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a  b  s  t  r  a  c  t

Two  pectic  polysaccharides,  50WCP-II-I  and  100WCP-II-I,  were obtained  from  50  and  100 ◦C water
extracts  of Codonopsis  pilosula  roots  by  ion  exchange  chromatography  and  gel  filtration.  The  study  of
the  sub-fractions  obtained  after  pectinase  degradation  showed  that  the  complement  fixation  activities
of  these  pectins  are  expressed  mainly  by  their  ramified  regions.  The  structure  studies  of  native  and  sub-
fractions  showed  the  50WCP-II-I  is a  pectic  polysaccharide,  with  long  homogalacturonan  regions  (some
eywords:
odonopsis pilosula
omplement fixation activity
olysaccharides
hamnogalacturonan I

of the  galacturonic  acid  units  were  methyl  esterified),  interrupted  by  one  short  rhamnogalacturonan  I
(RG-I)  region.  The  side  chains  of  the  RG-I  region  are  arabinogalactan  type  I  (AG-I)  and  type  II  (AG-II)
attached  on  position  4 of rhamnose.  The  100WCP-II-I  has  two  main  ramified  regions,  one  is  galacturonan
region  with  AG-I  side  chain  on  position  2 of GalA,  and the  other  one  is  RG-I  region  with  AG-II  side chain
on  position  4 of  Rha.

© 2014  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Radix Codonopsis is one of the most popular ingredients in tra-
itional herbal medicines in China, Japan and Korea, and consists
f the root of Codonopsis pilosula (Franch.) Nannf., C. pilosula Nannf.
ar. modesta L.T.Shen and C. tangshen Oliv. It was used in tradi-
ional medicine to lower blood pressure and increase white blood
ell count, and is reported to cure appetite loss and boost immu-
ity (China Pharmacopoeia Commission, 2010). Radix Codonopsis
as utilized primarily as a substitution for ginseng (Panax ginseng),
nd was therefore called poor man’s ginseng. Some reports indicate
hat the main components of Radix Codonopsis are sterols, triter-
enes, lobetyolin (He, Zhu, Wang, Xu, & Hu, 2005), atractylenolide

Abbreviations: AG-I, arabinogalactan type I; AG-II, arabinogalactan type II; Ara,
rabinose; ASE, accelerated solvent extraction; EtOH, ethanol; Fuc, fucose; Fru, fruc-
ose; Gal, galactose; GalA, galacturonic acid; GF, gel filtration; Glc, glucose; GlcA,
lucuronic acid; HG, homogalacturonan; HMW,  high molecular weight; IEC, ion
xchange chromatography; KDO, 3-deoxy-d-manno-2-octulosonic acid; LMW, low
olecular weight; Man, mannose; Mw, molecular weight; PABR, phenol-acetone-

oric acid reagent; RG-I, rhamnogalacturonan type I; RG-II, rhamnogalacturonan
ype II; Rha, rhamnose; Xyl, xylose.
∗ Corresponding author. Tel.: +47 22856549; fax: +47 22854402.

E-mail address: yuanfeng.zou@farmasi.uio.no (Y.-F. Zou).

ttp://dx.doi.org/10.1016/j.carbpol.2014.07.036
144-8617/© 2014 Elsevier Ltd. All rights reserved.
III (Wang, Xu, Namba, & Tsuneo, 1991), alkaloids and polysaccha-
rides. Radix Codonopsis is an edible medicinal plant with abundant
nutritive components, such as protein, essential amino acids and
minerals (Bi, Zhang, Chen, & Wu,  2008).

Recently, several investigators reported that the polysaccha-
rides extracted from Radix Codonopsis had several bioactivities
such as significantly increased lymphocyte proliferation (Sun &
Liu, 2008), stimulation of splenocytes mitogenic response (Wang,
Ng, Yeung, & Xu, 1996), improvement of the compensatory
hematopoiesis of spleen (Yang, Li, Liu, & Xian, 2005; Zhang, Zhu,
Hu, Lai, & Mo,  2003), scavenging of oxygen free radicals (Li & Yang,
2001), and antitumor activities (Xin et al., 2012; Xu, Liu, Yuan, &
Guan, 2012). Hot-water reflux extraction and ultrasound extrac-
tion techniques are the main extraction methods used to isolate
polysaccharides from Radix Codonopsis in recent studies (Sun, Liu,
& Kennedy, 2010; Zou, Chen, Yang, & Liu, 2011). Most of the current
reports on C. pilosula polysaccharides focused on their isolation,
pharmacological activity and therapeutic effects. Only a few of
these compounds have been characterized, and most of them are
neutral polysaccharides (Han, Cheng, & Chen, 2005; Ye et al., 2005;

Zhang et al., 2005; Zhang, Zhang, Yang & Liang, 2010).

Pectins are generally known to be composed of linear homo-
galacturonan (HG) regions and branched rhamnogalacturonan (RG)
I and II regions (Waldron & Faulds, 2007). The HG or “smooth

dx.doi.org/10.1016/j.carbpol.2014.07.036
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2014.07.036&domain=pdf
mailto:yuanfeng.zou@farmasi.uio.no
dx.doi.org/10.1016/j.carbpol.2014.07.036
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egions” are consisting of 1,4-linked galacturonic acid (GalA) that
ay  be interrupted by ramified rhamnogalacturonan (“hairy”)

egions with backbone of alternating of 1,2-linked rhamnose (Rha)
nd 1,4-linked GalA residues (RG-I). The side chains of RG-I consist
sually of arabinogalactans (AG) type I and II, attached on position

 of Rha. The branched regions of the pectins are thought to be
elated to their immunomodulating activities (Yamada & Kiyohara,
007). RG-II contains various rare sugars and complex oligosac-
haride chains, and has an extremely complex structure (Perez,
odriguez-Carvajal, & Doco, 2003). The chemical characteristics
nd biological activities of pectic polysaccharides, especially those
rom plants used in the treatment of wounds, ulcer and cancer
ave been reported (Austarheim, Mahamane, et al., 2012; Lin et al.,
013; Samuelsen et al., 1996; Yamada & Kiyohara, 1999; Zong, Cao,

 Wang, 2012). Only one antitumor pectic polysaccharide, CPP1b,
as isolated from C. pilosula (Franch.) Nannf, and this has been well

haracterized (Yang et al., 2013); no study on the pectins from C.
ilosula Nannf.var.modesta L.T.Shen has been published until now.

In this paper, we describe the isolation, structure elucidation,
nd biological activity of polysaccharides isolated from roots of C.
ilosula Nannf.var.modesta L.T.Shen. The aim of the study was also
o determine what part of the two major polysaccharides was  the

ost important for the effect on the complement system. Enzy-
atic treatments of the pectins to isolate their different structural

lements have been performed and the sub-fractions compared
egarding both structure and complement fixation activity.

. Materials and methods

.1. Plant material

The roots of C. pilosula Nannf. var. modesta L.T.Shen were col-
ected from Jiuzhaigou County (Sichuan Province, P.R. China), and
dentified by Prof. Xing-Fu Chen, College of Agronomy, Sichuan
gricultural University. The roots were washed, dried and pulver-

zed to a fine powder in a mechanical grinder.

.2. Extraction of polysaccharides

Accelerated solvent extraction (ASE) was performed on a Dionex
SE350 Accelerated Solvent Extractor (Dionex, Sunnyvale, CA,
SA). Two hundred g of powdered roots were weighed, mixed
ith 50 g of diatomaceous earth and packed in eight 100 mL  stain-

ess steel cells. The extractions were performed at 1500 psi, with
 min  heating, 5 min  static time, and a 60 s purge for a total of
hree cycles. In order to remove lipophilic and low molecular
eight compounds, the samples were pre-extracted twice with 96%

thanol and 50% ethanol–water at 70 ◦C. The samples were further
xtracted twice with distilled water of 50 and 100 ◦C. After extrac-
ion, the water extracts were subjected to ultrafiltration (cut off

 kDa), and the high molecular weight (HMW)  fraction was  con-
entrated, dialyzed at cut-off 3500 Da and lyophilized.

The HMW  fractions were filtered through 0.45 �m filters
nd applied to an anion exchange column packed with ANX
epharoseTM 4 Fast Flow (high sub) (GE Healthcare Bio-Sciences,
ppsala, Sweden). The neutral fractions were eluted with distilled
ater (at 2 mL/min), while the acidic fractions were eluted with

 linear NaCl gradient in water (0–1.5 M)  at 2 mL/min. The carbo-
ydrate elution profiles were monitored using the phenol-sulfuric
cid assay (Dubois, Gilles, Hamilton, Rebers, & Smith, 1956). The
elated fractions were pooled (Fig. 2 A and B), dialyzed at cut-off

500 Da against distilled water for removal of NaCl, and lyophilized.

The acidic fractions marked in Fig. 1 were dissolved in elution
uffer (10 mM NaCl), filtered through a Millipore filter (0.45 �m),
nd subjected to gel filtration after application on a HiloadTM 26/60
mers 113 (2014) 420–429 421

SuperdexTM 200 prep grade column (GE Healthcare) combined
with the Äkta system (FPLC, Pharmacia Äkta, Amersham Pharma-
cia Biotech, Uppsala, Sweden), and eluted with 10 mM NaCl at
1.0 mL/min. Fractions were pooled based on the elution profile
(Fig. 2C and D), as determined by the phenol-sulfuric acid assay,
dialyzed and lyophilized.

2.3. Enzymatic degradation of the polymers

The main fractions 50WCP-II-I and 100WCP-II-I were subjected
to enzymatic degradation. Endo-�-D-(1–4)-polygalacturonase was
used for production of “hairy” or ramified regions of the polymers.
The sample (40 mg)  was  dissolved and de-esterified in 4 ml  50 mM
NaOH for 24 h at 0 ◦C. The reaction solution was neutralized by
adding a few drops of glacial acetic acid. The de-esterified sample
was diluted with 50 mM acetate buffer (pH 4.0) to a concentration
of 5 mg/ml  and 2 �l of enzyme was added (Pectinase, 3800 U/ml,
Megazyme, Wicklow, Ireland). The enzymatic degradation pro-
ceeded at 37 ◦C until the increase in reducing end groups stopped
(26 h), determined with dinitrosalicylic acid (Knutsen, 1991; Miller,
1959). The reaction was  terminated by heating at 100 ◦C. The par-
tially enzymatic degraded fractions were further fractionated by
size exclusion chromatography on a BioGel P30 (Bio-Rad, Hercules,
CA, USA) column (2.5 cm × 75 cm) with distilled water as eluent
at 0.5 mL/min. The carbohydrate elution profile was  determined
with phenol-sulphuric acid method and the relevant acidic frac-
tions were pooled (Fig. 2E and F) and lyophilized directly.

2.4. Chemical compositions and linkage determination

The monosaccharide compositions of fractions were deter-
mined by gas chromatography (GC) of the trimethylsilylated (TMS)
derivatives of the methyl-glycosides obtained after methanolysis
with 3 M hydrochloric acid in anhydrous methanol for 24 h at 80 ◦C
(Austarheim, Christensen, et al., 2012; Barsett, Paulsen, & Habte,
1992; Chambers & Clamp, 1971). Mannitol was used as an inter-
nal standard. The TMS  derivatives were analyzed by capillary gas
chromatography on a Focus GC (Thermo Scientific, Milan, Italy). The
quantitative determination of fructose (Fru) was performed using
the phenol-acetone-boric acid reagent (PABR). The PABR assay was
carried out as described by Boratynski (1984) and modified by
Chaplin (1994). The total amount of phenolic compounds in the
purified polysaccharide fractions were quantitatively determined
using the Folin–Ciocalteu assay (Singleton & Rossi, 1965). The pro-
tein content of the polysaccharide fractions was  determined by the
Bio-Rad protein assay, based on the method of Bradford (Bradford,
1976).

Glycosidic linkage elucidation was  performed by methylation
studies. Prior to methylation, the free uronic acids were reduced
with NaBD4 to their corresponding neutral sugars. After reduction
of the polymers, methylation, hydrolysis, reduction and acetylation
(Kim & Carpita, 1992) were carried out. The derivatives were ana-
lyzed by GC–MS using a GCMS-QP2010 (Shimadzu, Kyoto, Japan)
attached to a Restek Rxi-5MS column (30 m;  0.25 mm i.d.; 0.25 �m
film). The injector temperature was 280 ◦C, the ion source tem-
perature 200 ◦C and the interface temperature 300 ◦C. The column
temperature was  80 ◦C when sample was  injected, then increased
with 10 ◦C/min to 140 ◦C, followed by 4 ◦C/min to 210 ◦C and then
20 ◦C/min to 300 ◦C. Helium was  the carrier gas (pressure control:
80 kPa). The compound at each peak was characterized by an inter-

pretation of the retention times and the characteristic mass spectra.
The estimation of the relative amounts of each linkage type was
related to the total amount of each monosaccharide type as deter-
mined by methanolysis.
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ig. 1. Extraction and fractionation scheme of polysaccharides extracted by accelera
F,  gel filtration).

.5. Molecular weight determination

The homogeneity and molecular weight of the native puri-
ed polysaccharide fractions were determined by size exclusion
hromatography on a HiloadTM 16/60 SuperdexTM 200 prep grade
olumn (GE Healthcare) combined with the Äkta system (FPLC,
harmacia Äkta) with RID-10 A detector (Shimadzu, Kyoto, Japan).
extran polymers (Pharmacia) of 5.6, 19, 233 and 475 kDa were
sed as calibration standards. The phenol-sulphuric acid method
as employed to determine the carbohydrate elution profiles of the
olysaccharides fractions (Fig. 2G and H). The fractions obtained
fter enzymatic degradation of 50WCP-II-I and 100WCP-II-I fol-
owed by separation on BioGel P30 were estimated from the
alibration curve of the elution volume of standard dextrans. Dex-
ran polymers of 19.1, 11.7, 7.6, 5.6 and 2.3 kDa were used as
alibration standards.

.6. Precipitation with the Yariv ˇ-glucosyl reagent

Precipitation with the Yariv �-glucosyl reagent was per-
ormed on the samples as described by van Holst and Clarke

1985). The Yariv �-glucosyl reagent forms a colored precipi-
ate with compounds containing AG-II structures. A solution of
rabic gum in water (1 mg/mL) was used as a positive con-

rol.
lvent extraction (ASE) from roots of C. pilosula (IEC, ion exchange chromatography;

2.7. Complement fixation assay

The complement system is an important part of the innate
immune system which also cooperates with the adaptive immune
system in many ways. The complement system consists of
over 20 serum proteins including nine complement components
(C1–C9) and their regulators, and is normally present in blood
serum in an inactive form. The component proteins can be
activated through three separate pathways: the classical path-
way, the alternative pathway, and the lectin pathway (Ricklin,
Hajishengallis, Yang, & Lambris, 2010). The complement fixa-
tion assay method A (Michaelsen, Gilje, Samuelsen, Høgåsen, &
Paulsen, 2000) was  designed to detect the activities of substances
through the classical pathway of complement system. The classi-
cal pathway is often referred to as “antibody-dependent” because
it is strongly initiated by immune complexes containing IgM
and/or IgG cluster with complement component 1 (C1) (Ricklin
et al., 2010). The complement fixation test is based on inhibi-
tion of hemolysis of antibody sensitized sheep red blood cells
(SRBC) by human sera as described by Michaelsen et al. (Method
A) (2000). BPII, a highly active pectic polysaccharide from the
aerial parts of Biophytum petersianum Klotzsch (syn. B. umbrac-

ulum) (Grønhaug et al., 2011; Inngjerdingen, Coulibaly, Diallo,
Michaelsen, & Paulsen, 2006), was used as a positive control. Inhi-
bition of lysis induced by the test samples was calculated by
the formula [(Acontrol − Atest)/Acontrol] × 100%. From these data, a
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Fig. 2. Elution profiles. (A) IEC elution profile of fraction 50WCP. (B) IEC elution profile of fraction 100WCP. (C) GF elution profile of fraction 50WCP-II. (D) GF elution profile
of  fraction 100WCP-II. (E) GF elution profile of 50WCP-II-I after pectinase degradation. (F) GF elution profile of 100WCP-II-I after pectinase degradation. (G) Size exclusion
chromatography elution profile of fraction 50WCP-II-I. (H) Size exclusion chromatography elution profile of fraction 100WCP-II-I. A490 stands for absorbance at 490 nm as
described in phenol-sulphuric acid method.
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ose-response curve was created to calculate the concentration
f test sample giving 50% inhibition of lysis (ICH50). A low ICH50
alue means a high complement fixation activity. All samples were
nalyzed in triplicates.

.8. Nuclear magnetic resonance (NMR) spectroscopy

50WCP-II-I and 100WCP-II-I were deuterium exchanged three

imes by freeze-drying in D2O, after which one- and two-
imensional spectra were recorded in D2O solution on a Bruker
V600 instrument (Bruker, Rheinstetten, Germany; 1H NMR  spec-

ra at 600 MHz, 13C spectra at 150 MHz) at a temperature of 335 K.
3. Results

3.1. Extraction and purification of polysaccharide fractions

The roots of C. pilosula were further extracted with 50 and
100 ◦C water after pre-extraction with 96% ethanol (EtOH) and 50%
water–ethanol (50%EtOH). The crude water extracts 50WCP and
100WCP were subjected to anion exchange chromatography. Two

active acidic fractions, 50WCP-II and 100WCP-II were obtained and
applied to a gel filtration column. 50WCP-II-I and 100WCP-II-I were
the most abundant and active fractions, isolated from 50WCP-II and
100WCP-II, respectively.
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Table 1
Monosaccharide composition (mol%) and Mw of native fractions and fractions obtained after pectinase digestion of the major bioactive fractions from roots of C. pilosula.

50WCP-II-I 50WCP-II-Ia 100WCP-II-I 100WCP-II-Ia 100WCP-II-Ib

Araa 5.8 6.9 7.5 8.0 8.8
Rhaa 5.7 2.9 6.4 3.5 20.8
Fuca 1.0 1.7 Trace 1.6 2.8
Xyla 1.0 1.2 0.8 2.1 0.4
Mana 0.4 5.7 0.3 6.6 0.4
Gala 11.2 21.8 12.4 20.2 11.1
Glca 2.6 6.3 2.3 6.0 2.8
GlcAa 1.3 3.0 1.2 2.8 4.8
GalAa 71.4 50.6 69.0 49.2 48.2
Mw  (kDa) 71.6 17.3 53.2 17.3 1.3
The  Yariv testb + + + − +

lc, Glc
 with t

3
f

5
d
m
f
s
I
m
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b
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f
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c
m
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t
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t
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n

a mol% related to total content of the monosaccharides Ara, Rha, Xyl, Man, Gal, G
b The presence of arabinogalactans type II (AG-II) was  identified by precipitation

.2. Chemical compositions and linkage analyses of parent
ractions

After methanolysis, the monosaccharide compositions of the
0WCP-II-I and 100WCP-II-I were analyzed by GC as the TMS
erivatives of the methyl-glycosides. The content of Fru was  esti-
ated using PABR method; the results indicated that neutral

ractions 50WCPN and 100WCPN consisted of 96% Fru (data not
hown). The monosaccharide compositions present in 50WCP-II-

 and 100WCP-II-I, are similar and typical for pectins, consisting
ainly of galacturonic acid (GalA), rhamnose (Rha), galactose (Gal)

nd arabinose (Ara). The Bio-Rad protein assay showed negligi-
le amounts of protein to be present in 50WCP-II-I (0.06%) and
00WCP-II-I (0.46%). A higher amount of phenolic compounds was
ound in fraction 50WCP-II-I (1.43%) than fraction 100WCP-II-I
0.69%), determined by the Folin–Ciocalteu assay. Size exclusion
hromatography using dextran standards was employed to deter-
ine the average Mw of the purified fractions, the results indicated

hat fraction 50WCP-II-I has a slightly higher Mw  than 100WCP-II-I
Table 1).

In order to determine the nature of the glycosidic linkages of
he different monosaccharides in the purified fractions 50WCP-II-

 and 100WCP-II-I, permethylation of the reduced polymers was
erformed, partially O-methylated alditol acetates (PMAAs) were

repared and subjected to GC–MS. The results are given in Table 2.
he main structural feature is the 1,4-linked galacturonan, with
nly a few units as branch points on position 2 or 3 of GalA. The Rha

able 2
he linkages (mol%) of the monosaccharides present in native fractions and frac-
ions obtained by gel filtration after pectinase treatment determined by GC–MS
fter methylation.

50WCP-II-I 50WCP-II-Ia 100WCP-II-I 100WCP-II-Ia

Ara Tf 4.7 6.6 5.6 8.0
1  → 5f 0.9 0.2 1.2 n.d.
1  → 3,5f 0.2 0.1 0.7 n.d.

Rha 1 → 2p 4.0 0.7 4.3 3.5
1  → 2,4p 1.7 2.2 2.1 n.d.

Gal  Tp 3.5 4.8 1.9 4.9
1  → 3p 0.9 0.4 1.2 n.d.
1  → 4p 3.3 14.9 5.8 12.6
1  → 6p 1.1 0.7 0.6 n.d.
1  → 2,4p n.d. n.d. 1.0 2.7
1  → 3,6p 2.3 0.9 1.8 n.d.

Glc  Tp 1.3 3.0 1.9 0.5
1  → 4p 1.3 3.3 0.4 5.5

GlcA 1 → 4p 1.3 3.0 1.2 2.8
GalA Tp 0.8 1.6 0.8 n.d.

1  → 4p 67.7 38.6 66.4 38.0
1  → 3,4p 1.0 n.d. 0.3 n.d.
1  → 2,4p 2.0 10.3 1.4 11.2

.d., Not detected.
A, GalA.
he �-glycosyl Yariv reagent.

units are basically 1,2-linked, with branch points on position 4. As
the RG-I backbone generally consists of alternating units of Rha and
GalA, the low Rha to GalA ratio indicates that the backbone of these
two polysaccharide fractions consist of shorter RG-I structures, and
longer homogalacturonan regions. The Gal and Ara present have the
normal type of linkages that are found in the AG-I/AG-II side chain.
The presence of 1,3-linked, 1,6-linked and 1,3,6-linked Gal  indi-
cate the presence of AG-II structures in these two  fractions, as the
Yariv test gave a positive reaction. GlcA appearing in these two frac-
tions are 1,4-linked units. These features have certain similarities
with pectins that are composed of areas with hairy or ramified and
smooth regions. The 1,2,4-linked Gal was only detected in fraction
100WCP-II-I.

3.3. Enzymatic hydrolysis

The purified fractions 50WCP-II-I from 50 ◦C crude water
extracts and 100WCP-II-I from 100 ◦C crude water extracts
were subjected to enzymatic degradation by pectinase after de-
esterification by 50 mM NaOH to isolate the hairy regions of the
pectins. Pectinase hydrolyzes the smooth regions of de-esterified
1,4-linked GalA residues, leaving the hairy regions from the poly-
mer  intact, which could be isolated by gel filtration (Inngjerdingen
et al., 2006). Treating high molecular pectin with the enzyme usu-
ally generates RG-I, RG-II and oligogalacturonides with a degree of
polymerization between 1 and 5 (O’Neill & York, 2003). The pecti-
nase hydrolysate was  applied to a Bio-Gel P30 column to obtain
sub-fractions. The highest molecular weight fraction, 50WCP-II-Ia
(17.3 kDa), was  eluted first from the column, followed by the elution
of 50WCP-II-Ib (0.3 kDa). Three pectinase-resistant sub-fractions,
100WCP-II-Ia (17.3 kDa), 100WCP-II-Ib (1.3 kDa) and 100WCP-II-Ic
(0.2 kDa) were obtained from 100WCP-II-I.

The monosaccharide composition of the different fractions is
given in Table 1. The Mw’s of the fractions 50WCP-II-Ib and
100WCP-II-Ic are very low, and they are most probably disaccha-
rides or monosaccharides of GalA. 50WCP-II-Ia, a high Mw fraction
from 50WCP-II-I, consists of GalA (50.6 mol%), Gal, Glc, Ara, Man,
Rha and GlcA. Sub-fractions 100WCP-II-Ia and 100WCP-II-Ib con-
tain the same types of monosaccharides as 50WCP-II-Ia, albeit in
different amounts. Compared to 100WCP-II-Ia, 100WCP-II-Ib con-
tains higher amounts of Ara, Rha and GlcA. Fractions 50WCP-II-I,
50WCP-II-Ia, 100WCP-II-I, 100WCP-II-Ia and 100WCP-II-Ib all gave
a negative reaction in the thiobarbituric acid assay, indicating that
the monosaccharide 3-deoxy-D-manno-2-octulosonic acid (KDO)
and thereby RG-II region, are not present in these fractions.
3.4. Linkage analysis of the fractions after enzymatic degradation

The most active fractions after enzymatic degradation from each
native fraction which also had the highest Mw, 50WCP-II-Ia and
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Table  3
Complement fixation activity (ICH50; Concentration of the samples at 50% inhibi-
tion of hemolysis) of native fractions and fractions obtained by gel filtration after
pectinase treatment.

Fractions ICH50 (�g/mL)

50WCP-II-I 31.7
50WCP-II-Ia 6.5
50WCP-II-Ib >500
100WCP-II-I 32.0
100WCP-II-Ia 12.2
100WCP-II-Ib >500
100WCP-II-Ic >500
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BPIIa 11.9

a Positive control, a high active pectic polysaccharide from B. petersianum.

00WCP-II-Ia, were selected for linkage analysis. The results are
iven in Table 2.

The fraction 50WCP-II-Ia consists of a 1,4-linked galacturonan
ith a high degree of branching on position 2. The Rha is present

s 1,2-linked units with branching on position 4. Gal and Ara are
resent as typical linkage units for AG-II, which also was shown
y a positive Yariv reaction (Table 1). The presence of 1,4-linked
al may  indicate the presence of AG-I. These features indicate the
0WCP-II-Ia consists of an RG-I backbone with AG-I and AG-II side
hains.

The linkage units of 100WCP-II-Ia are different from 50WCP-II-
a. The Rha is present as 1,2-linked only. 1,3-linked Gal, 1,6-linked
al and 1,3,6-linked Gal were not detected in 100WCP-II-Ia indicat-

ng the absence of AG-II, this fraction gave also a negative reaction
n the Yariv test (Table 1). The Gal is present mainly as terminal
nits and 1,4-linked Gal and also with some branching points on
osition 2. The proposed feature of 100WCP-II-Ia is a 1,4-linked
alacturonan, interrupted by 1,2-linked Rha, with side chains sub-
tituted on position 2 of GalA. The side chains consist of 1,4-linked
alactans with branch points on position 2.

.5. Complement fixation activity

The results of complement fixation assay of the Fru rich neu-
ral fractions 50WCPN and 100WCPN showed no activity (data not
hown). As shown in Table 3, the purified fractions 50WCP-II-I and
00WCP-II-I exhibited similar potent human complement fixation
ctivities in vitro. These two fractions were less active than BPII, but
till quite active compared with other polysaccharides previously
tudied (Samuelsen et al., 1996). The activity of the fractions after

ectinase degradation and separation by gel filtration showed that
he highest Mw sub-fractions, 50WCP-II-Ia and 100WCP-II-Ia, had

 higher complement fixation activity than their parent fractions.
he activity of fraction 50WCP-II-Ia is significantly higher than

able 4
3C and 1H Chemical shifts (ı in ppm) of the polysaccharide fractions 50WCP-II-I and 100

Residues C1/H1 C2/H2 

50WCP-II-I
A -4-�-D-GalApA6Mea-(1- 103.1/4.98 71.0/3.82 

B -4-�-D-GalAp-(1- 102.2/5.12 70.8/3.75 

C  -2-�-L-Rhap-(1- n.d./5.29 n.d./n.d. 

D  t-�-L-Araf-(1- 110.4/5.08 n.d./n.d. 

100WCP-II-I
J  -4-�-D-GalApA6Me-(1- 103.1/4.98 71.0/3.82 

K -4-�-D-GalAp-(1- 102.2/5.12 70.8/3.75 

L  -2-�-L-Rhap-(1- 101.8/5.29 79.2/4.12 

M  t-�-L-Araf-(1- 110.4/5.10 84.2/4.14 

N  -4-�-D-Galp-(1- 107.2/4.64 74.8/3.68 

.d., Not detected.
a GalApA6Me stands for methyl esterified galacturonic acid.
b OCH3 at ı 55.7/3.82.
mers 113 (2014) 420–429 425

fraction100WCP-II-Ia. The low Mw fractions 50CP-II-Ib, 100WCP-
II-Ib and 100WCP-II-Ic exhibited much lower activity compared to
their parent fractions.

3.6. Structural features

Fractions 50WCP-II-I and 100WCP-II-I were characterized by
1D and 2D NMR  spectroscopy and comparison with chemical shift
values from the literature (Hromádková, Košt’álová, Vrchotová, &
Ebringerová, 2014; Košt’álová, Hromádková, & Ebringerová, 2013;
Yang et al., 2013), and by monosaccharide composition and linkage
types. The monosaccharide composition and linkage analysis indi-
cate that these two fractions are fairly similar. Fraction 100WCP-II-I
had somewhat better solubility (25 mg/mL) than fraction 50WCP-
II-I (15 mg/mL). From the 1H and 13C one-dimensional spectra and
the HSQC two-dimensional spectrum, most of the signals could be
assigned as shown in Table 4. Some signals from minor sugars could
not be observed.

The 1H NMR  spectrum of fraction 50WCP-II-I contains four main
peaks in the anomeric region, which were labeled as A, B, C and
D (Fig. 3A-a). The anomeric proton signals at ı 5.12 and 4.98 ppm
correspond to the non-methyl esterified and methyl esterified
�-D-GalpA, while signals at ı 5.08 and 5.29 ppm correspond to H1
of �-L-Araf  and �-L-Rhap, respectively. The intense 1H signal at ı
3.82 ppm, the 13C signal at ı 55.7 ppm and cross peak ı 55.7/3.82
( OCH3 in Fig. 3A) and ı 74.2/4.70 ppm (B5 in Fig. 3A) in the HSQC
spectrum and cross peaks ı 173.6/3.82 and 173.6/5.11 ppm in the
HMBC spectrum (data not shown) indicate that �-D-GalpA is partly
methyl esterified. In the downfield region of 13C NMR  spectrum,
signals at ı 173.6 and 177.7 ppm (Fig. 3A-b) were assigned to the
carboxyl groups of methyl esterified and non-methyl esterified
�-D-GalpA, respectively (Yang et al., 2013). Integration of signals
at ı 4.70 ppm (H5 of non-esterified �-D-GalpA), ı 4.98 ppm (H1
of esterified �-D-GalpA) and ı 5.12 ppm (H1 of non-esterified
�-D-GalpA and H5 of esterified �-D-GalpA) indicates a ratio
between non-esterified and esterified �-D-GalpA of about 2:1. The
weak cross peak at ı 19.5/1.22 ppm in the HSQC spectrum (C6 in
Fig. 3A-c) corresponds to C6/H6 (methyl group) of �-L-Rhap, and
the weak cross peak ı 110.4/5.08 ppm (D1in Fig. 3A) corresponds
to C1/H1 of terminal �-L-Araf  (Hromádková et al., 2014). The
location of other residues of fraction 50WCP-II-I in Table 2 could
not be determined due to their very low concentration.

The 1H NMR  spectrum of fraction 100WCP-II-I contains five
main peaks in the anomeric region, which were labeled J, K, L,
M and N (Fig. 3B-a). The anomeric proton signals at ı 5.12 and

4.98 ppm corresponded to the non-methyl esterified �-D-GalpA
and methyl esterified �-D-GalpA, while signals at ı 5.10, 5.29 and
4.64 ppm corresponded to the H1 of �-L-Araf, �-L-Rhap and �-
D-Galp, respectively. The intense 1H signal at ı 3.82 ppm, the 13C

CP-II-I.

C3/H3 C4/H4 C5/H5 C6/H6

71.8/3.98 81.2/4.47 73.4/5.12 173.6b

71.0/4.01 81.6/4.45 74.2/4.70 177.7
n.d./n.d. n.d./n.d. n.d./n.d. 19.5/1.22, n.d.
79.6/3.94 n.d./n.d. 63.9/3.82

71.9/4.00 81.7/4.47 73.4/5.12 173.6b

71.2/4.01 81.2/4.45 74.2/4.70 177.7
72.6/3.98 n.d./n.d. n.d./n.d. 19.5/1.26,1.30
79.5/3.92 86.8/4.06 63.9/3.78
76.2/3.78 80.9/4.16 77.4/3.70 64.0/3.80
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ig. 3. 13C/1H HSQC NMR spectrum of 50WCP-II-I (A) and 100WCP-II-I (B). The inse
f 13C NMR  spectrum (160–180 ppm), (c) methyl group of rhamnose.

ignal at ı 55.7 ppm, cross peaks at ı 55.7/3.82 ( OCH3 in Fig. 3B)
nd ı 74.2/4.70 ppm (K5 in Fig. 3B) in the HSQC spectrum, and

ross peaks at ı 173.6/3.82 and 173.6/5.11 ppm in the HMBC spec-
rum (data not shown) indicate methyl esterified �-D-GalpA. In
he downfield region of 13C NMR  spectrum, signals at ı 173.6
nd 177.7 ppm (Fig. 3B-b) were assigned to the carboxyl groups
esent the enlargement of (a) anomeric region (ı 4.5–5.5 ppm), (b) downfield region

of methyl esterified and non-methyl esterified �-D-GalpA, respec-
tively (Yang et al., 2013). Integration of signals at ı 4.70 ppm (H5 of

non-esterified �-D-GalpA), ı 4.98 ppm (H1 of esterified �-D-GalpA)
and ı 5.12 ppm (H1 of non-esterified �-D-GalpA and H5 of esterified
�-D-GalpA) indicates a ratio between non-esterified �-D-GalpA
and esterified �-D-GalpA of about 1.25:1. Thus, there is a higher
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ig. 4. Proposed structure of fraction 50WCP-II-I (A) and fraction 100WCP-II-I (B). T
al  or Ara).

egree of methyl-esterification (DM) in the fraction 100WCP-II-I
ca. 44%) than in the fraction 50WCP-II-I (ca. 33%). A cross peak at ı
01.8/5.29 ppm (L1 in Fig. 3B) indicates the C1/H1 of �-L-Rhap, and
ross peaks ı 19.5/1.22 and 19.5/1.30 ppm (L6 in Fig. 3B-c) of the
SQC spectrum correspond to C6/H6 (methyl group) of �-L-Rhap

Hromádková et al., 2014; Košt’álová et al., 2013). The cross peaks
1–M5  in the HSQC spectrum (Fig. 3B) indicate that the �-L-Araf

s mainly terminal linked, which was also shown by the methyl-
tion results (Table 2). The 13C/1H signals (N1–N6 in Fig. 3B) of
,4-linked �-D-Gal residues (Table 4) confirmed the presence of
-(1,4)-galactan, which forms AG-I side chains of the RG-I region

Hromádková et al., 2014; Košt’álová et al., 2013). Due to the very
ow content of other residues in Table 2, their location in the spectra
ould not be determined.

. Discussion

Two purified polysaccharide fractions, 50WCP-II-I and 100WCP-
I-I, from the 50 and 100 ◦C water extracts of the roots of C. pilosula,

ere isolated after ion exchange chromatography and gel filtration.
0WCP-II-I had complement fixation activity similar to 100WCP-
I-I; both being lower than BPII, but still quite active compared with
ctivities of other active anti-complementary polysaccharides pre-
iously studied, such as PMII from Plantago major (Samuelsen et al.,
996), GOA2 from Glinus oppositifolius (Inngjerdingen et al., 2007),
R-2-IIb from Bupleurum falcatum (Yamada, Ra, Kiyohara, Cyong, &
tsuka, 1989), and polysaccharides from Lessertia frutescens (Zhang
t al., 2014). These two fractions were degraded by pectinase after
e-esterification. As shown in Table 3, the hairy regions (the highest
w compounds after pectinase treatment of the native fractions)

re more active than their parent polymers; this has been observed
or other pectic polymers as well (Paulsen & Barsett, 2005).

The feature of the fraction 50WCP-II-Ia is RG-I backbones, with
ranching AG-I and AG-II side chains on position 4 of Rha. This is
onsistent with a highly ramified pectic polysaccharide Z100W-II-I
ith AG-I and AG-II side chains, isolated from L. frutescens leaves,
ith strong complement fixation activity (Zhang et al., 2014). Based

n monosaccharide composition, linkage analyses (both before and
fter pectinase treatment) and 1D and 2D NMR spectra, the struc-
ure of 50WCP-II-I is proposed as shown in Fig. 4A. The proposed
tructural feature of fraction 50WCP-II-I is 1,4-linked galacturo-
an (some of the residues are methyl esterified), interrupted by
amified regions. The ramified region (Fig. 4A, region a) consists
f alternating 1,4-linked �-D-GalpA and 1,2-linked �-L-Rhap, with
ranching AG-I/AG-II side chains on position 4 of �-L-Rhap. The
amified region also contains 1,2,4-linked �-D-GalpA, branched
y terminal linked monosaccharides on position 2. This proposed
tructure is based on normal feature of pectin, but we cannot ver-

fy the exactly branching position, which means the AG-I/AG-II side
hains could be branched on position 2 of �-D-GalpA as well. While
hese structures cannot be regarded as fully proven, they appear to
e the most probable ones based on the available data. The high
tters n1–n9 stand for number of residues. (* Terminal linked units of GlcA or Glc or

Mw sub-fraction 50WCP-II-Ia (Fig. 4A, region a) is responsible for
expression of the main part of the complement fixation activity of
50WCP-II-I.

After pectinase treatment, three main fractions were obtained
from the parent fraction 100WCP-II-I. The highest Mw sub-fraction
100WCP-II-Ia consists of a ramified region with AG-I side chains
attached on position 2 of GalA, the second sub-fraction 100WCP-
II-Ib contains AG-II side chains. Compared to fraction 100WCP-II-Ia
(only containing AG-I side chains), the fraction 50WCP-II-Ia con-
tains AG-I and AG-II side chains, which may explain the higher
activity detected in fraction 50WCP-II-Ia. The pectic polysaccha-
ride Oc50A2 from Opilia celtidifolia with AG-I and AG-II side chains
showed higher complement fixation activity than Oc50A2.II.pur
with only AG-II side chains (Grønhaug et al., 2010; Togola et al.,
2008). These findings indicate that AG-I side chains contribute to
the complement fixation activity in the present study. Although
100WCP-II-Ib contains AG-II side chain, the low activity might be
due to the low molecular weight (1.3 kDa).

The structure of 100WCP-II-I was proposed as shown in Fig. 4B,
using the same methods as for fraction 50WCP-II-I. The proposed
structure of fraction 100WCP-II-I is 1,4-linked galacturonan (some
of the residues are methyl esterified), interrupted by ramified
regions. The ramified region (Fig. 4B, region a) consists of alternat-
ing 1,4-linked �-D-GalpA (with/without methyl esterification) and
1,2-linked �-L-Rhap, with branching AG-I side chain and terminal
linked monosaccharides on position 2 of 1,4-linked �-D-GalpA. The
ramified region (Fig. 4B, region b) contains alternating 1,4-linked �-
D-GalpA and 1,2-linked �-L-Rhap, with side chain AG-II branched
on position 4 of �-L-Rhap. The complement fixation assay results
suggest that the activity of fraction 100WCP-II-I mainly is expressed
by the ramified region 100WCP-II-1a (Fig. 4B, region a).

A pectic polysaccharide, CPP1b, with antitumor activity was
isolated from the root of Codonopsis pilosula (Franch.) Nannf. The
structural features of the polysaccharides 50WCP-II-I and 100WCP-
II-I are more complex than that of CPP1b (Yang et al., 2013). The
latter has a higher Mw (145 kDa) and only four types of monosac-
charides (Rha, Ara, Gal and GalA). CCP1b and our samples all contain
GalA units that are 1,4-linked, and all are partly methyl esterified.
The main structural difference lies in the branches where CCP1b
has a low degree of branched Ara, while our samples are highly
branched with both AG-I and AG-II side chains.

5. Conclusions

The water extract of roots of C. pilosula Nannf. var. mod-
esta L.T.Shen contains polysaccharides with potent complement
fixation activity. Two of the most abundant purified polysac-
charide fractions, 50WCP-II-I and 100WCP-II-I, were obtained by

ion exchange chromatography and gel filtration from 50 and
100 ◦C water crude extracts, respectively. The structural features
of these two  fractions were investigated based on monosaccharide
compositions, linkage analyses (both before and after pectinase
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reatment) and 1D and 2D NMR  analyses. The main features of
raction 50WCP-II-I are long HG region (some of the residues are

ethyl esterified) and a main RG-I region with AG-I and AG-II side
hains. The AG-I and AG-II side chains attach on position 4 of Rha of
ackbone. The high Mw sub-fraction 50WCP-II-Ia is responsible for
xpression of the main part of the complement fixation activity of
0WCP-II-I. The main features of 100WCP-II-I are long HG regions
some of the residues are methyl esterified) and two main ramified
egions, one is galacturonan region with AG-I side chain on position

 of GalA, and the other one is RG-I region with AG-II side chain on
osition 4 of Rha. The results from complement fixation assay sug-
est that the activity of fraction 100WCP-II-I is expressed mainly
y the ramified region 100WCP-II-Ia. The complement system is
ssential for the operation of the innate as well as the adaptive
mmune defenses, and the complement fixation assay was  used for

 long time as a screening system for interactions with the human
mmune system. Samples showing inhibition in the assay are thus
aving a direct effect on the human immune system (Michaelsen
t al., 2000). The polysaccharides from C. pilosula showed high activ-
ty in complement fixation assay, and may  therefore have effect on
he human immune system. This might be seen as a rationale for
he traditional use of C. pilosula to boost immunity. However, clin-
cal studies are needed to elucidate the activity in vivo of C. pilosula
reparations.
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