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ABSTRACT 

 

Physicochemical, Structural and Conformational Properties of 

Heteropolysaccharides from Seeds of Artemisia Sphaerocephala Krasch 

Qingbin Guo                                                                                    Advisor: 

University of Guelph,                                                                   Dr. Steve W. Cui 

2012                                                                                          Dr. Rickey Y. Yada 

 Artemisia Sphaerocephala Krasch (ASK) polysaccharide, extracted from the outer 

layer of ASK seeds, it has attracted attention due to its reported bioactivities. In the present 

study, extraction and fractionation methods for ASKP were developed. Two different Mw 

fractions 60P (MW: 551 KDa) and 60S (MW: 39 KDa) were obtained using ammonium 

sulphate precipitation. The physicochemical properties, in terms of rheological properties, 

chemical compositions and surface activities, of both fractions were elucidated. Using high 

performance anion exchange chromatography (HPAEC), partial acid hydrolysis, methylation 

analysis, 1D & 2D NMR spectroscopy and MALDI-TOF-MS methods, the detailed structural 

features of 60P and 60S were obtained. The proposed structures were as follows:  

(1) Proposed structure of 60P 

 

R represents one of the following groups: T-Araf, T-Arap, T-Araf →3-Araf (1→ and  
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(2) Proposed structure of 60S 

 
R could be one or some of -(3--Araf )n-, T--galp, T--glcp, T-araf or  T-arap 

 

            Using light scattering and HPSEC techniques, the conformational properties of 60P 

were investigated. 0.5 M NaOH solution exhibited better ability to eliminate aggregates of 

60P compared to water, NaCl solution and urea solution. The molecule of 60P exhibited a 

random coil conformation and semi-flexible structure in 0.5 M NaOH solution. In addition, 

the dependence of conformation of 60P on the molecular weight was also revealed by 

HPSEC analysis. 

            The computer modeling technique using RIS-Metropolis Monte Carlo (RMMC) 

method was also applied. The conformational properties of 60P with different T-GlcpA 

ratio and various distribution patterns (random, alternative and block) along the xylan 

chain were determined. Results indicated that: the more regular the side chain distribution, 

the more extended the structure.  The conformational properties of 60S with different 

molecular weights and various ratios of O-acetyl group to mannose were also considered. 

Results indicated that the radius of gyration (Rg) demonstrated an increasing trend with 

Mw and the data was comparable with that obtained from HPSEC; the insertion of O-

acetyl group increased the chain extension at low ratio while showing a decrease it at a 

high ratio.  
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            The present study provides fundamental information regarding the 

physicochemical properties, structural and conformational properties of polysaccharides 

from the seeds of Artemisia sphaerocephala Krasch (ASK). Such information is essential 

to the understanding of the structure-conformation- functionality relationships of ASKP, 

thus promotes their potential food and industry applications. 
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1. INTRODUCTION AND LITERATURE REVIEW 

1.1. Introduction  

 Artemisia Sphaerocephala Krasch (ASK), compositae family, is widely distributed in 

the desert and semi-desert regions of Shaanxi, Gansu and Inner Mongolia provinces of China 

with a total planting area of 375 million acres (Hu & Xing, 2010). ASK plant is well known 

for its wind erosion prevention and its ability to fix sand in the desert. ASK seeds, ovate-

oblong, 2.05mm long, are mainly composed of crude oil (21-24%), protein (20-24%), starch 

(10.3%), ash (5-7%) and hydrocolloids (around 20%). (Hu & Xing, 2010). ASK seed has been 

consumed as a nutraceutical diet and used as food additive for many years. In northwest China 

ASK seed powder has been mixed with wheat flour to improve sensory qualities of noodles 

since ancient time and no harmful effects have been recorded (Hu & Xing, 2010).  

 Artemisia seed polysaccharide (ASKP) resides in the outer layer of ASK seeds and is 

widely used as thickener, stabilizer, water retention agent and film forming agent (Bai, Yong 

& Yun, 2000). Recently, there is an increased research interest in Artemisia Sphaerocephala 

Krasch polysaccharide (ASKP) due to its excellent functionality and biological properties. 

1.2 Literature review 

1.2.1. Isolation and fractionation of ASKP 

 Two methods have been reported for the isolation of ASKP. The first one is based on 

the usage of physical power to detach the ASKP from the dry seed. This method is fast and 

mainly adopted by industries for large scale isolation, but the obtained extract is of low purity. 

The second method is solvent related extraction, using water and a low concentration base 
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solution. ASKP with high yield and high purity can be obtained using this method. Parameters 

such as water to material ratio, extraction temperature and time need to be optimized (Zhang, 

Wu, Liang, Hu, Wang & Zhang, 2007). Some assistant methods such as sonication and 

enzyme hydrolysis have also been used to facilitate extraction (Wang, Zhang, Wang, Zhao, 

Wu & Yao, 2009). 

 Based on previous reports, many  methods have been used to fractionate 

polysaccharides, such as sequential ethanol precipitation (Kang, Cui, Chen, Phillips, Wu & 

Wang, 2011), ammonium sulphate precipitation (Li, Cui & Kakuda, 2006; Wang, Wood, 

Huang & Cui, 2003), ion-exchange chromatography (Qian, Cui, Wu & Goff, 2012), field flow 

fractionation (Williams & Lee, 2006), gel permeation chromatography etc. These methods are 

mainly based on the different solubility, charge, molecular weight and structure of 

polysaccharides. In the present study, the ammonium sulphate precipitation method was used 

for the separation of the high Mw 60P from low Mw 60S. The separation mechanisms and 

detailed procedure will be explained in Part 2 of this thesis.  

1.2.2. Rheological properties of ASKP 

 The rheological properties of ASKP have been studied by several researchers. Liu and 

Gu (2006) reported that the Artemis sphaerocephala Krasch gum exhibited thixotropic 

properties in aqueous solution. Its apparent viscosity showed little temperature or pH 

dependence, whereas the addition of salt, such as NaCl and CaCl2 could affect the apparent 

viscosity of gum solutions.  Also, small strain oscillation studies indicated typical viscoelastic 

property of ASK gum. The synergistic effect of ASK gum blended with xanthan gum was also 

investigated (Liu, Gu, Tan & Zhu, 2006), and results showed that when the mass ratio of ASK 
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gum to xanthan gum reached 6:4, the mixture demonstrated the strongest synergistic 

interactions. 

1.2.3 Structural and conformational properties of ASKP  

Most previous studies focused on the application of ASKP and limited information 

regarding the structural and conformational properties of this polysaccharide is available. 

Zhang, Wu, Liang, Hu, Wang & Zhang (2007) reported that only one fraction named ASP was 

detected. The molecular weight of ASP was 142 kDa. The polysaccharide was composed of 

L-Ara, D-Xyl, D-Lyx, D-Man, D-Glc and D-Gal. AFM images showed that ASP was a linear 

molecule with branches. Hao, Huang, Qi & Wang (2010) isolated a water-soluble 

polysaccharide (termed as ASPI-A) from ASK seeds using water extraction and column 

chromatography. ASPI-A was homogeneous with average molecular weight of 54.2 kDa. 

Monosaccharide analysis by gas chromatography (GC) showed that ASPI-A was composed of 

arabinose, mannose, glucose and galactose at a molar ratio of 1:2.8:4.9:1.9. ASPI-A was 

highly branched with a beta-1,4-linked-glucose backbone that was partially substituted with 

mannose on the O(6) position. Wang and his colleagues (2010) found that the insertion of 

sulfated group to ASKP demonstrated better antioxidant activities than the non-sulphated 

ASKP in terms of the scavenging abilities on superoxide radicals, hydroxyl radicals, 1,1-

diphenyl-2-picryl-hydrazyl (DPPH), total reducing power and the chelating ability on ferrous 

ions (Wang et al., 2010). In the present study, two fractions with different Mw were obtained 

and their proposed structures were reported in Parts 3 and 4, respectively.  
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1.2.4. Bioactivities of ASKP 

The bio-activities of ASKP have garnered considerable interest in recent few years.  

Xing, Zhang, Hu, Wu & Xu (2009) found that ASK gum was able to alleviate hyperglycemia, 

hyperlipemia and insulin resistance in STZ-induced type 2 diabetic rats. The results showed 

that the addition of ASK gum to the rats’ food supply significantly lowered the fasting blood 

glucose, glycated serum protein, serum cholesterol, and serum triglyceride of the diabetic rats, 

and significantly elevated the liver glucokinase, liver glycogen, and serum high density 

protein cholesterol of the rats. In addition, ASK gum could significantly reduce the insulin 

resistance and liver fat accumulation in the rats. Hu and his co-workers (2011) reported that 

the incorporation of ASK gum into a high-fat diet could alleviate the oxidative stress of high 

fat low-dose-STZ-induced type 2 diabetic rats; ASK gum could reduce the tissue oxidative 

damage induced by reactive oxygen species (ROS) in type 2 diabetes. The researchers 

concluded that the antioxidant mechanism might be associated with the functions of ROS-

scavenging enzymes, such as superoxide dismutase (SOD); Zhang, Huang, Hou & Wang 

(2006) reported that ASKP could produce a significant decrease in the blood glucose levels of 

diabetic rats at a dose of 200 mg/kg body weight. Using the immunological activity assay, 

Hao et al. (2010) revealed that one fraction of ASK gum could enhance the Con A induced T 

lymphocyte proliferation of mice (Hao, Huang, Qi & Wang, 2010). Besides, ASKP has also 

been used as a food additive in food products to increase viscosity and improve mouth-feel 

(Huang, Liu & Gu, 2007; Liu, Li & Gu, 2006).  
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1.2.5. Methodologies for structural and conformational analysis 

 Structure characterization and conformation determination are two key aspects for 

polysaccharides analysis. Methodologies/techniques used in previous structural and 

conformational studies are compared and summarized as follows.   

1.2.5.1 Structural characterization 

The structural characterization of polysaccharides is not an easy task in most cases. 

Several questions must be answered such as monosaccharide composition, linkage pattern, 

configuration and ring size, sequence of monosaccharide residue, substitution, molecular 

weight and molecular weight distribution of this polysaccharide. The commonly used 

techniques include high performance size exclusion chromatograph (HPSEC), high 

performance anion exclusion chromatograph (HPAEC), methylation analysis, 1D and 2D 

NMR spectroscopy, and MALDI-TOF-MS. 

Molecular weight and molecular weight distribution are important parameters for 

structural characterization. Based on previous studies, methods such as membrane osmometry 

are able to determine the number-average molecular weight (Mn). Statistic light scattering 

technique can be used to determine weight-average molecular weight (Burchard, 2004). 

Viscometry gives a viscosity-average molecular weight according to the Mark-Houwink 

equation. However, the most powerful and widely used tool is HPSEC coupled with multi-

detectors:  a differential pressure viscometer (DP) for viscosity determination; a refractive 

index detector (RI) or an UV detector for concentration determination; a right angle laser light 

scattering detector (RALLS) as well as a low angle laser light scattering detector (LALLS) for 

direct molecular weight determination. HPSEC can provide parameters such as Mw, radius of 

gyration, intrinsic viscosity, and polydispersity index simultaneously in a single measurement 
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(Cui, 2005). Thus, this technique is also frequently used for conformational study of 

polysaccharides. 

Methylation analysis, a powerful tool for primary structure characterization, has been 

used for decades and is still widely used nowadays (Chandra, Ghosh, Ojha & Islam, 2009; 

Pereira et al., 2010; Wu, Cui, Eskin & Goff, 2009). It includes methylation reaction by 

converting all free hydroxyl groups into methoxyls followed by acid hydrolysis (usually by 

TFA). The hydrolyzed monomers are then reduced and acetylated to give volatile products, 

which can be identified and quantitatively determined by GC-MS. The linkage patterns for 

each monomer can be obtained using this method. 

Of all the modern structural analysis methods of polysaccharide, NMR spectroscopy 

yields the most complete picture in terms of identification of monosaccharide composition, 

determination of α- or β-anomeric configuration, establishment of linkage patterns, and 

sequences of the sugar units. In addition, NMR spectroscopy can provide conformational 

information of molecules (Agrawal, 1992). 1D NMR includes 
1
H and 

13
C NMR. 

1
H NMR is 

more sensitive than 
13

C NMR due to the high abundance of 
1
H in nature. The signals in 

1
H 

spectrum are difficult to assign as most of the signals spread in a narrow region of 3 ~ 5ppm. 

13
C spectrum has greater chemical shift dispersion, which increases its potential value. 

Homonuclear shift correlation spectrum (COSY), total correlated spectroscopy (TOCSY), 

heteronuclear multiple quantum correlated spectroscopy (HMQC) and heteronuclear multiple 

bond connectivity spectroscopy (HMBC) are commonly used 2D NMR techniques. COSY 

spectroscopy is used to disclose the correlations of the adjacent protons within the sugar rings. 

TOCSY spectroscopy is capable of showing the long range correlations of protons within 

sugar rings. Hence, TOCSY is usually used to confirm the assignment of 
1
H spectrum. HMQC 
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spectroscopy can provide the cross peaks between 
13

C and its directly linked proton within the 

ring. HMBC spectroscopy can demonstrate long range coupling between proton and carbon 

(two or three bonds away) with great sensitivity, hence could be used to establish the 

glycosidic linkages and sequences between different sugar residues (Agrawal, 1992). 

MALDI-TOF-MS, developed primarily for protein analysis, was first applied to 

carbohydrates in 1991 by Mock, Davey & Cottrell (1991) and is widely applied for the 

structural characterization of oligosaccharides nowadays (Ghosh, Chandra, Ojha & Islam, 

2008; Peña, Darvill, Eberhard, York & O’Neill, 2008; Teleman, Nordström, Tenkanen, Jacobs 

& Dahlman, 2003; Vierhuis et al., 2001). The basic experimental procedures are as follows: 

the analyte is first mixed with matrix compounds, followed by radiation from UV or RI laser 

light to excite the matrix. The sample is then charged by the exciting matrix and sent to TOF 

for analysis. The matrix compounds used are usually aromatic acids with a chromophore such 

as 2,5-dihydroxybenzoic acid (2.5-DHB). Based on the specific fragmentation pattern, useful 

structural information in terms of sequencing, branching, and linkage and profiling of 

oligosaccharides can be obtained. 

1.2.5.2. Conformation determination 

 The conformation of polymers in solution strongly influences macroscopic polymer 

functions, like viscosity. The elucidation of this dependence is important for understanding 

polymer functionalities and for designing semi-flexible and stiff polymers which can be 

employed as thickeners and film forming agents in the pharmaceutical, food and chemical 

industries (Weinhold & Thöming, 2011). 

 Several techniques have been used to characterize the conformational properties of 

polysaccharides based on the previous reports, e.g. light scattering techniques (Burchard, 1994; 
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Kashiwagi, Norisuye & Fujita, 1981; Li, Wang, Cui, Huang & Kakuda, 2006; Rodd, Dunstan 

& Boger, 2000b; Sato, Norisuye & Fujita, 1983; Wang, Huang, Nakamura, Burchard & 

Hallett, 2005; Yu & Rollings, 1988), HPSEC with triple detectors (Pitk nen,  irkki, 

Tenkanen & Tuomainen, 2009; Wang, Huang, Nakamura, Burchard & Hallett, 2005; Yu & 

Rollings, 1988), X-ray diffraction (Liu, Brant, Kitamura, Kajiwara & Mimura, 1999) and 

molecular modeling methods (Almond, DeAngelis & Blundell, 2006; Brant, 1972; Li, Cui, 

Wang & Yada, 2012; Petkowicz, Reicher & Mazeau, 1998; Wu, Li, Cui, Eskin & Goff, 2012; 

Yui & Ogawa, 2005). 

Light scattering methods mainly include static light scattering and dynamic light 

scattering. Parameters such as Mw, radius of gyration (Rg) and second virial coefficient (A2) 

can be derived from static light scattering using the Zimm plot methods, while the 

hydrodynamic radius (Rh) and size distribution could be obtained from dynamic light 

scattering. As per Bucher (1994), the ratio of Rg to Rh (also termed as ρ) is a useful indicator 

of the polymer conformation. For example, ρ value in the range of 1.7~2.2 represents a 

random coil conformation of polysaccharide.  

Molecular simulation method is usually employed as a supplementary tool for 

conformational studies of polysaccharides. Compared with other methods, such as light 

scattering, an explicit conformation of polysaccharide can be obtained and visualized. In 

addition, the arbitrarily designed virtual molecules are more favourable to study the structure -

conformation relationship; the modeling prediction can be used to compare with experimental 

data (such as X-ray, 2D NMR and light scattering coupled with HPSEC); it can extrapolate 

experimental data into regions that are hard to access in the laboratory. RIS Metropolis Monte 

Carlo (RMMS) is a popular method widely used for molecular simulation of polysaccharides. 
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Parameters such as mean-squared end-to-end distance (‹r
2
›), the radius of gyration (Rg), the 

persistence length (Lp) and the characteristic ratio (C∞) can be obtained. 

 1.3. Hypothesis and Objectives 

To date, limited research regarding the physicochemical properties as well as the 

structural and conformational properties of ASKP is available (Zhang, Wu, Liang, Hu, Wang 

& Zhang, 2007). 

The overall hypothesis of the thesis is as following: the polysaccharides in the outer 

layer of the ASK seeds can be extracted by water; the functional properties of the water 

extractable polysaccharides are determined by their structures (monosaccharide composition, 

linkage pattern, sequence, configuration, molecular weight and molecular weight distribution) 

and conformational properties (shape and size in solution). Therefore, studying the fine 

structures as well as the conformational properties of the water extracted polysaccharides will 

aid in a better understanding of their structure-functional relationships.      

The objectives of the current study were as follows: 

(1). Developing new methods for the extraction and fractionation of ASKP.  

(2). Characterizing the physicochemical properties of ASKP.  

(3). Elucidating the detailed structure of ASKP. 

 (4).     Understanding the conformation of ASKP.   

 (5).      Revealing the structure-functionality relationships. 
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2. EXTRACTION, FRACTIONATION AND PHYSICOCHEMICAL 

CHARACTERIZATION OF WATER-SOLUBLE POLYSACCHARIDES 

FROM ARTEMISIA SPHAEROCEPHALA KRASCH SEEDS* 

2.1. Introduction 

Artemisia sphaerocephala Krasch (ASK) is widely distributed in the desert and semi-

desert regions of Shaanxi, Gansu and Inner Mongolia provinces in China. Seeds of ASK, a 

traditional Chinese medicine and food additive, have been reported to have bio-functional 

properties such as detumescent (Williams, Pretus & Browder, 1992), antidiabetic and 

antioxidant effects (Hu et al., 2011; Xing, Zhang, Hu, Wu & Xu, 2009; Zhang, Huang, Hou & 

Wang, 2006). Artemisia seed polysaccharide (ASKP) is found in the outer layer of ASK seeds 

and is wildly used as thickener, stabilizer, water retention agent and film forming agent (Bai, 

et al., 2000).  

Most previous studies focused on the bioactivities and application of ASKP. Xing et al. 

(2009) found that ASK gum was able to alleviate hyperglycemia, hyperlipemia and insulin 

resistance in streptozotocin-induced type 2 diabetic rats. Hu and his co-workers (2011) 

demonstrated the antioxidant effects of ASK gum on streptozotocin-induced type 2 diabetic 

rats. A study from Zhang et al. suggested that at a dose of 200 mg/kg body weight ASKP 

could produce a significant decrease in blood glucose levels (P<0.01) in alloxan-induced 

diabetic rats (Zhang, Huang, Hou & Wang, 2006). ASKP was also used as a food additive in 

food products to increase viscosity and improve mouth-feel (Huang, Liu & Gu, 2007; Liu, Li 

& Gu, 2006).  

* Published as “Extraction, fractionation and physicochemical characterization of water-soluble polysaccharides 

from Artemisia sphaerocephala Krasch seed”. Carbohydrate Polymers, 2011, 86(2), 831-836. 
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However, to the best of our knowledge, only a couple of studies have reported on the 

physical-chemical properties of ASKP and limited information is available regarding its 

structural and conformational properties (Zhang, Wu, Liang, Hu, Wang & Zhang, 2007) in 

food systems. 

The objectives of the present study were to develop extraction and fractionation 

methods, characterize the physical-chemical properties in terms of monosaccharide 

composition, molecular weight, rheological properties and surface activities, and explore its 

potential applications in the food industry.   

2.2. Materials and Methods 

2.2.1. Materials  

ASK seeds were purchased from a farm in Yulin, Shaanxi province of China. All 

chemicals were reagent grade.  

2.2.2. Extraction and fractionation procedure for water-soluble ASKP 

The extraction and fractionation procedures for water-soluble ASKP are demonstrated 

on Fig. 2.1 and Fig. 2.2 respectively. The 0.1 M NaOH adopted by the fractionation procedure 

was used to remove the ammonium sulfate residue (Wu, Cui, Eskin & Goff, 2009). Three 

independent measurements were performed for both extractions and fractionation procedures. 

2.2.3. Enzyme hydrolysis 

In order to remove the protein from  60P and ASKP, protease (Megazyme, B. 

licheniformis) was added (0.24 U/mL) to 0.2% (w/v) polysaccharide solution at  60 ºC, pH 7.5 

for 30 min with constant stirring, followed by dialysis (8000 Da Mw Cut-off) and freeze 

drying. The protein free samples were designated 60PE and ASKPE, accordingly. 
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2.2.4. Molecular weight determination 

The molecular weight distribution profile was obtained by a high performance size-

exclusion chromatograph (HPSEC) equipped with multiple detectors: a differential pressure 

viscometer (DP) for viscosity determination; a refractive index detector (RI) and a UV 

detector for concentration determination; a right angle laser light scattering detector (RALLS) 

and a low angle laser light scattering detector (LALLS) for direct molecular determination 

(Viscotek, tetra detector array from Malvern company).   

2.2.5. Total uronic acid and total sugar determination 

Total uronic acid was determined by the m-hydroxydiphenyl method (Blumenkrantz & 

Asboe-Hansen, 1973); total sugar was determined via the Dubois method using galactose, 

glucose and xylose (4:6:4 w/w) as standards (DuBois, Gilles, Hamilton, Rebers & Smith, 

1956). All the measurements were repeated three times.  

2.2.6. Monosaccharide composition analysis   

Monosaccharide compositions were determined by treating sample (20 mg) in 1 mL 

12M H2SO4 at 30 °C for 30 min, then diluting to 6 mL (2 M H2SO4) followed by hydrolysis at 

100 °C for 2 h. Analysis was carried out using a high performance anion-exchange 

chromatograph (HPAEC) as per Wood, Weisz & Blackwell (1994). All the measurements 

were repeated three times.  

2.2.7. Protein analysis 

Nitrogen content was determined using a NA2100 Nitrogen and Protein analyzer 

(ThermoQuest, Milan, Italy); a conversion factor of 6.25 was used to calculate protein content. 

Each sample was measured in duplicate.  
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2.2.8. FT-IR analysis 

FT-IR spectra of ASKP and its fractions were carried out on a Golden-gate Diamond 

single reflectance ATR in an FTS 7000 FT-IR spectrometer equipped with a DTGS detector 

(DIGILAB, Randolph, MA). The spectrum for each sample was recorded at absorbance mode 

from 1800 to 800 cm
-1

 at a resolution of 4 cm
-1

 with 128 co-added scans.  

2.2.9. Rheological properties determination 

All rheological measurements were performed on an ARES rheometer (TA 

instruments, New Castle, DE, USA). All samples were prepared by dissolving the solute into 

70 °C water with constant stirring for 2 h, followed by cooling at room temperature for 1 h. 

Cone and plate geometry (4
o
/50mm) was employed for the steady flow and dynamic 

rheological tests with the gap size of 0.047 mm. Each sample was measured in duplicate.  

2.2.10. Surface tension analysis 

Surface tension was measured using a semiautomatic Surface Tensiomat model 21 

(Fisher Scientific, Toronto, Canada) at 23.0 ºC. The various concentrations of solutions were 

placed in 50 mL beakers (PYREX
®
). All samples were prepared by dissolving solute into 

70 °C water with constant stirring for 2 h followed by cooling down at room temperature for 1 

h. Samples were kept steady for another hour to reach equilibrium before tests. Each 

measurement was repeated six times.  

2.3. Results and discussion  

2.3.1. Extraction  

Intact ASK seeds, instead of ground seeds (Zhang, Wu, Liang, Hu, Wang & Zhang, 

2007), were selected for extraction (Fig. 2.1) for two reasons. (1) As ASKP is present in the 
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outer layer of the seed, it is unnecessary to grind the seed. (2) Contamination (such as protein 

and oil) could result from the interior of the seeds during the extraction process with ground 

seeds. For example, the protein content in the sample would be much lower when we use 

intact seed (around 16.6%) instead of ground one (around 25%) for the extraction. The water 

to material ratio of 400:1 was adopted in this procedure mainly due to the strong 

hygroscopicity of ASKP. If the ratio is too low, the water-soluble ASKP could be trapped in 

the mucilage and result in a relative low yield of ASKP. HPSEC results revealed that ASKP 

has two components with different molecular weights as shown in Fig. 2.3. The latter result is 

in disagreement with the report of Zhang et al. (2007), in which only one component was 

detected. This was probably due to the difference in the extraction method and the different 

source material.  

 
Figure 2.1. Extraction of water-soluble polysaccharide from Artemisia sphaerocephala Krasch 

seeds 
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2.3.2. Fractionation and molecular weight distribution  

In the current study, 60% (w/v) ammonium sulfate was used to further separate the two 

components in ASKP as shown in Fig. 2.2. 

 

 

Figure 2.2. Fractionation procedure of Artemisia sphaerocephala Krasch polysaccharide 
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been proposed: (1) NH4
+
 is able to suppress the negative charges on the outer layer of 

polysaccharides, which can lead to polymer-polymer aggregation (Jullien, 1987; Wu, Cui, 

Eskin & Goff, 2009); (2) Ammonium sulfate is able to reduce and /or change the solvent 

properties of water for the polysaccharides, which could lead to the precipitation of 

polysaccharides with different molecular weight (Izydorczyk & Biliaderis, 1996).  

 In this study, the use of (NH4)2SO4 (60% w/v) allowed fractionation of ASKP into two 

main parts (Fig. 2.3a). Using multiple detectors, the molecular parameters were extracted and 

summarized in Table 2.1. The number average molecular weight and weight average 

molecular weight (Mw) of 60P were 348.9 KDa and 551.3 KDa, respectively, which were 

much higher than those of 60S (Mn: 21.4 KDa and Mw: 38.7 KDa). The intrinsic viscosity of 

60P (6.3 dL/g) and 60S (0.5 dL/g) showed the same trend as molecular weight. The 

polydispersity index values of 60P (1.6) and 60S (1.8) revealed that both fractions had wide 

distribution in molecular size (Table 2.1). The peak at retention volume of 18.83 mL was 

recognized as protein signal by UV detector at λ0 = 280 nm, the different retention volume 

between protein and polysaccharide revealed that the protein was not conjugated with the 

polysaccharides (Fig. 2.3b). The molecular weight obtained for either fraction was different 

from that obtained by Zhang et al. (2007), in which the molecular weight was 142 KDa for the 

crude polysaccharide.  

Table 2.1. Molecular characterization a of ASKP, 60P and 60S 

Fractions Mn (KDa) Mw (KDa) [η] (dL/g) Mw/Mn 

ASKP 113.8 325.8 3.6 2.9 

60P 348.9 551.3 6.3 1.6 

60S 21.4 38.7 0.5 1.8 

a
data was obtained using OmniSEC 4.6.1 software 
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2.3.3. Monosaccharide analysis of ASKP and its fractions  

Yield, total sugar, and total uronic acid contents of ASKP, 60P and 60S are 

summarized in Table 2.2. The yield of ASKP was 13.6%. It contained 66.9% (w/w) neutral 

sugar and 15.8% (w/w) uronic acids. The yield ratio of the two fractions was close to 1:1 after 

precipitation with 60% (w/v) (NH4)2SO4. 60P comprised 55.4% (w/w) neutral sugar and 25.8% 

(w/w) uronic acids, while in 60S, the percentage of neutral sugar and uronic acid were 87.1% 

and 10.4%, respectively. The protein contents of ASKP (16.6% w/w), 60P (24.1% w/w) and 

60S (trace) revealed that after fractionation, all the protein was co-precipitated with 60P. It is 

worth noting that the total sugar content of the three fractions, especially 60P, could be 

overestimated, because uronic acids could also contribute to the colorimetric reaction in the 

phenol-sulfuric acid assay. This explains why the total percentage of total sugar, uronic acid 

and protein in 60P fraction was above 100% (Table 2.2). 

 

Figure 2.3. The elution profiles of Artemisia sphaerocephala Krasch polysaccharide and its 

fractions. a: monitored by RI detector; b: monitored by UV detector 
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Table 2.2. Yield, total sugar, uronic acid and protein content for ASKP and its fractions (dry 

base) 

Fraction Yield (%) Total Sugar (%) Uronic acids(%) Protein (%) 

ASKP 13.6±1.2
a
 66.9±5.9 15.8±0.2 16.6±0.1                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                

60P 48.7±1.0
b
 55.4±3.6 25.8±0.3 24.1±0.4 

60S 51.3±1.0
b
 87.1±1.1 10.4±0.1 ND

c
 

a
 based on the total weight of seeds 

b
based on the weight of ASKP 

c
not detected 

 

 

Table 2.3. Relative monosaccharide composition for ASKP and its fractions 

Fractions ASKP 60P 60S 

Monosaccharides (% w/w) 

Rhamnose 

Arabinose 

Galactose 

Glucose 

Xylose 

Mannose 

 

0.7 

9.1 

18.1 

30.2 

23.8 

18.1 

 

1.2 

10.9 

2.3 

5.0 

80.5 

ND 

 

Trace amount 

9.4 

24.2 

38.3 

ND
a
 

28.1 

              a 
Not detected 

 

Monosaccharide composition analysis (Table 2.3) showed that six monosaccharides 

were detected in ASKP although the amount of rhamnose was very small. The relative 

monosaccharide composition of 60S was 38.3% (w/w) glucose, 28.1% (w/w) mannose, 24.2% 

(w/w) galactose and 9.4% (w/w) arabinose, while the 60P fraction mainly contained 80.5% 

(w/w) xylose and 10.9% (w/w) arabinose. It also contained 5.0% (w/w) glucose, 2.3% (w/w) 

galactose and 1.2% (w/w) rhamnose.  It is worthwhile noting that the total percentage of 
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neutral sugar for 60P (30.12% w/w) and 60S (71.28% w/w) determined by HPAEC was less 

than the values derived from colorimetric analysis (Table 2.2). This was probably caused by 

the incomplete hydrolysis in HPAEC test and/or the contribution of uronic acid in colorimetric 

analysis as aforementioned. 

2.3.4. FT-IR analysis 

            The FT-IR spectra of ASKP, 60P, 60S, ASKPE (protein free ASKP) and 60PE 

(protein free 60P) are presented in Fig. 2.4.  

 

 

Figure 2.4. FT-IR spectra of Artemisia sphaerocephala Krasch polysaccharide and its 

fractions (60PE: 60P with protein removed; ASKPE: ASKP with protein removed) 
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and 60PE, had no difference in this region indicating that protease treatment did not affect the 

structure of the polysaccharides. The signals at 1652.75 and 1529.12 cm
-1

 (Fig. 2.4) were 

likely derived from protein, as these signals were observed in ASKP and 60P profiles but were 

absent in 60PE and ASKPE profiles. This result was also consistent with the previous research 

(Gamini & Mandel, 1994), in which the two signals were attributed to amide band I 

(stretching vibrations of the C=O and C-N group) and amide band II (mainly from N-H 

bending), respectively. In addition, the peak observed at 1597.80 cm
-1

 (COO
- 

asymmetric 

stretching) and 1413.19 cm
-1 

(COO
- 
symmetric stretching) of the six fractions confirmed the 

presence of uronic acid (Table 2.1) (Cui, Phillips, Blackwell & Nikiforuk, 2007).  

2.3.5. Rheological properties 

2.3.5.1. Effects of temperature on viscosity 

The apparent viscosities of 1.5% (w/v) ASKP at different temperatures were investigated 

(Fig. 2.5). The apparent viscosity decreased with increasing temperature. For ideal Newtonian 

fluid, the relation of apparent viscosity is in accordance with Arrhenius equation (1):  

TR

E
A

1
loglog                                                                                                              (1) 

where A is a constant (Pa·s), T is the absolute temperature (K), R is the gas constant (8.3144 

J·mol
-1

 K
-1

), and E is the activation energy (kJ·mol
-1

). 
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Figure 2.5. Apparent viscosity of Artemisia sphaerocephala Krasch polysaccharide at various 

temperatures with the concentration of 1.5% (w/v) 

 

 Based on the above equation, it is obvious that the apparent viscosity decreases 

logarithmically with increasing temperature. The activation energy at shear rate 100 s
-1

 is 8.96 

kJ·mol
-1

. The activation energy is related to the chain flexibility in solution. The relative low 

activation energy for ASKP indicated less inter- and intra-molecular interactions between 

polysaccharide chains in the investigated concentration, which could be due to the 

electrostatistic effect imposed by uronic acid (Balaghi, Mohammadifar & Zargaraan, 2010).  

The decrease of viscosity with increasing temperature is caused by the 

disentanglement of polysaccharide chains; in some situations, increase of temperature could 

also cause conformational changes in solution; both could cause the decrease in viscosity of 

the solution (Cui, 2005).  
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The dynamic rheological properties of 60P fraction at concentration of 4% (w/v) were 

investigated in the present study using small-strain oscillatory testing (Fig. 2.6).  

 

Figure 2.6. Small strain oscillation of the high molecular weight fraction (60P). Temperature: 

25 ºC; Concentration: 4% (w/v) 

 

 A typical G' (storage modulus), G'' (loss modulus)-frequency profile is demonstrated 

in Fig. 2.6. Both G' and G'' increased with the increase of frequency. At low frequency, G' was 

much lower than G''; with the increase of frequency, they became closer, but even at the 

frequency of 20 Hz, there was still no crossover; this observation indicated that 4% (w/v) 60P 

water solution is a viscous system. This phenomenon suggested that less inter-molecular 

association or entanglement existed in the 60P water solution even when the concentration 

was up to 4%.  

2.3.6. Surface tension determination 
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various fractions demonstrated the ability to reduce the surface tension of pure water. In the 

concentration range of 0.01%-1.50% (w/v), the trend of surface activity decreased in the order 

of 60S, 60P, ASKP, 60PE and ASKPE. The presence of protein played an important role in 

surface activity as seen by comparing the surface activity of ASKP and 60P with that of 

ASKPE and 60PE (without protein). However, 60S exhibited the strongest surface activity 

even when no protein was detected. The surface activity was comparable to gum Arabic 

(Huang, Kakuda & Cui, 2001). This result was probably caused by the following reasons: (1) 

The presence of some hydrophobic groups could be the main cause of the high surface activity 

(Dickinson, 2003). The presence of some hydrophobic groups such as methoxyl and acetyl 

groups were seen in the NMR Data which will be shown in chapter 4. (2) Compared with 60P, 

the smaller molecular weight of 60S could also contribute to surface activity (Garti & Leser, 

2001). (3) Although no protein was detected in this fraction, a small amount of protein could 

still exist, which might contribute to the surface activity of the system.  

 

Figure 2.7. Surface activity of Artemisia sphaerocephala Krasch polysaccharide and its 

fractions (60PE: 60P with protein removed; ASKPE: ASKP with protein removed) 
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2.4. Conclusions 

In the current study, polysaccharide (ASKP) and its two fractions (60S and 60P) were 

obtained by 400:1 (v/w) hot water extraction and precipitation with 60% (w/v) ammonium 

sulfate solution. The Mw of 60P and 60S were 551.3 KDa and 38.7 KDa, respectively. ASKP 

was composed of 66.9% (w/w) neutral sugar and 15.8% (w/w) uronic acid; 60P comprised 

55.4% (w/w) neutral sugar and 25.8% (w/w) uronic acid, while in 60S, the percentage of 

neutral sugar and uronic acid were 87.1% (w/w) and 10.4% (w/w) respectively. The apparent 

viscosity of 1.5% (w/v) ASKP decreased logarithmically with increasing temperature and 60P 

formed typical viscous fluids in 4% (w/v) aqueous solutions. 60S exhibited substantial surface 

activity even when no protein was detected.  

 Based on the aforementioned data, the physical-chemical properties of 60P and 60S 

fractions are substantially different. Therefore, further structural and conformational research 

needs to be conducted on 60P and 60S.  
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3. STRUCTURAL CHARACTERIZATION OF HIGH MOLECULAR 

WEIGHT HETEROPOLYSACCHARIDES ISOLATED FROM ARTEMISIA 

SPHAEROCEPHALA KRASCH SEED* 

3.1. Introduction 

 Recently, there is an increased interest in Artemisia Sphaerocephala Krasch 

polysaccharide (ASKP) as a result of its beneficial functional and biological properties. 

Previous animal experiments indicated that ASKP gum was able to alleviate hyperglycemia, 

hyperlipemia and insulin resistance of streptozotocin-induced type 2 diabetic rats and could 

result in a significant decrease in blood glucose levels in the diabetic rats (Zhang, Huang, Hou 

& Wang, 2006). In addition, antioxidant effect was demonstrated in diabetic rats (Hu et al., 

2011). 

 In our previous study, ASKP was isolated and fractionated into two fractions, 60P 

(MW: 551 KDa) and 60S (MW: 39 KDa) (Guo et al., 2011a). Chemical analysis showed that 

60P was composed of 55.4% neutral sugar and 25.8% acidic sugar, while in 60S, the 

percentage of neutral sugar and acidic sugar were 87.1% and 10.4%, respectively. 

Monosaccharide composition test indicated that 60S was composed of glucose (38.3%), 

mannose (28.1%), galactose (24.2%) and arabinose (9.4%); while the 60P fraction contained 

mainly xylose (80.5%), arabinose (10.9%), glucose (5.0%) and galactose (2.3%), with a small 

amount of rhamnose (1.2%) (Cardoso, Ferreira, Mafra, Silva & Coimbra, 2007). 

 

 
* Published as “Structure characterization of high molecular weight heteropolysaccharide isolated from 

Artemisia sphaerocephala Krasch seed.” Carbohydrate Polymers, 2011, 86(2), 742-746. 
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The objective of current study was to elucidate the fine structure of 60P using 

methylation analysis and 2D NMR spectroscopy including homonuclear 
1
H/

1
H correlations 

spectroscopy (COSY, TOCSY), heteronuclear 
13

C/
1
H multiple-quantum coherence 

spectroscopy (HMQC) and heteronuclear multiple bond correlation spectroscopy (HMBC).  

3.2. Experimental 

3.2.1 Isolation and fractionation of 60P 

60P fraction was isolated from Artemisia Sphaerocephala Krasch seeds using water 

extraction (1:400 w/v, 70 ºC) for 24 h, followed by 60% (w/v) ammonium sulphate 

precipitation at room temperature. The precipitate was collected and designated 60P in the 

present study (Guo et al., 2011a). 

3.2.2 Methylation analysis  

The high percentage of uronic acids in 60P fraction created difficulties for methylation 

analysis. In the current study, uronic acid was first reduced into neutral sugars prior to 

methylation analysis.  The related steps are described as follows. 

3.2.2.1 Reduction of uronic acids 

The reduction of the uronic acids was conducted following the procedure described 

earlier (Taylor & Conrad, 1972; York, Darvill, McNeil, Stevenson & Albersheim, 1986) with 

a few modifications. The acidic polysaccharide (5 mg) was dissolved in deuterium oxide D2O 

(2 mL). To the solution, 50 mg of 1-cyclohexyl-3-(2-morpholinoethyl)-carboiimidemethyl-p-

toluenesulfonate was added while using 0.1 mol/L HCl in D2O to keep the pH at 4.75. The 

solution was left for 1 h under stirring, followed by adding 5 mL of sodium borodeuteride 

(160 mg/mL) dropwise over a period of 1 h, and the reaction mixture pH was maintained at 
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7.0, using 2.0 mol/L HCl in D2O during the reduction reaction. The reaction was allowed to 

continue with constant stirring for 0.5 h at pH 7.0 after the addition of sodium borodeuteride, 

then the solution pH was brought back to 4.0. The reduced polysaccharide was separated from 

salts by dialysis against distilled water overnight at 25 ºC (3,500 Da molecular weight cut off), 

then lyophilized. The polysaccharide was re-dissolved in 1 mL distilled water and 0.5 mL 10% 

acetic acid in methanol was added. The mixture was dried under a stream of nitrogen to 

remove boric acid. Another 1 mL of 10% acetic acid in methanol was added to the residue and 

evaporated using nitrogen. This process was repeated 3-4 times to ensure that most of the 

boric acid was removed. Finally, a few drops of methanol were added and the solution was 

evaporated (two times) to remove any boric acid remaining. 

3.2.2.2 Methylation analysis 

Methylation analysis of 60P was conducted using the method of Ciucanu and Kerek 

(1984). The samples after reduction were dissolved in DMSO and sonicated at 40 °C for 2 h 

and transferred to a 70 °C water bath for 2 h with constant stirring, followed by stirring at 

room temperature for an additional 12 h to ensure a complete dissolution. After that, dry 

sodium hydroxide powder was added to the solution under constant stirring at room 

temperature for 3 h, followed by 2.5 h constant stirring after adding 0.3 mL methyl iodide. 

The mixture was extracted with 1 mL methylene chloride, passed through a sodium sulphate 

column, and then dried with nitrogen gas. The methylated polysaccharide was hydrolyzed by 

adding 0.5mL 4M trifluoroacetic acid (TFA) to the sample in a test tube and sealing the tube, 

heating at 100 °C for 6 h, cooling and then drying with N2. The sample was then dissolved 

with distilled water (0.3 mL), and the hydrolysate was reduced using 5 mg sodium 

borodeuteride and acetylated with acetic anhydride (0.5 mL) for 2 h. Aliquots of the resultant 

partially methylated alditol acetates (PMAA) were injected into a GC–MS system 
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(ThermoQuest Finnigan, San Diego, CA) fitted with a SP-2330 (Supelco, Bellefonte, Pa) 

column (30 mL × 0.25 mm, 0.2 mm film thickness, 160–210 ºC at 2 ºC/min, then 210–240 ºC 

at 5 ºC/min) and an ion trap MS detector. 

3.2.3 NMR studies 

80 mg 60PE sample (60P with protein removed) (Cardoso, Ferreira, Mafra, Silva & 

Coimbra, 2007) was dissolved in 4 mL D2O at 70 ºC with stirring for 2 h, and then freeze 

dried. This procedure was repeated three times. Samples were then dissolved in 3 mL D2O and 

ready for testing. High-resolution 
1
H and 

13
C NMR spectra were recorded at 500.13 and 

125.78 MHz, respectively, on a Bruker ARX500 NMR spectrometer operating at 60 ºC. A 5 

mm inverse geometry 
1
H/

13
C/

15
N probe was used. Chemical shifts are reported relative to 

trimethylsilyl propionate (TSP) in D2O for 
1
H (0.0 ppm, external standard) and 1,4-Dioxane in 

D2O for 
13

C (66.5 ppm, external standard). Homonuclear 
1
H/

1
H correlation spectroscopy 

(COSY, TOCSY) and heteronuclear 
1
H/

13
C correlation experiments (HMQC, HMBC) were 

run using the standard Bruker pulse sequence. 

Table 3.1. Methylation analysis data of 60P 

RT (min) Sugar derivative Linkage patten Mol ratio
a
 

9.395 2,3,5-Me3-Ara T-Araf 1.7% 

11.461 2,3,4-Me3-Ara T-Arap 1.1% 

14.635 2,3,4,6-Me4-GlcA T-GlcpA 22.5% 

15.238 2,4,5-Me3-Ara 3-Araf NO
b
 

18.346 2,3-Me2-Xyl 4-Xylp 27.8% 

20.073 Rha-(OAc)5 2,3,4-Rhap 4.2% 

21.325 2,3,6-Me3-Man 4-Manp 1.2% 

22.432 2,3,6-Me3-GalA 4-GalpA 5.6% 

22.935 2,3,6-Me3-Glc 4-Glcp 2.8% 

24.123 3-Me-Xyl 2,4-Xylp 26.0% 

25.76 2,3-Me2-GalA 4,6-GalpA 1.3% 
a
 Relative molar ratio, calculated from the ratio of peak areas 

b 
Not obtained due to overlap with the peak of T-GlcpA 
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3.3. Results and Discussion 

The results of methylation analysis of the 60P are presented in Table 3.1; three main 

alditol acetates peaks were observed in GC profile, which were assigned as 2,3-Me2-Xyl 

(27.8%), 3-Me-Xyl (26.0%) and 2,3,4,6-Me4-GlcA(22.5%) indicating the presence of 4-xylp, 

2,4-xylp, and T-GlcpA in 60P fraction. Sugar residues of 4-GalpA, 4-Glcp, T-Araf, T-Arap 

and 4, 6-GalpA were also detected with comparable amount (Table 3.1). The methylation 

analysis results indicated that the main sugar residues were xylose and glucuronic acid, which 

was consistent with the composition analysis described before (Cardoso, Ferreira, Mafra, 

Silva & Coimbra, 2007). The total percentage of terminal sugar (T-GlcpA, T-Araf and T-Arap) 

was 25.3%, which matched well with the branched portion (2,4- Xylp:26.0%). The degree of 

branching was 51.3% based on the calculation method of Hawker, Lee and Frechet (1991). 

Sugar residues with molar ratio less than 1% were not included in Table 3.1. 
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Figure 3.1. A part of the 
1
H NMR spectrum of polysaccharide 60P isolated from ASK (60ºC 

in D2O). 

The 500MHz 
1
H NMR spectrum of 60P fraction (Fig. 3.1) showed five anomeric 

proton signals at 5.22, 5.08, 4.61, 4.44 and 5.17 ppm which were designated A, B, C, D,  and 

E, respectively. The signal at 1.3 ppm was probably derived from H-6 of rhamnose. In 
13

C 

NMR spectrum (Fig. 3.2; Table 3.1), residue C and D overlapped at 102 ppm while residue A, 

B and E overlapped at 98 ppm (Fig. 3.5). All the 
1
H and 

13
C signals were assigned using 

homonuclear correlation spectrum (COSY) (Fig. 3.3), total correlated spectroscopy (TOCSY) 

(Fig. 3.4), heteronuclear multiple-quantum coherence spectroscopy (HMQC) (Fig. 3.5) and 

heteronuclear multiple bond correlation spectroscopy (HMBC) (Fig. 3.6). 
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Figure 3.2. A part of the 
13

C NMR spectrum of polysaccharide 60P isolated from ASK (60ºC 

in D2O). 

 

Figure 3.3. A part of the COSY spectrum of polysaccharide 60P isolated from ASK (60ºC in 

D2O). Proton correlations of Sugar residues A, C and D were labelled 
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The intensive anomeric signals of residue A at 5.22 ppm (Fig. 3.1) and 98 ppm (Fig. 

3.2) corresponded to an α linked residue with a relatively high content in 60P. The proton 

assignment of residue A (From H-1 to H-5: 5.22, 3.58, 3.75, 3.26 and 4.26 ppm) was obtained 

from COSY spectrum (Fig. 3.3, Table 3.2). This assignment was also supported by the well 

resolved cross peaks in TOCSY spectrum (Fig. 3.4, A line). The corresponding chemical 

shifts of 
13

C, revealed by HMQC spectrum, were 98, 72.1, 73, 83 and 73 ppm for C-1, C-2, C-

3, C-4 and C-5, respectively (Fig. 3.5). This result was further confirmed by the intra-

correlation cross peaks of residue A in HMBC spectrum, in which the cross peaks of H-1 with 

C-2, C-2 with H-3, C-3 with H-2, C-3 with H-4, and H-3 with C-4 were all tagged in Fig. 3.6. 

In addition, the chemical shift of C-6 at 177 ppm was also evidenced by the HMBC, in which 

the cross peaks of C-6/H-5 and C-6/H-4 were clearly observed (Fig. 3.6). By comparing 

literature data in combination with all the 
1
H and 

13
C chemical shifts, especially C-6 (177 

ppm), residue A was assigned as terminal-glucuronic acid (Agrawal, 1992; Gutiérrez de G, 

Martínez, Sanabria, de Pinto & Igartuburu, 2005; Hannuksela & Hervé du Penhoat, 2004). It 

is worth noting that another cross peak with the proton chemical shift of 3.46 ppm was 

observed on A line (residue A) of TOCSY spectrum (Fig. 3.4). This peak was not derived 

from the sugar ring of residue A and was tentatively assigned to the proton of methoxy group. 

The 
13

C chemical shift of methoxy group was obtained (60.8 ppm) based on the results of 

HMQC spectrum. Two cross peaks between methoxy group and residue A (–O-Me (C) with 

H-4 of residue A; -O-Me (H) with C-4 of residue A) were observed in HMBC spectrum. The 

data indicated that O-Me group was connected with residue A at the O-4 position, which 

could also explain the downfield shifting of C-4 in residue A (from 73 to 83 ppm) (Agrawal, 

1992). The chemical shifts of residue A in 1D & 2D spectra (Table 3.2) were consistent with 
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the previous results (Agrawal, 1992; An, O'Neill, Albersheim & Darvill, 1994; Cui, Eskin, 

Biliaderis & Marat, 1996; León de Pinto, Martínez & Rivas, 1994; León de Pinto, Martínez & 

Sanabria, 2001; Martínez, León de Pinto, Sanabria, Beltrán, Igartuburu & Bahsas, 2003; 

Vinod, Sashidhar, Suresh, Rama Rao, Vijaya Saradhi & Prabhakar Rao, 2008) and were also 

supported by the methylation analysis results, in which the molar ratio of terminal-glucuronic 

acid was 22.5% (Table 3.1). 

 

Figure 3.4. A part of the TOCSY spectrum of polysaccharide 60P isolated from ASK (60ºC in 

D2O). 
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The anomeric signals of residue C and D centered at 4.61 and 4.44 ppm revealed that 

both of the residues were β-anomers. The proton assignment of Residue C was achieved in 

COSY spectrum (Fig. 3.3 and Table 3.2).  The chemical shifts of H-1, H-2, H-3, H-4 and H-

5/H-5` were 4.61, 3.42, 3.63, 3.79 and 4.1/3.44 ppm, respectively (Table 3.2). All the 

assignments matched perfectly with the TOCSY spectrum (Fig. 3.4, C line), which showed 

well resolved cross peaks of residue C (4.61, 3.42, 3.62, 3.79 and 4.10 ppm).  Based on the 

proton chemical shifts, the 
13

C chemical shifts of residue C were completely assigned as 101.8, 

77.2, 73.5, 77.1/73, and 63.2 ppm for C-1 to C-5 in HMQC spectrum (Fig. 3.5). Results 

reported by Hannuksela (2004) and León de Pinto, Martínez, & Rivas, (1994) indicated that 

the C-4 chemical shift should be 77.1, rather than 73 ppm, which was further verified by the 

cross peaks marked on HMBC spectrum (Fig. 3.6). The anomeric 
1
H and 

13
C chemical shifts 

of residue D were similar to residue C, suggesting that these two spin systems were similar. 

Combined with TOCSY (Fig. 3.4, D line) and COSY (Fig. 3.3) spectra, all the proton 

chemical shifts of residue D were assigned as 4.44, 3.28, 3.57, 3.78 and 4.14/ 3.41 ppm for H-

1, H-2, H-3, H-4 and H-5/H-5`, respectively. All the 
13

C chemical shifts of residue D were 

obtained from HMQC spectrum (Fig. 3.5). Comparison of proton and 
13

C chemical shifts with 

previous data (Agrawal, 1992; Golovchenko, Ovodova, Shashkov & Ovodov, 2002; 

Hannuksela & Hervé du Penhoat, 2004; Hoffmann, Geijtenbeek, Kamerling & Vliegenthart, 

1992; León de Pinto, Martínez & Rivas, 1994; Mort, Zheng, Qiu, Nimtz & Bell-Eunice, 2008) 

allowed to assign residue C to a 2,4-di-O-substituted β-xylp and residue D to β-xylp 

substituted at O-4 position. 

A complete assignment of the signals derived from 4-linked α-D-galacturonic acid 

(residue B) was achieved and shown in Table 3.2.  The α-configuration of residue B was 
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established by signals at 5.08 ppm (H-1) and 98 ppm (C-1). The cross peak between the H-1 

and H-2 was not observed in the COSY spectrum (Fig. 3.3), which created the difficulties 

during assignment. This issue, however, was addressed by comparing the chemical shifts with 

literature values (Cui, Eskin, Biliaderis & Marat, 1996; Golovchenko, Ovodova, Shashkov & 

Ovodov, 2002; Mort, Zheng, Qiu, Nimtz & Bell-Eunice, 2008; Roy et al., 2007) and by 

examining the cross peaks in HMQC (Fig. 3.5). This result was also consistent with the GC-

MS data in which the molar ratio of 4-GalpA was 5.6% (Table 3.1).  

 

Figure 3.5. A part of the HMQC spectrum of polysaccharide 60P isolated from ASK (60ºC in 

D2O). 
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Based on the results of monosaccharide composition analysis (Guo et al., 2011a) and 

methylation analysis, T-Araf, T-Arap and 3-Araf were present in the 60P fraction. The molar 

ratios of T-Araf and T-Arap were 1.7% and 1.1% while the exact amount of 3-Araf was not 

obtained due to the overlap with adjacent peak (Table 3.1). In NMR spectroscopy, the residue 

E was tentatively assigned to T-β-Araf by comparing the proton chemical shifts (only 

obtained from TOCSY spectrum in Fig. 3.4) with literature values (Cardoso, Ferreira, Mafra, 

Silva & Coimbra, 2007; Jensen, Petersen, Veselinovic, Olafsdottir, Duus & Omarsdottir, 

2010). However, due to weak signals, the full assignments of 
1
H and 

13
C of the residue E 

could not be achieved in NMR spectrum; T-Arap and 3-Araf residues were not observed in the 

NMR spectrum and needs further clarification (Table 3.2). 

  

Figure 3.6. A part of the HMBC spectrum of polysaccharide 60P isolated from ASK (60ºC in 

D2O).  
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 Examining the cross-peaks of both anomeric protons and carbons of each sugar residue 

in HMBC spectrum, both inter- and intra-residual connectivities were evident (Fig. 3.6). 

Cross-peaks between H-1 (4.61 ppm) of residue C and C-4 (76.7 ppm) of residue D; H-1 (4.44 

ppm) of residue D and C-4 (77.1 ppm) of residue C; C-1 (102.5 ppm) of residue A and H-2 

(3.42 ppm) of residue C; H-4 (3.78 ppm)of residue D and C-1 (101.8ppm) of residue C were 

observed, indicating that some of the terminal-α-glucuronic acid were linked to 2,4--xylp 

through 1,2-O- glycosidic bonds; 4-β-xylp and 2,4-β-xylp were linked to each other through a 

1,4-O- glycosidic bond as main chain in the structure.  

Table 3.2 
1
H NMR and 

13
C NMR chemical shifts of the polysaccharide (60P) isolated from 

ASK recorded in D2O at 60 ºC 

Sugar 

residue 

H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H5' H6/C6 -OMe 

T-α-D-glcpA 

A 

5.22 3.58 3.75 3.26 4.26   3.46 

98.0 72.1 73.0 83.0 73.0  177 60.8 

4-α-D-galpA 

B 

5.08 3.77 3.97 4.42 4.65    

98.0 69 69.5 78.3 72.2  177  

2,4-β-D-xylp 

C 

4.61 3.42 3.63 3.79 4.1 3.44   

101.8 77.2 73.5 77.1 63.2    

4-β-D-xylp 

D 

4.44 3.28 3.57 3.78 4.14 3.41   

102.5 73.1 74.1 76.7 62.5    

T-β-L-Araf 

E 

5.17 4.06
a
 4.11

a
  3.82

a
  3.68

a
  —

b
   

— — — — — —   
a
 found in TOCSY, interchangeable 

b 
not detected 

 

 Based on the results of monosaccharide composition, methylation analysis and NMR 

spectroscopy, the following structure was proposed for 60P: 
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R represents one of the following groups: T-Araf , T-Arap,  T-Araf →3-Araf (1→ and  

T- Arap →3-Araf (1→.  

This structure is very similar to that of polysaccharide from Cercidium praecox (R&P) 

Harms exudate, which was reported by León de Pinto, Martínez, & Rivas (1994). However, 

the structure proposed in the present paper has not been reported for seed polysaccharides. 

3.4. Conclusions 

In the present study, a new structure was proposed for the high molecular weight 

fraction of polysaccharides from Artemisia Sphaerocephala Krasch Seed. The results of 

monosaccharide analysis, methylation analysis and 1D & 2D NMR all support a structure that 

consists of 1,4-linked xylp backbone, branched at every second xylp on the O-2 position with 

mostly T-α-GlcpA-4←OMe, and occasionally 4-α-D-galpA, T-Araf, T-Arap and 3-β-Araf .   

  

 1 

  2 

 3 

 4 
 5 

 6 
 7 

 
-4←OMe 

→4)-β-D-xylp-(1→4)- β-D-xylp-(1 
2 

↑ 

1 

t-α-glcpA 

 

-4←OMe 

→4)-β-D-xylp-(1→4)- β-D-xylp-(1 
2 

↑ 

1 

t-α-glcpA 

→4)-β-D-xylp-(1→4)- β-D-xylp-(1 
          2 

          ↑ 

          1 

 α-galpA-4←R 
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4. STRUCTURE CHARACTERIZATION OF LOW MOLECULAR WEIGHT 

HETEROPOLYSACCHARIDE (GLUCOMANNAN) ISOLATED FROM 

ARTEMISIA SPHAEROCEPHALA KRASCH* 

4.1. Introduction 

In our previous study (Guo et al., 2011a), two polysaccharide fractions were isolated 

from the water-extractable ASK polysaccharide using 60% (w/v) ammonium sulphate 

precipitation. The higher molecular weight polysaccharide (551.3 kDa) was collected from the 

precipitate and designated 60P, while the fraction with relatively low molecular weight (38.7 

kDa) was recovered from the supernatant and named as 60S. Substantial differences were 

observed between 60P and 60S in terms of physicochemical properties: 60P was comprised of 

55.4% (w/w) neutral sugar, 25.8% (w/w) uronic acid and 24.1% (w/w) protein, while in 60S, 

the percentage of neutral sugar and uronic acid were 87.1% (w/w) and 10.4% (w/w) 

respectively with no protein detected. In addition, monosaccharide composition analysis 

showed that 60S was composed of 38.3% (w/w) glucose, 28.1% (w/w) mannose, 24.2% (w/w) 

galactose, 9.4% (w/w) arabinose and trace amount of rhamnose. The proposed structure of 

60P was reported previously: It has a 1,4-linked xylopyranose backbone, branched at every 

other xylopyranose on the O-2 position with mostly T-α-glcpA-4→OMe, and occasionally 4-

α-D-galpA, T-araf, T-arap or 3-β-araf (Guo et al., 2011b).  

 

* Published as “Structural characterization of a low-molecular-weight heteropolysaccharide (glucomannan) 

isolated from Artemisia sphaerocephala Krasch.” Carbohydrate Research, 2012, 350, 31-39. 
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The objective of the current study was to elucidate the fine structure of 60S, employing 

partial acid hydrolysis, methylation analysis, MALDI-TOF-MS, and 1D&2D NMR 

spectroscopy including homonuclear 
1
H/

1
H correlations spectroscopy (COSY, TOCSY), 

heteronuclear 
13

C/
1
H multiple-quantum coherence spectroscopy (HMQC), and heteronuclear 

multiple bond correlation spectroscopy (HMBC). 

4.2. Experimental 

4.2.1. Isolation and fractionation  

The 60S fraction was isolated from Artemisia sphaerocephala Krasch seed according 

to the method described previously (Guo et al., 2011a). Briefly, the seeds were soaked in 

water (1:400, w/v) at 70 ºC for 24 h under constant stirring, followed by precipitation in 60% 

(w/v) ammonium sulphate at room temperature. After centrifugation, the polysaccharide in the 

supernatant was collected, freeze-dried, and ball-milled to get 60S powder (Guo et al., 2011a).  

4.2.2. Partial acid hydrolysis  

Sample of 60S (40 mg) was hydrolyzed with 0.1 M trifluoroacetic acid (TFA) (10 mL) 

at 100 °C for 0.5, 1.5, 2.5 and 3.5 h, respectively. After hydrolysis, each solution was allowed 

to cool down to room temperature, and 3 volumes (v/v) of ethanol were added to induce 

precipitation. The precipitates were separated from the supernatant by centrifugation. The 

polysaccharides in the precipitate/supernatant after the 0.5, 1.5, 2.5 and 3.5 h TFA treatments 

were collected and named as 0.5P/0.5S, 1.5P/1.5S, 2.5P/2.5S, and 3.5P/3.5S, respectively. All 

the above samples were freeze-dried and kept for methylation analysis and/or NMR analysis.  
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4.2.3. MALDI-TOF-MS analysis 

The matrix chosen for MALDI-TOF analysis was 2,5-Dihydroxybenzoic (DHB) acid. 

Recrystallised DHB (10 mg) was dissolved in 1 mL 20% ethanol solution in HPLC grade 

water. Samples were re-suspended in an equal volume of matrix solution and dried on a 

stainless steel plate MALDI prior to analysis. The sample/matrix mixtures were allowed to 

air-dry, and were analyzed in a Bruker Reflex III (Bruker Daltonik, Germany) equipped with a 

337 nm nitrogen laser (Mass Spectrometry Facility, University of Guelph), operating in 

reflectron and linear detection mode with an external calibration. 

 Samples were analyzed in positive ion modes scanning from 0–10000 m/z using ion 

suppression up to 500 m/z. For all experiments, the ion sources 1 and 2 were held at 20 kV 

and 16.35 kV, respectively, and the guiding lens voltage at 9.75 kV. The reflector detection 

gain was set up at 5.3 with pulsed ion extraction at 200 ns. 15% of laser energy was used, 

which is equal to ~7 mJ per laser shot. Spectra were acquired from an average of at least 100 

shots. 

4.2.4 Methylation analysis and NMR method 

Please refer to 3.2.2 and 3.2.3 for detailed information 

4.3. Results and discussion 

4.3.1. Partial acid hydrolysis and monosaccharide composition 

Due to structural complexity, partial acid hydrolysis was employed in the present study 

for 60S characterization. Fig. 4.1 is the HPSEC elution profiles of the 60S fraction and its 

hydrolysates (before ethanol precipitation). The molecular weights of the hydrolysates 

decreased with the increase of hydrolysis time. Two peaks at the retention volumes of 20.30 
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mL and 21.70 mL were derived from small molecular weight fragments of 60S which were 

generated after hydrolysis (see the dot-circled area in Fig. 4.1). Using conventional calibration, 

the peak average molecular weights (Mp) of these two fragments were 1.5 and 0.3 kDa, 

respectively (relative to Pullulan standards). Both of the fractions were removed after ethanol 

precipitation (3:1, v/v). The weight average molecular weights of 0.5P, 1.5P, 2.5P and 3.5P 

were 12.2 kDa, 5.3 kDa, 3.7 kDa, and 3.3 kDa, respectively.  

 

 

 

Figure 4.1. Elution profile of 60S and various hydrolysates (mixture of the both large and 

small molecular weight fragments, denoted with hydrolysis time), two main peaks were 

generated after degradation which were labelled with dotted line.   

 

 The monosaccharide compositions of the 60S and its hydrolysates are summarized in 

Table 4.1. The major sugar components of 60S were arabinose, galactose, mannose and 

glucose with the molar ratio of 1:2.8:3.1:4.1. It is worth noting that as the hydrolysis time 
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increased, the amount of arabinose and galactose in the precipitate portion of the hydrolysates 

decreased in the order of 0.5P, 1.5P, 2.5P and 3.5P. For example, the percentage of arabinose 

in the 60S fraction was 9.4%, which decreased sharply to 4.8% in the precipitate after 0.5 h 

acid treatment; and further increase of treatment time to 1.5 h resulted in an undetectable 

arabinose level (Table 4.1). On the other hand, obvious increases of arabinose and galactose in 

0.5S compared to 60S were observed. Both results indicated that arabinose and galactose were 

in the side chain of the 60S, as the side chain after hydrolysis is much harder to be precipitated 

using 3 volumes (v/v) of ethanol due to lower molecular weight compared with backbone and 

also it was generally believed that, during the TFA hydrolysis of a polysaccharide, the 

removal of side chain is much easier than the breakup of the back bone of the polysaccharide 

because the side chain could be easier to contact with TFA when dissolved in the TFA solvent.  

Based on the same principle, glucose and mannose are likely located on the main chain of the 

60S as the levels of the two sugar residues gradually elevated in the precipitate portion of the 

hydrolysates with the increase of hydrolysis time (Table 4.1).  

Table 4.1. Relative monosaccharide composition for 60S and its hydrolysates 

 60S 

(%) 

0.5P 

(%) 

1.5P 

(%) 

2.5P 

(%) 

3.5P 

(%) 

0.5S 

(%) 

1.5S 

(%) 

2.5S 

(%) 

3.5S  

(%) 

Ara 9.4 

± 0.3 

4.8 

± 0.8 

ND
a
 ND ND 28.6

± 0.4 

22.9

± 0.5 

13.2

± 0.2 

11.4

± 0.4 

Gal 24.2

± 0.3 

22.2

± 0.8 

18.4

± 0.4 

13.9

± 0.8 

14.5

± 0.2 

40.8

± 0.4 

35.5

± 0.6 

31.0

± 0.2 

29.4

± 0.8 

Glc 39.3

± 0.5 

45.9

± 1.2 

49.5

± 1.5 

49.0

± 0.9 

49.4

± 1.3 

11.4

± 0.6  

18.5

± 0.4 

28.0

± 0.7 

30.4

± 0.9  

Man
b
 28.1

± 1.2 

33.6

± 0.8 

35.8

± 0.4 

36.6

± 0.8 

36.4

± 0.7 

19.2

± 0.4 

23.1

± 0.6 

27.8

± 0.4 

28.7

± 0.7 
                       a

 not detected 

b
 small percentage of xylose could be included due to the close retention time to mannose 
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4.3.2. Methylation analysis 

Further detailed structural information was investigated using methylation analysis for 

60S as well as its hydrolysates (Table 4.2). The molar ratio of the sugar residues 4-manp, 4,6-

glcp, 4-glcp, and T-galp were all higher than 10%, thus these residues were the main building 

blocks of the polysaccharide chain. In addition, 2-galp, T-glcp and 3-araf were also detected 

with comparable percentage in 60S. Sugar residues such as T-glcpA 2,4-xylp and 4-xylp 

which were the major residues in the 60P (Guo et al., 2011b), were also observed in the 60S, 

but of small percentage. This is likely derived from 60P as contaminates.  

As seen in Fig 4.1, a small amount of high molecular weight fraction existed in the 

HPSEC profile (with the retention volume of 14 mL), which corresponds to the 60P fraction 

(Guo et al., 2011a). The total percentage of T-araf, T-arap, T-glcp, and T-galp in the 60S was 

20.7%, which matched perfectly with that of the branching points (20.8%). The molar ratio of 

arabinose, galactose, mannose and glucose was about 1:2.4:3.2:4.3, which is in good 

agreement with the results from the monosaccharide analysis (Table 4.1). After 0.5 h TFA 

treatment, the amount of arabinose residues (3-araf, and small percentage of T-araf and T-arap) 

decreased significantly. It was hardly detected in the fractions with hydrolysis time over 1.5 h. 

The sugar residues of 4-manp, 4,6-glcp, 4-glcp, T-galp, T-glcp and 2-galp were all detected in 

each fraction of the hydrolysates, though the relative amount of each sugar residues varied 

among these fractions. In all fractions, the molar ratio of 4-manp was significantly higher than 

that of other residues, suggesting 4-manp was located in the backbone. The decreasing molar 

ratio of 4,6-glcp and the increasing that of 4-glcp with the increase of hydrolysis time revealed 

that some 4,6-glcp were converted to 4-glcp by losing some the terminal residues at the O-6 

position. Based on the results of the monosaccharide composition and the methylation analysis, 
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we inferred that the main chain of 60S were (1→4)-linked D-manp and (1→4)-linked D-glcp 

in the molar ratio of 1:1.3, around 55% of glucosyl residues in the main chain were branched 

at O-6 position; the terminal sugar residues mainly included T-galp and T-glcp and small 

percentage of T-araf and T-arap. 

Table 4.2. Methylation analysis results for different hydrolysates 

retention 

time 

linkage  

pattern 

molar ratio  

60S (%) 

molar ratio  

0.5P (%) 

molar ratio 

1.5P (%) 

molar ratio 

2.5P (%) 

molar ratio  

3.5P (%) 

9.40 T-araf 1.3 0.4 trace trace trace 

11.43 T-arap 0.5 0.1 trace trace trace 

14.62 T-glcp/T-glcpA 8.9 8.2 13.3 16.1 17.4 

15.24 3-araf 6.5 2.0 trace trace trace 

16.27 T-galp 10.0 16.4 15.2 12.9 10.9 

18.25 4-xylp 2.3 trace trace trace trace 

20.39 2-manp/2-glcp 2.8 trace trace trace trace 

21.24 4-manp 20.3 40.0 36.2 36.5 36.0 

22.21 2-galp 9.9 4.1 3.0 3.2 5.1 

23.05 4-glcp 11.9 8.9 11.6 15.2 15.2 

23.99 2,4-xylp 3.0 trace trace trace trace 

28.04 4,6-manp 1.6 trace trace trace trace 

30.5 4,6-glcp 14.5 24.0 20.8                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                      16.1 15.3 

31.7 3,6-manp  1.7 trace trace trace trace 

4.3.3. 1D and 2D NMR 

1D and 2D NMR were employed to further confirm the above structural deduction and 

provide more detailed structural information. The 
1
H NMR spectrum of the 60S fraction at 25 
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ºC is shown in Fig. 4.2. The peaks in anomeric region (roughly from 4.3 to 5.5 ppm) are 

designated A (5.16 ppm), B (5.01 ppm), C (4.98 ppm), D (4.51 ppm), E (4.58 ppm), F (4.78 

ppm), G (5.27 ppm), H (5.14 ppm), and I (5.18 ppm), as marked in Fig. 4.2. All the 
1
H and 

13
C signals were assigned using COSY (Fig. 4.4), TOCSY (Fig. 4.5), HMQC (Fig. 4.6), and 

HMBC (Fig. 4.7). Two signals at high field (Fig. 4.2a) (1.24 and 2.04 ppm) were tentatively 

assigned to the proton of methyl and acetyl group, respectively. The –CH3 group was probably 

derived from rhamnose (C-6). The cross peaks in HMQC (2.04, 22.1 ppm) (Fig. 4.6c) and in 

HMBC (2.04, 174.6 ppm) (Fig. 4.7c) confirmed the presence of the -OAc group(Sarkar, 

Nandan, Mandal, Patra, Das & Islam, 2009). The peaks for the -OAc group did not show in 

the NMR spectrum of 3.5P fraction (Fig. 4.3), indicating that most of the -OAc group were 

removed after the 3.5 h acidic hydrolysis. The solvent peak (HOD) was centered at 4.8 ppm 

(Fig. 4.2).  

 

Figure 4.2. 
1
H NMR spectrum (500 MHz, D2O, 25 ºC) of polysaccharide 60S. 
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The α-configuration of 3-L-araf (residue A) was established by signals at δ5.16 (Fig. 

4.2) and δ109.5 (Fig. 4.3). The 
1
H assignments were achieved through the COSY spectrum 

(Fig. 4.4). The assignments are started from the anomeric proton (H-1), because the chemical 

shift of H-1 is usually uniquely located in the down field and thus is easy to identify. The 

coupling network (taking pyranose ring as an example) follows the order of H-1 couples with 

H-2, H-2 couples with H-1 and H-3, H-3 couples with H-2 and H-4, H-4 couples with H-3 and 

H-5,  H-5 couples with H-4 and H-6/H-6’. According to  this rule, all the proton assignments 

of 3-α-araf (A) were obtained, which were 5.16, 4.38, 3.92, 4.18 and 3.84/ 3.75 ppm for H-1, 

H-2, H-3, H-4 and H-5/H-5`, respectively (Fig. 4.4). Based on the data of 
1
H/

13
C HMQC 

(HMQC) in the present study and comparison of the data with previous reports (Agrawal, 

1992; Cardoso, Ferreira, Mafra, Silva & Coimbra, 2007; Fischer, Yu, Gray, Ralph, Anderson 

& Marlett, 2004), the corresponding 
13

C assignments were also achieved. All the assignments 

of proton and 
13

C are summarized in Table 4.3. These results were further confirmed by the 

TOCSY spectrum (Fig. 4.5) where several well resolved cross peaks at 5.17, 4.39, 4.19, 4.03, 

3.92 and 3.82 ppm (along the dotted line A marked in the figure) were detected. This 

observation further supported the data of methylation analysis (3-araf: 6.5%) (Table 4.2).  The 

signal of residue A was absent in the NMR spectrum of 3.5P fraction (Fig. 4.3), which was 

consistent with the results of the monosaccharide composition (Table 4.1) and the methylation 

analysis (Table 4.2). Signal of arabinose (monosaccharide), rather than 3-araf, was detected in 

the 
13

C spectrum for the 3.5S fraction, which was due to the conversion of 3-araf to 

monosaccharide during the 3.5 h hydrolysis. Moreover, other monosaccharide signals such as 

glucose, mannose and galactose were also present in the NMR spectra of the 3.5S fraction for 

the same reason (Fig. 4.3c, dotted circle).  
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The H-1 chemical shift of residue H at  5.14 from HMQC spectrum (Fig. 4.5) 

indicated this residue was an -linked anomer. Residue H was tentatively assigned to T-α-araf 

by the comparison of its anomeric chemical shifts to the literature values (Martínez, León de 

Pinto, Sanabria, Beltrán, Igartuburu & Bahsas, 2003; Vinod, Sashidhar, Suresh, Rama Rao, 

Vijaya Saradhi & Prabhakar Rao, 2008). The proton chemical shifts obtained from COSY 

were 5.14, 4.18, 3.92, 4.05, 3.81, and 3.75 ppm for H-1, H-2, H-3, H-4, H-5 and H-5’, 

respectively. Based on the proton chemical shifts, 
13

C chemical shifts demonstrated by HMQC 

spectrum were 109.5, 81/82, 76.2, 83.5, and 60.9 ppm for C-1, C-2, C-3, C-4, and C-5, 

respectively (Table 4.3). The presence of T-araf was also supported by methylation analysis 

(Table 4.2), in which small percentage of T-araf was detected (1.3%).  

 

Figure 4.3. Partial 
13

C NMR spectra of polysaccharides 60S (a) (25 ºC in D2O), 3.5P (b) (30 

ºC in DMSO-d6) and 3.5S (c) (25 ºC in D2O)    
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Figure 4.4. Partial COSY spectrum (25 ºC in D2O) of polysaccharide 60S. (The full 

assignment of residue A was shown and the H1,2 cross peaks of the rest sugar residues were 

marked in the dotted circle) 

The anomeric proton chemical shift at 5.01 ppm (Fig. 4.2) and the 
13

C chemical shift at 

98.9 ppm (Fig. 4.3a) indicated the α configuration of residue B. Residue B was tentatively 

assigned to T-α-galp according to the relative high intensity in 
1
H spectrum and also by 

comparing the chemical shift with literature value (Sims, Craik & Bacic, 1997). The chemical 

shifts of H-1, H-2, H-3 and H-4 were successfully obtained from COSY spectrum  which were 

5.01, 3.82, 3.89 and 4.00 ppm, respectively (Fig. 4.4), whereas the correlation between H-4 

and H-5 was unobtainable due to the special configuration of galactose (Agrawal, 1992). This 

assignment, however, was addressed by comparing the chemical shifts with literature values 

(Agrawal, 1992; Kang, Cui, Chen, Phillips, Wu & Wang, 2011; Sims, Craik & Bacic, 1997) 

and by examining the cross peaks in HMQC (Fig. 4.6). The full assignments of 
1
H and 

13
C are 

also summarized in Table 4.3. In addition, following the dotted B line marked in the TOCSY 
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spectrum, four peaks at 5.01, 4.00, 3.89, and 3.82 ppm were observed, which matched well 

with the 
1
H chemical shifts. The presence of T-α-galp confirmed the observation from the 

methylation analysis (Table 4.2), in which the molar ratio of T-galp was 10.0%. The T-α-galp 

was also detected in NMR spectra of 3.5S and 3.5P fractions (Fig. 4.3). However, due to the 

effect of DMSO solvent, the anomeric chemical shift of T-α-galp was shifted to 4.71/98.9 

ppm in the spectra of 3.5P fraction (Fig. 4.6b). 

The cross peak at 5.18/98.5 ppm in the anomeric region of HMQC spectrum was 

tentatively assigned to 2-α-galp (residue K). The chemical shift of H-2 (3.83 ppm) was 

obtained by the well resolved cross peak in COSY spectrum (Fig. 4.4). Due to the structure 

similarity, most of the 
1
H/

13
C signals of 2-α-galp overlapped with T-α-galp and were hard to 

be assigned. Consequently, only partial assignments of 2-α-galp in the 60S fraction were 

obtained in the current study (Table 4.3). In addition, 2-α-galp was not detected in the 3.5P 

fraction due to the relatively low molar ratio (Table 4.2). 

 

Figure 4.5. Partial TOCSY spectrum (25 ºC in D2O) of polysaccharide 60S. 

 1 
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H B 
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Figure 4.6. Partial HMQC spectra of polysaccharide 60S (a/ c) (25 ºC in D2O) and 3.5P (b) 

(30 ºC in DMSO-d6). 

 

Figure 4.7. Partial HMBC spectra (25 ºC in D2O) of polysaccharide 60S (a/c) and 3.5S (b). 
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Residue D showed considerable intensity in 
1
H spectrum and was tentatively assigned 

to 4-β-glcp. The β-configuration of residue D was established by the anomeric signals at 4.51 

ppm (H-1) and 102.2 ppm (C-1) (Cui, Wood, Blackwell & Nikiforuk, 2000). The peaks at 

4.51, 3.38, 3.63, and 3.69 ppm in the COSY spectrum were successfully assigned to the H-1, 

H-2, H-3, and H-4 of 4-β-glcp, respectively, whereas the chemical shifts of H-5 and H-6/H-6’ 

were not available due to the high degree of signal overlap. The assignments of the H-1, H-2, 

H-3, and H-4 were in fair agreement with the previous reports (Agrawal, 1992; Cui, Wood, 

Blackwell & Nikiforuk, 2000; Hantus, Pauly, Darvill, Albersheim & York, 1997; Peña, 

Darvill, Eberhard, York & O’Neill, 2008). The TOCSY spectrum also exhibited several peaks 

at 4.5 ppm, 3.38 ppm, and 3.67 ppm (D/E line in Fig. 4.5), which matched well with the 

COSY results. The 
13

C chemical shifts were obtained according to the 
1
H chemical shifts and 

the corresponding 
1
H/

13
C correlations in the HMQC spectrum (Fig. 4.6). This result was 

supported by the methylation analysis data, which showed that 4-glcp accounted for 11.85% 

in 60S (Table 4.2).  

The residue E was tentatively assigned to 4,6-glcp, and the signals at 4. 58 ppm (H-1) 

and 102.2 ppm (C-1) corresponded to a β-linked anomer. Due to the structure similarity, most 

of the signals of 4,6-β-glcp overlapped with 4-β-glcp, except for the downfield shifting at 69 

ppm of the C-6 signal in 4,6-β-glcp, which was consistent with the previous data (Agrawal, 

1992; Peña, Darvill, Eberhard, York & O’Neill, 2008). The 4,6-β-glcp as well as 4-β-glcp 

were also detected in the NMR data of 3.5P and 3.5S fractions. Both of the sugar residues 

were presence in the 3.5S fraction (Fig. 4.3b and Fig. 4.3c), which was because some small 

fragments of the backbone could be released after 3.5 h hydrolysis and were included in 3.5S 

fractions.  
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The anomeric chemical shift of 
1
H at 4.98 ppm and of 

13
C at 98.6 ppm indicated that the 

residue C should be assigned to T-α-glcp. The chemical shifts for the H-1, H-2, H-3, H-4, H-5, 

H-6/H-6’ of T-α-glcp were identified as 4.98, 3.55, 3.78, 3.42, 3.75, and 3.75/3.86 ppm, 

respectively in the COSY spectrum. The chemical shifts for C-1 to C-6 of the residue were 

also obtained based on the HMQC spectrum. This result was in fair agreement with the 

previous data (Agrawal, 1992; Kang, Cui, Phillips, Chen, Guo & Wang, 2011a).   

The methylation analysis showed that 4-manp existed in 60S and 3.5P fractions, with 

the molar ratio of 20.3% and 36.0%, respectively. The presence of 4-β-manp in the 60S 

fraction was verified by the intensified signal centered at 4.78/100 ppm (Sims, Craik & Bacic, 

1997). It also presented in the NMR spectrum of the 3.5S and 3.5P fractions (the 

corresponding anomeric chemical shift were shifted to 4.6/100 ppm, due to the effect of 

DMSO). The absence of or week couplings between H-l and H-2 in a mannopyranosyl residue 

made it difficult to get the full assignment of 
1
H for residue F in COSY and TOCSY spectra. 

This issue, however, was addressed by comparing the chemical shifts with the literature values 

(Agrawal, 1992; Capek, 2009; Kang, Cui, Chen, Phillips, Wu & Wang, 2011; Kang, Cui, 

Phillips, Chen, Guo & Wang, 2011b) and by examining the cross peaks in the HMQC 

spectrum (Fig. 4.6). The chemical shifts of the H-1/C-1, H-2/C-2, H-3/C-3, H-4/C-4, and H-

5/C-5 of 4-β-manp were assigned as 4.78/100, 4.08/71.3 (4.81/81.4), 3.80/73.1, 3.81/76.7, and 

3.56/75.1 ppm, respectively.  The exact value of H-6 and H-6’ of the 4-β-manp in the 60S 

fraction was not obtained due to the severe overlap in the HMQC spectrum (as marked in Fig. 

4.6) while the chemical shift of C-6 (61.2ppm) was obtained by referring the 
13

C spectrum of 

3.5P fraction.  
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Table 4.3. 
1
H NMR and 

13
C NMR chemical shifts of the polysaccharide (60S) isolated from 

ASK seeds recorded in D2O at 25 ºC 

 H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H5' H6/C6 H6' 

3-α-araf 

A 

5.16 4.38 3.92 4.18 3.84a 3.75a   

109.5 80.0 83.5 81/82 60.9a 60.9a   

         

T-a-galp  

B 

5.01 3.82 3.89 4.00 4.10  3.73a  

98.9 68.1 70.9 69/70 71  61  

         

T-α-glcp  

C 

4.98 3.55 3.78 3.42 3.75  3.75a 3.86a 

98.6 72.2 73.5 69.4 72.9  61  

         

4-β-glcp   

            D 

4.51 3.38 3.63 3.69 ---
a
  --- --- 

102.2 72.7 73.9 79.1 ---  61 --- 

         

4,6-β-glcp 

E 

4.58 3.41 3.64 3.70 ---  3.89 3.99 

102.2 72.8 73.8 79.3 ---  69.0  

         

4-β-manp  

F 

4.78 4.08 3.80 3.81 3.56    

100.0 71.3 73.1 76.7 75.1  61.2  

         

T-α-glcpA 

G 

5.27 3.55 3.77 3.20 4.32    

97.2 72.2 73.0 82.3 72.0  176.0  

         

T-α-araf 

H 

5.14 4.18 3.92 4.05 3.81 3.75   

109.5 81.0/82.0 76 .2 83.5 60.9    

         

2- α-galp 5.18 3.83 --- --- ---  --- --- 

I 98.5 --- --- --- ---  ---  

         

4-β-xylp 4.44 3.28 3.54 3.75 4.14 3.41   

J 103.7 72.7 --- 76.7 --- ---   
a
 not obtained 

 

Compared to 60P fractions, the same sugar residues such as T-α-glcpA and 4-β-xylp 

were also observed in the NMR spectra of 60S fraction, and were designated G and J 

respectively. The signal at 176 ppm in the 
13

C spectrum showed the presence of uronic acid. 

The cross peak at 5.27/97.2 ppm in the anomeric region of HMQC (Fig. 4.6) confirmed the 

presence of T-α-glcpA. According to our previous report (Guo et al., 2011b) and based on the 
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COSY, TOCSY and HMQC spectrum in the current study, the full assignment of residue G 

was achieved and listed in Table 4.3. The methoxyl group (-OMe) in the 60S was found to be 

connected with the C-4 of T-α-glcpA, which was similar to the case in the 60P fraction (Guo 

et al., 2011b). Because of the poor signal in the NMR spectra, the complete chemical shifts of 

the 
1
H and 

13
C for 4-β-xylp were difficult to be assigned (Table 4.3). The evidence in the 

anomeric region of the HMQC spectrum (Fig. 4.6) confirmed the presence of 4-β-xylp. Based 

on the data in our previous paper (Guo et al., 2011b) and also the cross peaks in the COSY 

spectrum (Fig. 4.4) and HMQC spectrum (Fig. 4.6), partial assignments of residue J is 

summarized in Table 4.3. These results were also supported by the methylation analysis data, 

in which 2.3% 4-xylp was detected (Table 4.2). As mentioned before, both the T-α-glcpA and 

4-β-xylp could be contaminates from 60P fraction (Guo et al., 2011b), which should be 

considered in the construction of the proposed structure.  

 Examining the cross-peaks of both anomeric 
1
H and 

13
C of each sugar residue in 

HMBC spectrum, both inter- and intra-residual connectivities were evident (Fig. 4.7). Cross-

peaks between H-1 (5.16 ppm) of residue A and C-3 (83.5 ppm) of residue A were detected by 

HMBC of 60S sample (Fig 4.7a); the correlation of other sugar residues, especially residue D, 

E and F however was not clearly detected as shown in Fig. 4.7a. This was probably caused by 

the interference of the side chain. Therefore, the HMBC spectrum of 3.5S was employed to 

solve this problem. As aforementioned, some low molecular weight fragments of 60S from 

main chain were included in 3.5S fraction (Fig. 4.1 and Fig. 4.3c).  In HMBC spectrum of 

3.5S, cross peaks between H-1 (5.01 ppm) of residue B and C-6 (69 ppm) of residue E; H-1 

(4.98 ppm) of residue C and C-6 (69 ppm) of residue E; H-1 (5.18 ppm) of residue I and C-6 

(69 ppm) of residue E; H-1 (4.78 ppm) of residue F and C-4 (79 ppm) of residue D/E; H-1 
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(4.51 ppm) of residue D and C-4 (76.7 ppm) of residue F; H-1 (4.58 ppm) of residue E and C-

4 (76.7 ppm) of residue F were observed in Fig. 4.7b. 

Combining all results from monosaccharide composition, methylation analysis and 1D 

& 2D NMR spectroscopy, the following structure was proposed for 60S:  

 
R could be one or some of -(3--Araf )n-, T--galp, T--glcp, T-araf or  T-arap 

 

4.3.4. MALDI-TOF-MS 

In the current study, the 3.5P fraction (with relatively low molecular weight), instead 

of 60S, was analysed by the MADI-TOF-MS to get high S/N signal. We were aware that the 

3.5P fraction only retained part of the structural characteristics of the original 60S, because 

some sugar residues, especially arabinosyl and acetyl groups, were removed from the main 

chain by the TFA hydrolysis. 

The MALDI-TOF-MS profile of the 3.5P fraction is shown in Fig. 4.8. The distance 

between the adjacent peaks was 162 mass units, which corresponds to the hexose residues in 

this polysaccharide. The most intensified peaks in the 3.5P fraction (1823 and 1985) were 

attributed to the sodium-adduct ions of the oligosaccharide Hexose11 and Hexose12, 

respectively. The maximum degree of polymerization (the number of hexose unit) of the 3.5P 

fraction was 33 (a.i. 5382.7). The pentose (specifically arabinose in the current study) and 

acetyl residue were not detected in this fraction, which was in agreement with the 

aforementioned results.  The relative contents of galactose, glucose and mannose residues in 
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this fraction could not be determined from the MALDI-TOF-MS spectra due to the same 

molecular mass (162 mass units). 

  

  

Figure 4.8.  MALDI-TOF profile for a hydrolysate of 60S (3.5P) 

 

4.4. Discussion  

In the present study, using partial acid hydrolysis, methylation analysis, NMR 

spectroscopy and MALDI-TOF-MS, the structure of the 60S fraction was deduced to be 

(galacto)glucomannan (GGM). GGM occur primarily in the lignified secondary walls of 

gymnosperms and also in the walls of the endosperm of some seeds (Sims, Craik & Bacic, 

1997). Some of the glucomannan, such as Konjac mannan, is less water soluble compared 

with the 60S fraction, probably because of the rigid linear back chain (less branched) 

(Nishinari, Williams & Phillips, 1992). Some researchers claimed the glucomannan isolated 
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from Dendrobium huoshanense and Dloe vera possessed immuno-modulatory effects, and the 

effects were attributed to the O-acetyl group attached to the backbone of the polysaccharides 

(Ridout, Brownsey, Gunning & Morris, 1998; Rodd, Dunstan & Boger, 2000a; Tai-Nin Chow, 

Williamson, Yates & Goux, 2005). The similarity between the structure of the 60S and 

polysaccharides from Dendrobium huoshanense and Dloe vera give useful indication that 60S 

fraction may share the same bioactivities, which need to be verified in future studies.  
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5. CONFORMATIONAL PROPERTIES OF HIGH MOLECULAR WEIGHT 

HETEROPOLYSACCHARIDE ISOLATED FROM SEEDS OF ARTEMISIA 

SPHAEROCEPHALA KRASCH* 

5.1. Introduction 

 The water-extractable polysaccharides from Artemisia sphaerocephala Krasch seeds 

(ASKP) have attracted much attention over the past few years (Guo et al., 2011a; Guo, Cui, 

Wang, Hu, Kang & Yada, 2012; Guo et al., 2011b; Zhang, Wu, Liang, Hu, Wang & Zhang, 

2007) due to its reported effects on hyperglycemia, hyperlipemia, and insulin resistance in 

streptozotocin-induced type 2 diabetic rats as well as the significant antioxidant effects on 

diabetic rats (Xing, Zhang, Hu, Wu & Xu, 2009; Zhang, Huang, Hou & Wang, 2006). 

Previously we reported the physicochemical properties of ASKP as well as its two fractions 

60P (high Mw) and 60S (low Mw: 39 kDa) (Guo et al., 2011a). The structural properties of 

60P and 60S using methylation analysis, 1D & 2D NMR and MALDI-TOF-MS were well 

studied. Based on the proposed structures, 60P and 60S were confirmed to be 

arabino(glucurono)xylan and (galacto)glucomannan, respectively (Guo, Cui, Wang, Hu, Kang 

& Yada, 2012; Guo et al., 2011b).  

 To better understand the physicochemical properties and to further establish a 

structure-function relationship， the conformational properties of ASK polysaccharides is an 

area worth investigating, given that most research has focused on the physical properties and 

bioactivities (Zhang, Huang, Hou & Wang, 2006) rather than the conformational properties of 

ASKP.  

* Submitted to Food Hydrocolloids, Accepted.  
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Due to the structure complexity (high irregular primary structures and overwhelming 

number of hydroxyl groups per chain with their capability of hydrogen binding), many of the 

analytical tools used for protein characterization, such as x-ray diffraction, are not suitable for 

polysaccharides. However, the application of various scattering techniques may be 

appropriate. e.g., static light scattering (SLS) and dynamic light scattering (DLS).  

 SLS allows for the determination of weight average molecular weight Mw, radius of 

gyration Rg, and the second virial coefficient A2 using the following equation: 

cAqMRMRKc
wgw 2

22 2)/(3/1/1/ 
                                                                      (1) 

where K  is an optical contrast factor, c  is the polymer concentration, R  is the Rayleigh ratio 

(normalized scattering intensity), and the scattering vector q  is defined as 

00 /)2/sin(4 nq                                                                                                                (2) 

where 0n  is the refractive index and 0 is the wavelength in a vacuum.  

 The SLS data is usually analyzed by Zimm plot approach, which is constructed by 

plotting RKc /  vs q
2
+kc, the Mw, Rg and A2 can then be extracted via two extrapolations. 

Extrapolating the angular measurements to zero angle for each concentration measurement at 

each straight line in c, the slope of this line yields A2. Extrapolating the concentration 

measurements to zero concentration for each angle results in another straight line, the slope 

divided by the intercept of this line yields Rg. 

 The DLS technique is used mainly to extract the hydrodynamic radius (Rh) as well as 

the size distribution of the polymers. In dilute solutions, the intensity correlation function 
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G2(t) can be related to the electric field correlation function g1(t) by the Siegert relationship:  

)|)(|1()( 2

1

2

2 tgfBtG                                                                                                         (3) 

where B is the baseline as determined by the infinite delay-time point, f, less or equal to one, 

determines the intercept-to-baseline ratio and depends on the quality of the instrument set up. 

For simple monodisperse particles, g1(t) decays as a single exponential with decay constant 

  

)exp()(1 ttg                                                                                                      (4) 

2Dq                                                                     (5) 

where D representing the diffusion coefficient and q the magnitude of the scattering wave 

vector.  

 Most naturally occurring polysaccharides are polydispersed and some structures have 

the so-called segmental mobility, in which case g1 (t) no longer decays as a single exponential 

and Dapp(q) shows both angular dependence (q
2
) and concentration dependence (Burchard, 

1994). To obtain the translational self-diffusion coefficient D0, dynamic light scattering Zimm 

plot is used, which is constructed by plotting Γ/q
2
 versus q

2
+kc whereby the intercept of c→0 

and θ→0 yields D0.                           

The hydrodynamic radius (Rh) can be calculated through the stokes-Einstein equation: 

hRkTD 6/                                                                (6) 

 where k is the Boltzmann’s constant, T is the absolute temperature and η is the viscosity of 

solvent.  

 The ratio of Rg/Rh is used to provide useful conformation properties and is denoted as 

ρ. The different ρ values for various molecular conformations have been described by 
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Burchard (2004). 

High performance size exclusion chromatography (HPSEC) is another useful tool that 

can be used to obtain conformational properties of polysaccharides. HPSEC is generally used 

to monitor the molar mass distribution. However, by connecting HPSEC with several 

detectors including refractive index (RI), low angle light scattering and right angle light 

scattering, U  and online viscometer, parameters such as Mw, Mn, Mz, intrinsic viscosity 

([η]), Mark-Houwink parameter ( and k), hydrodynamic radius (Rh) and radius of gyration 

(Rg) can be determined, from which the conformational properties of the polymers can be 

extracted. In addition, the aggregation effects in HPSEC measurement could be decreased to a 

fairly low level (Li, Wang, Cui, Huang & Kakuda, 2006), since the relative low concentration 

(1 or 2 mg/mL), elevated temperature (40 ºC) and the forced shear flow effect allows for the 

dissociation of the aggregates. Also, the aggregation region (if it exists) could be easily 

removed as we can freely select various peak regions for calculation. 

The objective of the present study was to investigate the conformational properties of 

60P using light scattering and HPSEC techniques, and in further to establish its structural-

function relationship. 

5.2. Experimental  

5.2.1. Materials  

 60P fraction was isolated from Artemisia Sphaerocephala Krasch seeds using water 

extraction (1:400 w/v, 70 ºC) for 24 h, followed by 60% (w/v) ammonium sulphate 

precipitation at room temperature. The precipitate was further purified using Minim II 

tangential flow filtration (Pall corporation, US, with 500 kDa Mw cut-off) to remove protein 



63 
 

and other small molecules. Protease (Megazyme, B. licheniformis) was used to further remove 

protein. 

5.2.2. Sample preparation   

For the light scattering, 60P was dissolved in various solvents at room temperature 

under constant stirring overnight (mother solution).  arious concentrations of solutions could 

be made by diluting the mother solution accordingly. All solutions were filtered through a 0.45 

μm nylon filter for 4 times in order to remove dust.  

5.2.3. Light scattering apparatus 

Both static and dynamic measurements were conducted at 637 nm using a Brookhaven 

light scattering instrument including a precision Goniometer, a photomultiplier, and a 128-

channel BI-9000AT digital autocorrelator (Brookhaven Instruments, Holtsvile, New York, 

USA). Total intensity light scattering measurements were conducted in the angular range of 

30°-140°. Toluene was used as a reference in the static light scattering measurements. The 

particle size distributions were calculated by either the constrained regularization (CONTIN) 

method or Non-Negatively Constrained Least Squares (NNLS) method using Brookhaven 

dynamic light scattering software. All light scattering measurements were performed at 25 °C 

in triplicate. dn/dc value of 60P in 0.5 M NaOH solution was determined using BI-DNDC 

differential refractometer (brookhaven instruments corporation), which was obtained as 0.132 

mL/g. 

5.2.4. HPSEC 

 The molecular weight distribution of 60P was determined using a high performance 

size-exclusion chromatograph (HPSEC) equipped with multiple detectors: a differential 
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pressure viscometer (DP) for viscosity determination; a refractive index detector (RI) and a 

U  detector for concentration determination; a right angle laser light scattering detector 

(RALLS) and a low angle laser light scattering detector (LALLS) for direct molecular weight 

determination. Two columns in series: a Shodex Ohpak KB-806M (Showa Denko K.K., 

Tokyo, Japan), and an Ultrahydrogel linear (Waters, Milford, CT, USA) were used. The 

columns, viscometer and RI detector were maintained at 40 ºC. The eluent was 0.1 M NaNO3 

containing 0.03% (w/w) NaN3 at a flow rate of 0.6 mL/min. Data was obtained and analyzed 

using the OmniSEC 4.6.1 software. 0.146 was adopted as the dn/dc value in aqueous solution 

for the calculation (determined using BI-DNDC differential refractometer). 

5.2.5. Intrinsic viscosity measurement  

 The intrinsic viscosity determination of 60P was performed using different 

concentrations of NaCl (0.02, 0.05, 0.09 and 0.5 M) and NaOH (0.1 M, 0.3 M and 0.5 M) 

solvents, respectively. All the tests were carried out at constant temperature of 25 ºC using 

Ubbelohde capillary viscometer (size 100, Cannon Institution Company, USA).  

The Huggins and Kramer equations were used for calculation: 

22' ][][ cKcsp                                                             (7) 

22])[5.0'(][)ln( cKcrel                                               (8) 

where ηsp is specific viscosity and ηrel is relative viscosity. The intrinsic viscosity [η] can be 

obtained by extrapolating concentration c to zero in both equations.  

5.2.6. Apparent viscosity determination 

Apparent viscosity was determined using an ARES rheometer (TA instruments, New 

Castle, DE, USA). All samples were prepared in various solvents with the concentration of 1 
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mg/mL. All the measurements were kept at 4 ºC. Cone and plate geometry was employed for 

the steady flow test with the gap size of 0.047 mm. Each sample was measured in duplicate. 

5.3. Results and Discussion 

5.3.1. Intrinsic viscosity 

Intrinsic viscosity, also referred as inherent viscosity, is a critical parameter which can 

be used to gain insight into polysaccharide conformation. A high intrinsic viscosity value 

relates to a more extended structure for a given chain length. The intrinsic viscosity of 60P in 

various solvents was determined by Ubbelohde capillary viscometer and the results are given 

in Table 5.1.  

 

Table 5.1. The intrinsic viscosity of 60P in various solvents. 

Solvents 

0.02M 

NaCl 

0.05M 

NaCl 

0.09M 

NaCl 

0.50M 

NaCl 

0.10 M 

NaOH 

0.30 M 

NaOH 

0.50 M 

NaOH 

[η] (0.1 

m
3
/kg) 5.13±0.04 4.51±0.04 4.23±0.04 4.52±0.01 4.21±0.05 3.48±0.03 2.70±0.03 

 

Data revealed that the intrinsic viscosity decreased with increasing concentration of 

NaOH. NaCl solution also showed the same trend at low concentration. However, when the 

concentration of NaCl increased from 0.09 M to 0.5 M, the intrinsic viscosity value 

demonstrated an increasing tendency (from 0.42 to 0.45 m
3
/kg). NaOH solvent showed a 

much stronger effect on intrinsic viscosity value compared to NaCl i.e., the intrinsic viscosity 

of 60P in 0.5 M NaOH (0.27 m
3
/kg) was much lower than in 0.5 M NaCl (0.45 m

3
/kg). 
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Several possible explanations exist: (1) the polyelectrolyte property of 60P could force the 

molecular chain to expand via electrostatic repulsion, which lead to a higher intrinsic 

viscosity. Both the NaCl and NaOH solvents could screen the charge effects thus decreasing 

the intrinsic viscosity of 60P (Ousalem, Busnel & Nicolai, 1993), however, it should also be 

noticed that the increase of salt could also compete water with polysaccharides, hence 

reducing the second virial coefficient and leading to the association of molecules. When the 

salt concentration is low, the former effect is dominate, while with the concentration gradually 

increased to high level, the latter effects could outweigh the former one, and then the intrinsic 

viscosity value will be increased. (2) NaOH could also break down the intermolecular 

hydrogen bonding and further decrease the measured intrinsic viscosity (Li, Wang, Cui, 

Huang & Kakuda, 2006).  
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Figure 5.1. The molecular size distribution of 60P determined by dynamic light scattering, A: 

in pure water, B: in 0.09 M NaCl, C: in 5 M Urea and D: in 0.5 M NaOH.  

 

5.3.2. Elimination of aggregates 

Polysaccharides easily form aggregates in aqueous solution. It is well acknowledged 

that aggregation is strongly influenced by charge effects and hydrogen bonding between 

molecules, which is further affected by the solvent of the solution as well as the structure 

properties of the polysaccharides (Li, Wang, Cui, Huang & Kakuda, 2006). Based on the 
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previous reports (Gómez, Navarro, Manzanares, Horta & Carbonell, 1997; Ousalem, Busnel 

& Nicolai, 1993), different physical and chemical methods can be used to eliminate 

aggregation, such as heating, sonication, filtration, and through the addition of base or salts. 

Physical methods can reduce/eliminate the aggregation temporarily and with time, the 

aggregates will be reformed. NaCl and NaOH solutions were successfully used to eliminate 

aggregation of gum Arabic and β-glucan (Burchard, 1994; Li, Wang, Cui, Huang & Kakuda, 

2006), hence both NaCl and NaOH were considered in the present study (Fig. 5.1). In 

addition, urea was also included in the present study as it is a strong hydrogen bonding 

breaking agent (Li, Wang, Cui, Huang & Kakuda, 2006). 

 A bimodal size distribution was detected in 60P water solution (0.2 mg/mL) with 

apparent size diameters of 64 nm and 1570 nm (Fig. 5.1A). While only monodispersed size 

distribution was observed in 0.5M NaOH solution with the apparent size diameter of 67.3 nm 

(Fig. 5.1D), indicating that aggregation occurred in water while 0.5 M NaOH solution could 

eliminate/reduce aggregation. Compared to NaOH solutions, 0.09 M NaCl solutions exhibited 

more severe aggregation: a bimodal size distribution phenomenon was observed and a large 

percentage of aggregates were detected (Fig. 5.1B). The apparent mean diameters were 63 and 

657 nm, respectively. Aggregates were also detected in 5 M urea (Fig. 5.1C), in which a tri-

modal size distribution was observed, indicating urea cannot completely prevent 60P 

aggregation. In summary, NaOH was better able to prevent/reduce aggregation. It should be 

noted that high concentrations of NaOH may lead to the degradation of the polysaccharide 

(such as the β-elimination effect (Li, Wang, Cui, Huang & Kakuda, 2006)), hence, the stability 

of 60P in 0.5 M NaOH needs to be investigated. In our research, the hydrodynamic radius of 

60P in 0.5 M NaOH as a function of time was examined (Fig. 5.2). The results showed a 
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relatively high Rh of 60P particles that decreased obviously within one day, likely as a result 

of the polysaccharide needing time to completely swell in the solution and also due to 

breaking of hydrogen bonding of the molecules over time. Small change was observed 

between 1-4 days, suggesting all the experiments should be carried out within four days of 

sample preparation. 

 

 

 

 

 

 

 

Figure 5.2. The hydrodynamic radius Rh of 60P (concentration: 0.2 mg/mL, angle: 90º) from 

DLS  

 

5.3.3. Apparent viscosity 

             In order to associate aggregation effects with rheological data, the apparent viscosity 

of 60P in various solvent/conditions was determined (Fig. 5.3). Results showed that 60P in 

water solution exhibited a relative higher apparent viscosity compared to that in NaCl and 

NaOH solutions, indicating the Na
+
 could screen the charge effects of 60P (induced by the 

high percentage of uronic acid side chain in 60P). This also could explain why the higher 

concentrations of NaCl/NaOH in solution demonstrated lower viscosity. Also, the apparent 
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viscosity of 60P in 0.5M NaCl exhibited a higher value than that in 0.09 M NaCl, which was 

consistent with the intrinsic viscosity data mentioned before.  

 
Figure 5.3. The apparent viscosity of 60P in various solvents. (concentration: 1 mg/mL; 

Temperature: 4 ºC)   

 

The 60P in NaOH solution exhibited an even lower apparent viscosity than that of 

NaCl solution, suggesting some aggregates could be prevented via the breaking of inter-

hydrogen bonds as well as the prevention/breaking of protein bridges. In addition, 60P in 

water and NaCl solution after heating (70 ºC under constant stirring for 2 h and then cooled to 

room temperature before testing) exhibited lower viscosity compared to that before heating 

(incubated at room temperature under constant stirring overnight) indicating that the heating 

process could reduce the aggregation of 60P in both solutions, which could be the result of the 

breaking of hydrogen bonding through heating. Thus, apparent viscosity obtained at low 

concentrations can be used as a convenient and fast method to monitor the aggregation degree 
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of polysaccharides with different solvent/temperature.  

 

  Figure 5.4. Zimm plot of 60P determined by SLS (in 0.5 M NaOH solution) 

5.3.4. Weight average molecular weight (Mw) and radius of gyration (Rg) 

Using 0.5 M NaOH as solvent, the Zimm plot of 60P is shown in Fig. 5.4. As 

illustrated in the Introduction section, after two extrapolations, parameters such Mw, Rg and 

A2 were able to be obtained and summarized in Table 5.2. The positive value of A2 for 60P 

indicated that the interaction between molecule and solvent (0.5 M NaOH) was larger than 

that between polysaccharides molecules, which also supported the aforementioned results that 

no aggregates were detected in this solution. The Mw value of 60P extracted from static light 

scattering (590 kDa) was quite close to that obtained from HPSEC (551 kDa) while the Rg 

value derived from Zimm plot (56 nm) was higher than that from HPSEC (46 nm). This 

difference could be caused by the different solvent (Eluent for HPSEC: 0.1 M NaNO3) as well 

as the different temperature (40 ºC for HPSEC and 25 ºC for light scattering). Both methods 

could yield relative trustable data. However, due to the multi-angle detector and various 

concentrations of samples, data from static light scattering method should be more accurate 

compared with that obtained from HPSEC (only two angle were used for the light scattering 
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detector in HPSEC: 90º and 7º), whereas HPSEC method was much convenient and fast in 

terms of sample preparation and instrument operation.    

Table 5.2. Conformational parameters of 60P, extracted from both HPSEC and light scattering 

techniques. 

 Mw 

(kDa) 

Rh 

(nm) 

Rg 

(nm) 

A2 

(10
-4
cm

3
mol/g

2
) 

Rg/Rh 

HPSEC (60P) 551±73 31±2 46±4 --- 1.48 

SLS&DLS (60P) 590±9.8 32±0 56±2 7.01±0.77 1.75 

                    ---: not detectable  

5.3.5. Hydrodynamic radius (Rh) 

Using 0.5 M NaOH as solvent, the dynamic light scattering for 60P was carried out. In 

order to determine whether hydrodynamic radius of 60P demonstrated angular dependence 

and concentration dependence, dynamic light scattering was carried out using different angles 

and different concentrations of samples, respectively. The results are given in Fig. 5.5. 

 

Figure 5.5. Concentration dependence (A) (testing angle: 90º) and angular dependence (B) 

(concentration: 0.2 mg/mL) of hydrodynamic radius (Rh) measured by dynamic light 

scattering for 60P in 0.5 M NaOH Solution.  
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Results illustrated that the apparent Rh did not show any significant (P>0.05, tested by 

SAS 8.01) angular dependence (Fig. 5.5B), but showed obvious concentration dependence 

(Fig. 5.5A). The concentration dependence can be described by the following equation:  

KcRR hah 
0                                                               (9) 

where Rha is apparent hydrodynamic radius, Rh0 refers to the translational, self-hydrodynamic 

radius. A good linear regression was observed after fitting the curve in Fig. 5A (R
2
=0.95), the 

interception value (Rh0) was obtained as 32 nm (labeled as Rh in Table 5.2). This data was 

similar to that derived from HPSEC (31 nm). 

 The Rg/Rh value (1.75) derived from light scattering techniques indicated an overall 

random coil conformation of 60P in 0.5 M NaOH solvent. The Rg/Rh value of 60P in 0.1 M 

NaNO3 was 1.48, indicated a relative compact conformation compared with that in 0.5 M 

NaOH.  

5.3.6. Conformation and flexibility study of 60P by HPSEC with triple online detectors  

HPSEC can not only determine the overall conformational properties of 60P but also 

demonstrate the conformational properties among various Mw fractions using online triple 

detectors. Combined RI and LALS& RALS with online viscometer, the relationship of Mw 

with cumulative weight fraction, intrinsic viscosity [η], Rg, Rh and Rg/Rh (ρ) were established 

(Fig. 5.6). The Log Mw range of 5.2-6.3 was adopted based on Fig. 5.6A. The double 

logarithmic plot of the molecular weight versus intrinsic viscosity can be well described using 

the Mark-Houwink equation (10) 

   vkM                                                                   (10) 

where k and  are used to investigate the corresponding conformation of this polysaccharide. 
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It is well known that the exponent  usually lies in the range of 0.5 to 0.8 for linear random 

coil polysaccharides and increased with increasing chain stiffness. The parameter  is also 

affected by the interaction between polysaccharides and solvent. Low  value favors poor 

solvent and high  indicating a good solvent. (Morris & Ross-Mruphy, 1981)  

It is worth noting the curve in Fig. 5.6B was not completely linear, i.e., a decreased 

slope was observed with increasing Mw, likely as a result of the increased percentage of side 

chains in the high Mw fraction. Hence, two linear regressions were used to fit the curve, the 

slope () were obtained as 0.82 and 0.32 in the log Mw range of 5.3-5.82 and 5.82-6.3, 

respectively. This indicated that 60P in aqueous solution exhibited random coil conformation 

in low Mw range and closely spherical conformation in high Mw range, likely as a result of 

the high percentage of side chains in the high Mw fraction. Also, small amount of aggregates 

could be present in high Mw range, which might reduce the slope of this curve.   

 The hydrodynamic radius (Rh) and radius of gyration (Rg) could also be derived from 

HPSEC, based on the following equation 

 
9.3

)( 3

1

M
Rh




                                                                                                                         (11) 

The radius gyration (Rg) is calculated from the Flory-Fox equation (Flory, 1953) 

3/1)
][

(61



M

Rg



                                                                                                              (12) 

Where Φ is the Flory viscosity constant (roughly 2.610
26
 kg

-1
 for random coils)  

 By fitting the curve (Fig. 5.6C) using linear regression, the slopes of Rg vs Mw and Rh 

vs Mw were 0.49 and 0.55, respectively. This also confirmed our previous data that 60P in 

aqueous solution exhibited random coil conformation (Harding, Abdelhameed & Morris, 
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2011). The plot of Rg/Rh vs Log Mw was also carried out and the value of ρ was in the range 

of 1.3-1.6, indicating a random coil conformation (Burchard, 1994). The Rg/Rh value 

decreased with the Mw, suggesting that the conformation of 60P was not consistent among 

various Mw fractions, which confirmed the previous hypothesis that the high molecular 

weight fraction carried a higher percentage of side chains than low molecular weight fraction. 

 

Figure 5.6. Logarithmic plot of the molecular weight vs cumulative weight fraction (A), 

intrinsic viscosity (B), radius of gyration, hydrodynamic radius and the ratio of Rg/Rh (C) of 

60P in aqueous solution.  

Log (M) 
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Two macromolecular models: random flight model and wormlike cylinder model were 

applied to characterize the chain stiffness of 60P. The results of intrinsic viscosity and 

molecular weight obtained by HPSEC were used for the both models.   

 In a random flight model, the unperturbed dimension of the polymer was calculated 

based on the following relationship (Li, Cui & Wang, 2006; Morris & Ross-Mruphy, 1981; 

Wang, Wood, Cui & Ross-Murphy, 2001): 

2/12/12/33 )/(][ MKMmCl                                               (13) 

where l is the length of each rod, m is residue molecular weight and M is molecular weight of 

polymer. C∞ is characteristic ratio, which can describe the restriction of chain flexibility. Kθ 

could be obtained from the Burchard-Stockmayer-Fixman (BSF) plot (Fig. 5.7A), which is the 

simplest extrapolation for estimating unperturbed coil dimensions from perturbed dimensions. 

A good linear region from the low molecular weight fractions was observed, while a 

downward curve was detected in the high molecular region. From the initial linear part, the Kθ 

was calculated to be 1.210
-3
 m

3
kg

-1
. Using residue length of 0.54 nm (Dervilly-Pinel, 

Thibault & Saulnier, 2001), and average molecular weight of residue m= 227 g/mol, the 

characteristic ratio value was calculated to be 21.5 using equation 13. 

 The persistence length was determined by the equation 14 (Roger & Colonna, 1992):  

 2/lCLp                                                          (14) 

The Lp value was calculated to be 5.8 nm, indicating a semi-flexible structure compared with 

very flexible polymers such as pullulans (Lp= 1.7 nm) and very stiff polysaccharides such as 

xanthan gum (Lp=100-150 nm). The value is larger than that (3.1 nm) of arabinoxylan reported 

by Picout and Ross-Murphy (Picout & Ross-Murphy, 2002), which could be caused by the 
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high percentage of uronic acid in 60P (Guo et al., 2011a).  

 

Figure 5.7. BSF plot (A) and Bohdanecký plot (B) of 60P in aqueous solution (obtained from 

HPSEC data) 

 

The Bohdanecký plot of (M
2
/[η])

1/3
 vs M

1/2
 (Fig. 5.7B) is mainly applied to calculate 

the related conformational parameters for the wormlike cylinder model. According to this 

model, the (M
2
/[η])

1/3
 and M

1/2
 could be expressed as following equation (Bohdanecky, 1983; 

Weinhold & Thöming, 2011): 
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 ,0 equals 2.8610
23
 mol

-1
; A0 and B0 are functions of reduced hydrodynamic diameter, where 

the approximate value of B0 = 1.05 is used; ML is the molar mass per unit of contour length 

(420 is used for the calculation). The slope (4.75) and intercept value (184.6) can be obtained 

after fitting the curve with linear regression (Fig. 5.7B). The Lp was obtained as 2.4 nm, which 

was lower than that obtained by the BSF.  

5.4. Conclusions  

Using HPSEC and SLS & DLS, parameters such as Mw, Rg, Rh and A2 were obtained 

in the present study. 0.5 M NaOH solvents exhibited the ability to reduce/eliminate aggregates 

of 60P. Mw, Rg and A2 of 60P (in 0.5 M NaOH) were obtained from SLS. DLS results of 60P 

in 0.5 M NaOH illustrated that the apparent Rh did not show significant (P>0.05, ANO A) 

angular dependence, but demonstrated obvious concentration dependence (R
2
=0.95). The 

Rg/Rh (ρ) value (1.75) from light scattering, the conformational parameter extracted from Rg 

vs Mw (0.49) and Rh vs Mw (0.55) determined by HPSEC indicated an overall random coil 

conformation of 60P in both 0.5 M NaOH and 0.1 M NaNO3 solution (eluent for HPSEC). The 

decreased value of Rg/Rh and Mark-Houwink-Sakurada exponents  with Mw, suggested that 

the conformation of 60P was not consistent among various Mw fractions. The characteristic 

ratio and the persistence length obtained from the random flight model and wormlike cylinder 

model both indicated a semi-flexible structure of 60P. 
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6. COMPUTER MODELING ANALYSIS OF TWO MOLECULAR 

STRUCTURES OBTAINED FROM SEEDS OF ARTEMISIA 

SPHAEROCEPHALA KRASCH (ASK)* 

 

6.1. Introduction 

Most recently (Guo et al., 2011a), ASKP was separated into two molecular weight 

fractions using ammonium sulphate precipitation (Chapter 2). The structural properties for 

each fraction were well established (Chapter 3 and Chapter 4). Also, some conformational 

parameters such as persistence length (Lp), characteristic ratio (C∞), hydrodynamic radius (Rh) 

and radius of gyration (Rg) were obtained using light scattering techniques combined with 

high performance size exclusion chromatograph (HPSEC) (Chapter 5). However, the 

mechanisms of how they provide beneficial physiological effects and exhibit functional 

properties are still not clear. Further efforts are required in order to elucidate the structure, 

conformation and function relationships.  

 Molecular modeling method was first utilized in the biopharmaceutical area and was 

later widely applied in polymer research, where it has a profound role regarding 

conformational properties analysis (van Gunsteren & Berendsen, 1990). It provides a 

visualized picture to better understand the structure and conformation of polymers. The 

arbitrarily designed virtual molecules are more favourable compared to experimental methods  

 

* Submitted to Carbohydrate Polymers, on processing 
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to study the structure- conformation relationship. The modeling prediction can be 

supplementary to experimental data (such as X-ray, 2D NMR and light scattering coupled 

with HPSEC) and finally it be used to extrapolate data into regions that are hard to determine 

experimentally Due to the limitation of computer time and memory, only up to tri-saccharides 

could be considered by quantum mechanics (QM). Therefore, molecular mechanics (MM) was 

chosen as the calculation method in the present study. Variety of force field programs for 

modeling are available such as GROMOS, MM2, MM3, CHARM and AMBER. The standard 

AMBER forcefield, which is attributable to Kollman and coworkers (Weiner et al. 1984, 

1986), is parameterized and defined only for proteins and DNA at the beginning. Later some 

special parameters were added to make it suitable for polysaccharides study (Homans, 1990). 

A typical forcefield for MM is expressed as follows: 

 

 

where, the first two energy terms are a sum over all bond lengths and bond angles and 

represent the covalent bond stretching and bond angle bending interactions, respectively. The 

third term is used for the torsional angle interactions and the last term is a sum over all non-

connected pairs of atoms and represents the non-bonded interaction (van der Waals and 

Coulomb interactions).  

 RIS-Metropolis Monte Carlo (RMMC) method has been applied to the conformational 

analysis of polysaccharides with the aim of deriving ensemble average parameters (Li, Cui, 

Wang & Yada, 2012; Wu, Li, Cui, Eskin & Goff, 2012). This method shows some advantages 

compared with the traditional RIS methods (Honeycutt, 1998): (1) RMMC can be applied into 

complicated polymer structure which contains rings in the main chain; (2) RMMC use energy 
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instead of statistical weights to calculate chain conformational properties; (3) RMMC allows 

torsion angles to vary continuously. 

In the present study, the conformational properties of 60P and 60S as well as the 

different branching ratio and distribution were investigated using molecular modeling. Some 

conformational parameters such as mean-squared end-to-end distance (‹r
2
›), the radius of 

gyration (Rg), the persistence length (Lp) and the characteristic ratio (C∞) were obtained by the 

RMMC method. The Lp and C∞ were comparable with the data obtained from the light 

scattering & HPSEC determination. 

6.2. Computation method 

Molecular modeling calculations were performed on InsightII/Discover_3 and RIS 

program (Version 4.0.0, Molecular Simulations Inc., San Diego, USA) 

6.2.1. Adiabatic methods 

To calculate potential energy surfaces, the adiabatic methods were used: the 

conformations were explored by systematically stepping the torsion angles Φ and Ψ from -

180˚ to 180˚ with 20˚ increments. At each point, energies were calculated after energy 

minimization with restraints for those Φ and Ψ torsion angles, while keeping the other 

variables relaxed. All the possible orientation of hydroxymethyl groups (60˚, 60˚ and 180˚ 

usually referred as gg, gt and tg, respectively) as well as the orientations of the secondary 

hydroxyl groups (clockwise and reverse-clockwise) were all considered in the present study. 

Based on the previous reports (Dowd, French & Reilly, 1992), the dihedral angles for (1→4) 

linked glycosidic linkages were defined as follows: Φ= H1− C1−O1−C4’; Ψ= 

C1−O1−C4’−H4’.  
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6.2.2 Construction of polysaccharides with different structural features 

T-GlcpA groups were detected with large percentage and distributed along xylan 

backbone as side chains in the molecular structure of 60P (Guo et al., 2011b). In the present 

study, molecular structures with different T-GlcpA ratio and various distribution patterns 

(random, alternative and block) along the xylan chain were included in order to explore 

whether and how T-GlcpA influences the xylan chain conformation. In addition, molecular 

structures with various Mw were also considered in the present study to investigate their 

influences on the chain conformation. Parameters such as Rg, Lp and C∞ were used to make 

the comparison.  

Based on our previous report (Guo, Cui, Wang, Hu, Kang & Yada, 2012), the structure 

properties of 60S were as follows: β-1,4-linked glucose and β-1,4-linked mannose as 

backbone. Over half of the glucosyl residues in the main chain were branched on O-6 position. 

Also, small percentage of O-acetyl group was detected. As 60S has relatively low Mw (38.7 

kDa) and the computer hardware power was able  to accommodate this size, different 

molecular weight polymers were considered in the test and the Rg obtained was used in 

comparison with the experimental data from HPSEC. Furthermore, it has been reported by 

some researchers that the glucomannan isolated from Dendrobium huoshanense and Dloe vera 
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possesses immuno-modulatory effects, and the effects were attributed to the O-acetyl group 

attached to the backbone (mainly attached to mannose group of the backbone) of the 

polysaccharides (Ridout, Brownsey, Gunning & Morris, 1998; Rodd, Dunstan & Boger, 

2000a; Tai-Nin Chow, Williamson, Yates & Goux, 2005), the effects of O-acetyl group were 

also considered in 60S structure in order to explore its effects on the conformation properties 

of glucomannan back bone. 

6.2.3. Molecular simulation of polysaccharide chains 

Molecular minimization and molecular dynamics were carried out with Discover_3 

module. To get the equilibrium state of the polymers, 3 steps were included: energy 

minimization, molecular dynamics and energy minimization again. As the energy 

minimization can only find the minima closest to the starting point (local minima), in many 

cases, this minimum is not the conformation with lowest energy (global minima), hence 

molecular dynamic is required. The detailed procedure followed as per previously reported by 

Wu, Li, Cui, Eskin & Goff, (2012), in which non-bond cutoffs were set as 9.5 Å, 1.0 Å and 

0.5 Å for group size, spline width and buffer width, respectively for energy minimization. The 

temperature was set to 298 K (room temperature) for Molecular Dynamic (MD) simulation. 

6.2.4. RMMC calculation 

As mentioned previously, the conformation parameters were derived by RMMC 

calculation using the RIS module. The RMMC procedure usually starts with an optimized 

polymer chain obtained from previous procedures. As per Honeycutt (1997), the procedures of 

RMMS mainly comprise several steps: (1) Perform minimization to get a lower energy 

conformation. (2) Select a rotatable bond in the chain and new torsion value between -180˚ 
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and +180˚ randomly. (3) Compute the new chain energy (Enew) and compare it with the old 

chain energy (Eold). If exp[-(Enew-Eold)/kT]> R, keep the new torsion value. Otherwise, restore 

the old value. (Here, R is a uniformly distributed random number: O<R<1.) (4) Calculate and 

obtain the chain conformation (e.g. radius of gyration, end-to-end distance). In the present 

study, Min Bonds and Max Bonds were set to 3 and 4 respectively.  The temperature of 

simulation was set at 298 K. The number of equilibration steps and simulation steps were set 

to 250,000 and 100,0000 respectively for each rotatable bond.  

6.3. Results and Discussion 

6.3.1 Molecular simulations for 60P 

The adiabatic contour maps shown in Fig. 6.1 displays the energy as a function of 

dihedral angles Φ and Ψ for both xylxyl and xylxyl(t-GlcA). Although the overall features of 

both the potential energy surfaces created appeared similar and the lowest energy well were 

positioned at the same spot (Φ/ Ψ= -60˚/-60˚), several different lower energy regions were still 

detected, indicating that the insertion of the side group could influence the accessible 

conformational space of the xylobiose molecule.  

The conformational properties of the 60P with different molecular weights were 

investigated. The ratio of GlcA to Xyl was set as 1:2 and the branch was kept randomly 

distributed along the main chain. The snapshots and results are presented in Fig. 6.2 and Table 

6.1.  

All three figures in Fig. 6.2 demonstrated the random coil conformation.  The 

corresponding parameters in Table 6.1 showed that both the C∞ and Rg indicated an obvious 

ascending trend with increasing Mw (from 21 to 63 kDa). A slightly rising trend was observed 
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for Lp at the initial stage, then remained constant when Mw was increased from 33 kDa to 63 

kDa. The C∞ value around 30 indicated that this structure was a rigid chain. 

 

  

Figure 6.1. Adiabatic potential energy surface of the GlcA(xyl)2 and (xyl)2 as a function of the 

Φ and Ψ torsion angles 

 

Figure 6.2. snapshots of (GlcA)xylan chain model with different molecular weight 

(GlcA:xyl=1:2, branch randomly distributed). 

 

The effects of branching ratio on the conformational properties of 60P were considered, 

with the distribution remaining randomly and polymerisation degree kept the same (302). The 

snapshots in Fig. 6.3 indicated that 60P demonstrated random coil in all of branching ratio 

conditions while the structure in Fig. 6.3b was more compact compared with rest of the 

figures. The results in Table 6.2 suggested that the insertion of GlcA side chain (GlcA: Xyl = 
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1:2) induced an obvious lowering of the calculated chain extension when compared to pure 

xylan chains. However, when the ratio was 1:1, the chain once more became extended. The 

C∞, Rg and Lp were even larger than that of the naked xylan chain. This could be caused by the 

electrostatic repulsion of uronic acid. These results were consistent with the previous report 

(Guo et al., 2011a). It is worthwhile noting that the ratio of GlcA to xyl in 60S is also 1:2, 

which could have induced a relative flexible structure compared to other ratios.  

 

 

 

Figure 6.3. Snapshots of (GlcA)xylan chain models with different GlcA to xyl ratio (a: 0; b: 

1:2 and c: 1:1) 

 

Table 6.1. Simulated conformational parameters derived from different Mw of (GlcA)xylan 

(All the values after ‘±’ represent standard deviation)  

polymer Mw (Da) C∞ 
Rg

  

(nm) 

Lp (all projection) 

(nm) 

a 21404 29.8±1.0 7.0±0.5 2.4±0.0 

b 33294 33.4±1.8 9.6±0.7 2.9±0.0 

c 62799 35.6±2.4 13.5±0.4 2.9±0.1 
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Table 6.2. Simulated conformational parameters derived from (GlcA)Xylan with different 

GlcA to Xyl ratio (All the values after ‘±’ represent standard deviation). 

polymer GlcA:Xyl Mw (Da) 
Residue

number 
C∞ Rg

 
 (nm) 

Lp (all projection) 

(nm) 

a 0 39638 302 87.9±6.8 20.6±1.6 7.1±0.1 

b 1:2 62799 302 35.6±2.4 13.5±1.1 2.9±0.1 

c 1:1 93093 302 121.3±9.0 25.3±1.6 14.2±0.1 

 

According to a previous study (Mazeau & Rinaudo, 2004), the distribution of the 

substitute groups could also affect the conformational properties of the polymers. In the 

present study, the distributions of GlcA along the xylan backbone were investigated. 

Calculations were carried out for (1:2) GlcA:Xyl ratio with several distribution: random, 

alternative and blocked. The dimensional models are shown in Fig. 6.4. The corresponding 

parameters are summarised in Table 6.3.  Results showed that the distribution of GlcA had 

obvious effects on the calculated parameters. The alternative distribution showed the most 

extended conformation, with C∞ 60.7, Rg 16.8 nm and Lp 4.6 nm. The stiffness of the blocked 

structure was increased with the increase of residue numbers in blocked region. When the 

residue number in blocked region increased from 30 to 150, the C∞, Rg and Lp were elevated 

from 30.6, 13.3 nm and 2.6 nm to 46.1, 15.4 nm and 3.9 nm respectively. The random 

distribution also demonstrated relative flexible structure compared with the alternative 

distribution structure. To summarize: the more regular the side chain distribution, the more 

extended the structure. This result is different with those previously reported by Mazeau & 

Rinaudo (2004), in which the block polymer is predicted to be the stiffer one, whereas the 

alternating sequence is relatively flexible.  

file://onguelx6/guoqi$/desktop/My%20manuscript/the%20fifth%20manuscript%20for%20modeling/Computer%20modeling%20for%2060P%20and%2060S%200419.doc%23_ENREF_7
file://onguelx6/guoqi$/desktop/My%20manuscript/the%20fifth%20manuscript%20for%20modeling/Computer%20modeling%20for%2060P%20and%2060S%200419.doc%23_ENREF_7
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Figure 6.4. Snapshots of (GlcA)xylan chain models with different GlcA distribution along the 

xylan chain. a, randomly; b, alternatively, c, blocked, with GlcA residues of 30 in the blocked 

region;  d, blocked, with GlcA residues of 50 in the blocked region; e, blocked, with GlcA 

residues of 150 (the residues number for the chain remaining the same:302) 

 

 

Figure 6.5. Snapshots of 60S chain model with different molecular weights (a: 4467 Da; b: 

17802 Da; c: 31152 Da, d: 66752 Da).  
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Table 6.3. Simulated conformational parameters derived from (GlcA)xylan with different 

GlcA distribution along the xylan chain (All the values after ‘±’ represent standard deviation) 

polymer 
branching 

distribution 

Mw 

(Da) 

Residues 

number 
C∞ Rg

 
(nm) 

Lp (nm) 

(all projection) 

 

a randomly 62799 302 35.6±2.4 13.5±1.1 2.9±0.1 

b alternatively 66057 302 60.7±4.2 16.8±1.4 4.6±0.1 

c 
blocked region: 30 

residues 
66498 302 30.6±2.0 13.3±1.1 2.6±0.0 

d 
blocked region: 50 

residues 
66498 302 36.5±2.5 14.4±1.2 3.1±0.1 

e 
blocked region: 150 

residues 
66498 302 46.1±3.1 15.4±1.2 3.9±0.1 

 

Table 6.4. Simulated conformational parameters derived from 60S (proposed structure) with 

different GlcA distribution along the xylan chain (All the values after ‘±’ represent standard 

deviation) 

Mw C∞ Rg (nm) 
Lp (nm)  

(all projection) 

4467 16.7±0.2 2.1±0.1 1.5±0.0 

17802 24.9±0.7 5.6±0.4 2.1±0.0 

31152 25.3±1.0 7.5±0.6 2.0±0.0 

66752 24.6±1.6 10.7±0.9 1.9±0.0 

 

6.3.2 Molecular simulation of 60S 

In order to make comparisons with the experimental data, different molecular weights 

of 60S were selected for the simulation. The snapshots of the 60S with different molecular 

weight after simulation are showed in Fig. 6.5. The related parameters are presented in Table 

6.4. Similar to 60P, the Rg demonstrated an increasing trend in the whole molecular weight 

range with increasing Mw whereas the C∞ and Lp showed elevating trend at initial stage and 

gradually reached to a plateau region, suggesting C∞ and Lp showed no direct relationship 

with Mw in large Mw range.  The Rg vs Mw extracted from both the computational and 
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experimental (derived from HPSEC) methods allowed for a comparison among samples (Fig. 

6.6). Results illustrated that the data obtained from modeling was very close to that from 

HPSEC, being only slightly lower which confirms the validity of RMMC methods to predict 

the conformation of polysaccharides. The conformational parameters (slope of the curve) 

calculated from modeling data (0.54) was also similar to that obtained from HPSEC (0.61), 

indicating a random coil conformation. The slight difference between computer modeling data 

and HPSEC data could be caused by the difference between proposed structure and the real 

structure as well as the solvent effects.  

To investigate how the acetyl group influences the glucomannan chain properties, an 

assumption that all of the acetyl groups were substituted on the O-2 position of mannose was 

made, and the ratio of mannose to glucose was selected as 4:5 similar to 60S.  The ratio of 

acetylated mannose to unacetylated mannose of 0:4, 1:3, 2:2, 4:0 were considered in this study. 

All of the simulated chains are presented in Fig. 6.7 and all of the corresponding parameters 

were summarized in Table 6.5. Results showed that the value of C∞, Rg and Lp were 

determined as 79.7, 17.8 nm and 6.3 nm for pure glucomannan, but increased to 91.7, 19.0 nm 

and 7.2 nm, respectively with the ratio of acetylated mannose to unacetylated mannose rose to 

1:3, which indicated that low acetylation degree could increase the calculated chain extension 

compared with that of pure glucomannan chain. However, with the continuous increase of the 

acetylation degree, the chain flexibility was decreased, especially when all of the mannose 

were acetylated. The C∞, Rg and Lp were decreased to 57.1, 15.2 nm and 7.3 nm, respectively. 

The results in Fig. 6.7d also clearly indicated that the chain was in a fairly compact shape 

compared to pure glucomannan chain (Fig. 6.7a).  
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Figure 6.6. Log (Rg) versus Log (Mw) obtained from computer modeling methods and 

HPSEC methods 

  

Figure 6.7. Snapshots of glucomannan chain model with different acetyl group to mannose 

ratio (Residues number remained 252, the ratio of glucose to mannose was set to 4:5 for all 

the chains. All of the glucose, mannose, mannose (-OAc) were randomly distributed, All the -

OAc groups were attached to the O-2 of the mannose). 
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Table 6.5. Simulated conformational parameters derived from glucomannan with different 

acetyl group to mannose ratio (All the values after ‘±’ represent standard deviation). 

polymer 
 

Mw 
Residues 

number 
C∞ Rg (nm) Lp (all projection) 

a 4M5G 44502 252 79.7±4.8 17.8±1.4 6.3±0.1 

b 3M1Ma5G
a
 42250 252 91.7±5.3 19.0±1.5 7.2±0.1 

c 2M2Ma5G 43213 252 66.2±4.1 16.6±1.3 5.0±0.1 

d 4Ma5G 44658 252 57.1±3.6 15.2±1.2 4.3±0.0 

 
a
M : mannose residue ; Ma : Mannose residue connected with O-acetyl group; G: glucose 

residue, 3M1Ma5G: the ratio of mannose residue  to Mannose residue connected with O-

acetyl group to glucose residue is equal to 3:1:5. 

 

6.4. Conclusions  

For the high Mw molecule (t-GlcA) xylan, the different adiabatic contour maps 

between xylxyl/xylxyl(t-GlcA) indicated that the insertion of the side group (t-GlcA) could 

influence the accessible conformational space of xylobiose molecule. The calculated 

conformational parameters (Rg, Lp and C∞) indicated that the insertion of GlcA side chain 

induced an important lowering of the chain extension when compared to pure xylan chains. 

However, when the ratio was increased to 1:1, the chain once again became extended again. 

The alternative distribution showed the most extended conformation as compared to a random 

and blocked distribution: the more regular the side chain distribution, the more extended the 

structure. For the low Mw molecule 60S (glucomannan), results indicated that the Rg 

demonstrated an increasing trend with the Mw which was comparable with that obtained from 

HPSEC; the insertion of O-acetyl group with low ratio could increase the chain extension 

when compared to pure glucomannan chain. However, with the continuous increase of 

substitution degree, the chain extension was decreased, especially when all of the mannose 
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residues were acetylated. 

 The accuracy and reliability of computer simulation is always debatable. Two issues 

should be addressed: (1) whether the molecular model and force field are sufficiently accurate, 

and (2) whether the configuration space accessible to the molecular system has been 

sufficiently thoroughly searched for low-energy configurations. However, when molecular 

modeling is applied into real polysaccharides analysis, further questions should be addressed: 

(1) to what extent does the proposed structure reflect the real polysaccharides? (2) Do the 

environment factors such as temperature and solvents being considered during the simulation 

process mimic real conditions? 

 In the present study, InsightII/Discover_3 and RIS program and Amber force field 

were used. Both the program and force field are widely accepted and confirmed in the 

previous research (Wu, Li, Cui, Eskin & Goff, 2012). The number of equilibration steps and 

simulation steps were set to 250,000 and 100,0000 respectively for each rotatable bond, which 

is sufficient to search the low-energy configurations of the polysaccharides..  
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7. GENERAL DISCUSSION AND CONCLUSIONS 

 In the present study, an extraction method was developed to isolate Artemisia 

sphaerocephala Krasch polysaccharide (ASKP) from the outer layer of ASK seeds. Two sub-

fractions (high Mw fraction 60P and low molecular weight fraction 60S) were successfully 

separated from each other by ammonium sulphate precipitation. The physicochemical 

properties, structural and conformational properties of the both fractions were systematically 

studied. The following results are derived from the current study:  

 (1) ASKP was extracted from the outer layer of the seeds with high ratio of hot water 

to seeds. High performance size exclusion chromatography (HPSEC) results indicated that 

ASKP had two components with different molecular weights. The high molecular weight (Mw, 

551.3 KDa) fraction 60P was separated from the low molecular weight fraction 60S (Mw, 

38.7 KDa) by precipitation in 60% (w/v) ammonium sulfate solution. ASKP was composed of 

66.9% (w/w) neutral sugar and 15.8% (w/w) uronic acid; 60P comprised of 55.4% (w/w) 

neutral sugar and 25.8% (w/w) uronic acid, while in 60S, the percentage of neutral sugar and 

uronic acid were 87.1% and 10.4%, respectively. Relative monosaccharide composition 

analysis showed that 60S was composed of 38.3% glucose, 28.1% mannose, 24.2% galactose 

and 9.4% arabinose, while the 60P fraction contained 80.5% xylose, 10.9% arabinose, 5.0% 

glucose, 2.3% galactose and 1.2% rhamnose. 60S exhibited the highest surface activity 

compared to ASKP, 60P, ASKPE (ASKP with protein removed) and 60PE (60P with protein 

removed) although no protein was detected in this fraction. 

 (2) Methylation and GC-MS analysis indicated that 60P was mainly composed of three 

types of sugar residues: 4-Xylp (27.8%), 2,4-Xylp (26.0%) and T-GlcpA (22.5%); small 
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amounts of 4-GalpA, 4-Glcp, T-Araf, T-Arap and  4, 6-GalpA were also detected with 

comparable molar ratio. Based on the results of monosaccharide composition, methylation 

analysis and NMR spectroscopy, a proposed structure is shown below: 

 

 

R represents one of the following groups: T-Araf, T-Arap, T-Araf →3-Araf (1→ and  

T-Arap →3-Araf (1→. 

 (3) The results of the partial acid hydrolysis and methylation analysis indicated that the 

main chain of 60S consisted of (1→4)-linked D-manp and (1→4)-linked D-glcp in the molar 

ratio of 1:1.3. Over half of the glucosyl residues in the main chain were branched at O-6 

position. The terminal sugar residues were mainly composed of T-araf, T-arap, T-galp, T-

glcpA and T-glcp. In addition, 3-araf and 2-galp were also detected. Based on all the 

aforementioned results and the data obtained by 1D & 2D NMR spectroscopy as well as 

MALDI-TOF-MS, a structure of 60S is proposed as follows: 

 

R could be one or some of -(3--Araf )n-, T--galp, T--glcp, T-araf or  T-arap 

(4) Compared to NaCl and urea solutions, 0.5 M NaOH was found to be a better 

solvent to eliminate the aggregates for this polysaccharide; the average structure parameter ρ 
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(Rg/Rh) value of 1.75 indicated that 60P exhibited a random coil conformation in 0.5 M NaOH 

solution. The value of Rg/Rh decreased with increasing Mw, suggested that high molecular 

weight fractions carried higher percentage of side chains than the low molecular weight ones. 

The Mark-Houwink-Sakurada exponent , the conformational parameters extracted from Rg 

vs Mw and Rh vs Mw were consistent with the random coil conformation for 60P in 0.1 M 

NaNO3 solution (eluent for HPSEC). The characteristic ratio (21.5) and the persistence length 

(5.8 nm) obtained from the random flight model as well as the persistence length (2.4 nm) 

extracted from wormlike cylinder model indicated a semi-flexible structure of 60P.  

(5) For the high Mw molecule (t-GlcA)xylan: using RIS-Metropolis Monte Carlo 

(RMMC) method, polysaccharides structures with different T-GlcpA ratio and various 

distribution patterns (random, alternative and block) along the xylan chain were involved to 

investigate the influence T-GlcpA on the xylan chain conformation. Molecular structures with 

various Mw were also considered to investigate its influence on the chain conformation. 

Results indicated that the insertion of GlcA side chain induce an important lowering of the 

calculated chain extension when compared with that of pure xylan chains. However, when the 

ratio was up to 1:1, the chain became extended again; the alternative distribution showed the 

most extended conformation compared to random and blocked distribution. For the low Mw 

molecule (glucomannan): different molecular weight and the ratio of acetyl group were 

considered. Results indicated that Rg demonstrated an increasing trend with the Mw and the 

data was comparable with that obtained from HPSEC coupled with a triple detector; the low 

acetylation degree of mannose increased the calculated chain extension when compared with 

that of pure glucomannan chain. However, with the continuous increase of the ratio, the chain 

extension was decreased, especially when all of the mannose units were acetylated. 



97 
 

 The physicochemical properties of 60P and 60S fractions were substantially different: 

60P showed much higher intrinsic viscosity and apparent viscosity compared with 60S, while 

60S demonstrated better surface activities than 60P. These differences could be attributed to 

the structural difference between those two fractions. Firstly, the higher Mw and less 

substitution degree of 60P could have led to higher intrinsic viscosity and higher apparent 

viscosity compared with 60S; secondly, the rigid backbone (1,4-linked xylp ) and the 

repulsion caused by uronic acid moieties in 60P could also have resulted in an extended 

structure and high intrinsic viscosity. Similarly, the surface activities of 60S could have 

resulted from its structural features: the presence of hydrophobic groups (such as O-acetyl 

groups) and the highly branched structure as well as the relatively small molecular weight 

compared with 60P will enhance the surface activities of 60S and potentially make it a good 

emulsifier (Dickinson, 2009).  

 Structural conformation of polysaccharides is an important character in order to 

understand their physicochemical and structural properties; some reports have demonstrated 

their connection with bio-activities: native (1-3)-α-D-glucan after carboxymethylation or 

sulfation exhibits stronger antitumor activities than that without modification, which was 

attributed to the enhanced chain stiffness (Peng, Zhang, Zhang, Xu & Kennedy, 2005); the 

immune-stimulatory effects of arabinogalactans from Chlorella pyrenoidosa not only depend 

on the molecular weight and chemical structure, but also on the conformation (Yi et al., 2012). 

The conformational properties of ASKP as well as its fractions are important to understand 

bioactive properties such as antioxidant and blood sugar reduction effects. The random coil 

conformation of 60P, and how the degree of T-GlcpA substitution and distribution influence 

the xylan chain conformation in 60P; how the Mw and the O-acetyl-to-mannose ratio 
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influences the glucomannan backbone in 60S could all provide basic knowledge in 

establishing a better understanding of the relationships of structure-conformation function.  

The similarity between the structure of the 60S and polysaccharides from Dendrobium 

huoshanense and Dloe vera (glucose and mannose as the main chain, some O-acetyl groups 

were also present) indicate that 60S fraction may share some of the same bioactive properties: 

immuno-modulatory bioactivities. (Ridout, Brownsey, Gunning & Morris, 1998; Rodd, 

Dunstan & Boger, 2000a; Tai-Nin Chow, Williamson, Yates & Goux, 2005), which needs to 

be verified in future studies.  
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