p-Glcp
2The retention time of the derivatives produced by reductive cleavage residues. No other correlative signal between/heFruf residue
and acetylation. and thea-p-Glcp residue was identified. The-b-Glcp residues
) ) were therefore linked at the 1-position by O-2 of the~(®-linked
on HPLC with an ELSD detector. Comparing to dextran standards, ¢ ctose residue or the (1:26)-linked fructose residue. The H-1
the calibrated molecular mass of this homogeneous polysaccharidesigna|s of (2=1)-linked B-b-Fruf residues correlated with the C-2
was approximately 14 kDa. We named this polysaccharide Opaw- signal of the (26)-linkeg3-p-Fruf residue. The C-2 signal of the
2. nonreducingf-pb-Fruf residue showed cross-peaks with the H-6
Opaw-2 was free of protein and uronic acid according to the signal of the (1,2-6)-linked S-p-Fruf residue. Opaw-2 is thus a
determination by the Lowfyand m-hydroxyldiphenyl method$. fructan in which the O-1 of the (21)-linked -p-Fruf residue is
Its specific rotation ]z was—56 (¢ 0.1, H,0). The composition  Jinked at C-2 of the (2-6)-linked 5-b-Fruf residue, the O-6 of the
of sugars, as determined by acid hydrolysis and HPLC, gave (2—6)-linked S-p-Fruf residue is linked at C-2 of the (126)-
fructose and glucose in a molar ratio of 30:1. The absolute |inked 5-b-Fruf residue, and the ends consistosfl-linked b-Glcp
configurations of the sugars after acid hydrolysis were determined residues and a termingo-Fruf residue.
by the analysis of TMSif)-2-butylglycosides as describéd. From the above data, a feasible structure of Opaw-2 is proposed
Identification of trimethylsilylated )-2-butyl glycosides of the  in Figure 1, wheren indicates the unit number of the polymer.
sugars was carried out from the retention time relative to trimeth- Opaw-2 has a highly branched structure with predominanttyl(2
ylsilylated methyla-p-glucopyranoside and standard substance. To p-linked and a small amount of {26)-linked p-fructosyl backbone
further determine the linkage of sugars in Opaw-2, the fructan was pranched at O-6 of (21) p-fructosyl residues that terminated with
methylated and reductively cleaved, then the partially methylated a fructosyl residue, while the terminal glucosyl residue was linked
fructan was analyzed by GC-MS to show seven peaks. According at O-2 of the fructosyl residue at the end of the polymer. Opaw-2
to the published literature and datab&see fragmentation patterns  is therefore a typical fructan.
of these peaks were identified (Table 1). The peak area ratio of the  The biological function of Opaw-2 was elucidated. In cultured
methylated fragments was used as a parameter for comparison, an@alb/c mice lymphocytes, Opaw-2 was applied from 10 to 260
the integrated peak areas were corrected using the effective-carbonmL for 3 days. In order to quantify the proliferation rate, the DNA
response methdtl.The fragmentation patterns of the methoxy synthesis as revealed by the incorporation3f] [thymidine was
derivatives were identical to the reported val&i&&The molar ratio determined in the treated lymphocytes. The application of Opaw-2
of (2—1)-linked and (2-6)-linked fructose residues was calculated induced lymphocyte proliferation in a dose-dependent manner
according to the reported meth#tTable 2 shows the proportions  (Figure 2). Compared with the basal proliferation, the treatment of
of the several types of linkefl-D-Fruf ando-p-Glep residues. As  Opaw-2 at 3Qug/mL for 3 days increased the incorporation #4]
shown in Table 2, the molar ratio of termirffructosyl residues  thymidine by 2-fold, while the increase reached 3-fold when using
and (1,2-6)-linked p-fructose residues was about 1:1, indicating 100 ug/mL Opaw-2.
that there was a nonreducing fructosyl end linked at each of the  |n order to determine the relationship between the immunological
branch points. activity and the conformation of Opaw-2, the microscopic mor-
The summation of (2-1)-linked fructose residues corresponded phologies of this fructan were determined using atomic force
to approximately 61% of the total applied sample, and the microscopy (AFM). A sample was dissolved in distillegHat
p-fructosyl residues having the-{#6) branching was approximately  two concentrations: 10 and 3@g/mL. The fructan showed a
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Figure 1. Deduced unit structure of Opaw-2, wheres the number
of residuesif = 1, 2, 3, 4; & = m).

Table 3. Chemical Shift Assignments for tHéC NMR Spectra
of Opaw-2 (125 MHz, in RBO)?

—6)-Fru-(2— —1)-Fr¥-(2— Fruf-2— —1,6)-Frd-(2— o-b-Glcp
C-1 60.7,61.2 63.7,63.2 62.9 62.9 92.9
C-2 104.7,1049 103.9,103.6 104.2 104.5, 104.3 72.2
C-3 772 77.9,78.0 773 77.4,77.7 71.7
C-4 758 75.0,752 75.2 75.3 69.8
C-5 809 81.7 81.7 80.9 73.1
C-6 637 63.2 62.9, 61.5 63.7 60.4

aThe linkage assignments were based on HMQC and HMBC
experiments? Unresolved from other signals.
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Figure 2. Opaw-2-induced proliferation of cultured lymphocytes.
The mitogenic activity of Opaw-2 was examined at concentrations
from 10 to 10Qug/mL. Cultured mouse lymphocytes 41 cells)
were treated with Opaw-2 or LPS at/g/mL for 3 days. $H]-
thymidine (BH]-Thy) was addd 6 h before cell collection. Each
triplicate data point represents the meargD, n = 6. LPS (5ug/

mL) served as a positive control. ** indicatps< 0.01 and ***
indicatesp < 0.001.

Figure 3. Images of Opaw-2 under AFM: 10g/mL (A) and 30
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than those of the native molecules due to the reduction in probe
broadening. Figure 3 shows that the width of the individual
molecule, the tip shape, and the tip size could be broadened by
several factors when changing the scanning speed during micros-
copy. Nevertheless, AFM imaging revealed the morphological
change of Opaw-2 at high concentration.

Most of the reported fructans from plants have small molecular
weights. However, Opaw-2 has a molecular mass of about 14 kDa.
By comparing to previously reported fructahd? Opaw-2 belongs
to the graminan-type fructans, which have a distinct structural
feature with a special molar ratio of{21)-d-linked and (2-6)-
linked p-fructosyl residues and O-linkage types.

In accord with the proposed biological functions of Opaw-2
isolated from Radix Ophiopogonis as described here, bioactivities
of other fructans have also been reported. An inulin-type fructan
from Arctium lappal., var. Herkuleswas shown to have mitogenic
activity.1® In addition, several active graminan-type fructans were
reported to have antitumor or antivirus actfeff. Comparing to
these reported active fructans, Opaw-2 has a distinctly differ-
ent chemical structure, which may explain their functional differ-
ences.

There are reports indicating that inulin was linear in solution,
while others suggested that the favorable conformation for levan
was a helix and inulin tended to form random coil structufe¥’

A synthesized high molecular weight inuliMg 90 x 1) was
described to have branches and be globular in shape in dilute
aqueous and DMS®. Except for these fructans, other polysac-
charides showed different molecular morphologies. For example,
under AFM, scleroglucan displays a linear triple-helical form at
10 ug/mL.*° As a bacterial polysaccharide, gellan gum showed a
linear chain image at less thanu@/mL and formed a network at
more than 3ug/mL with AFM.2° In the present paper, the images
obtained with AFM for our Opaw-2, a graminan-type fructan,
revealed for the first time that this polymer was globular in shape
in dilute aqueous solution (1y/mL), but formed a helical fibrous
chain structure at 3@g/mL. This was presumably due to molecular
interactions at high concentration resulting in drastic conformation
changes. This result is therefore different from those molecules
described earlier. The relationship between the morphology and
immunological activity of Opaw-2 is not very clear, and further
studies will be carried out.

Experimental Section

General Experimental ProceduresOptical rotation of Opaw-2 was
measured in distilled $D at 20°C usirg a 1 cmlight path length cell
with a Perkin-Elmer 243B polarimeter. The infrared spectra (IR) of
native polysaccharides and the methylated polysaccharides were
recorded on a Perkin-Elmer 599B spectrometer. GC-MS analyses were
performed on a Finnigan Trace GC-MS instrument. Carbohydrates were
determined by the phenolf8O, method. Uronic acid and protein
contents were determined by thehydroxydiphenyl and the Lowry
methods® respectively. The hydrolyzates were analyzed using TLC
on a silica gel plate containing 5% NaPO, and developed with
BuOH—-EtOAc—isopropyl alcohotHOAC—H,O—pyridine (3.5:10:6:
3.5:3:3). The plate was visualized with 1,3-naphthalenediol reagent,
then heated at 11TC for 10 min. Homogeneity and molecular weight
were detected and determined by HPSEC, which was performed on an
Agilent 1100 series apparatus with a Shodex KS-805 column (Shoko,
Japan). The column was calibrated with T-series dextrans, T-2000,
T-500, T-200, T-70, and T-40, and glucose (Amersham Pharmacia,

ug/mL (B). Opaw-2 samples were prepared and viewed under ATF Sweden). The sample concentration was 1% (w/v). Distilled Was
as described in the Experimental Section. Arrowheads show theused as the solvent and eluent. The flow rate was kept at 1.0 mL/min.

formation of fibrous structure at high concentration of Opaw-2.

globular shape at 1g/mL (Figure 3A). In contrast, it formed a
fibrous structure at 3@g/mL (Figure 3B). The fibrous structures
had a helical conformation, some of which formed a knot in the
linear length. The thickness of the individual molecules was less

An 20 uL aliquot was injected for each run. The completeness of
methylation was confirmed by the disappearance of the hydroxy
absorption in the IR spectrum. Samples were dissolved® (©9.96%

D atom), deposited 24 h, freeze-dried, and redissolved.@ D 5

mm tubes. All NMR spectra were obtained with a Bruker AM 500
spectrometer with a dual probe in the FT mode at room temperature.
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Plant Material. Roots ofO. japonicuswvere collected from Sichuan University Health Science Center Experimental Animal Laboratory.
Province of China in April 2002. The herbs were identified by our Mice were sacrificed, and their spleens were removed and gently pressed
experts at the School of Pharmaceutical Sciences. A voucher specimerthrough a sterilized iron sieve to obtain single cell suspensions. The
of this plant, [M-2-(6)], was deposited at the School of Pharmaceutical cell suspension was washed with PBS, and red blood cells were lysed

Sciences, Peking University. with lysis buffer (0.15 M NHCI, 1.0 mM KHCG;, 0.1 mM EDTA,
Extraction and Isolation of Opaw-2 from O. japonicus. The pH 7.2) for 3 min. The spleen cells were washed before culturing in

tuberous roots oD. japonicug1500 g) were extracted continually with  U-bottom well culture plates (2Qvell) in a volume of 200uL per

95% EtOH under reflux and hot distilled.8 (3) (1.5 h). The hot FD well. After 3 days of drug treatment, DNA synthesis was measured by

extract was filtered and centrifuged. The supernatant (189.6 g) was [*H]-thymidine (Amersham Pharmacia, Sweden) incorporationGit
precipitated with four volumes of EtOH, to give 50.6 g of precipitate. well) in the find 6 h of the culture period. The data were tested for
After protein removal, the resulting residue (42.5 g) was dissolved in statistical differences using the Studerittest.
distilled H,O and further precipitated with 45% EtOH as the OPa Microscopy Morphologies of the Polymer.The morphologies of
fraction (10.2 g). The OPa (2 g) was dissolved in distillegDH100 polymers were determined using an atomic force microscope manu-
mL, 8%w/v) and further separated using a DEAE column 78 cm) factured by NanoDevices, Inc. (DI Digital Instruction, Veeco Metrology
and a gradient of 0Oot2 M NaCl in 1.5 L. The distilled kKD fraction Group) as described in the literatiffelmages were acquired in dc
of Opaw was dialyzed and lyophilized (yield: 1.2 g). Opaw (300 mg) contact mode under constant force conditions. Polysaccharide solutions
was separated by gel-permeation chromatography on a Sepharose CL{~1.0 mg/mL) were diluted to 10 and 3@/mL. The sample (1@L)
6B column (80x 2.6 cm) eluted with 0.2 M NaCl (1500 mL). was deposited onto freshly cleaved mica and then allowed to dry in air
Polysaccharide fractions of 5 mL corresponding to Opaw-2 were pooled, (~30 min). Imaging was carried out in air while the samples remained
dialyzed, and freeze-dried. visibly moist.

After desalting by Sephadex G-25 (601 cm column), the Opaw-2
fraction (110 mg) was further purified by gel-filtration chromatography th
on a Sephadex G-75 fine column (801 cm) eluted with distilled
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