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Abstract
Background
Hedera nepalensis is a traditional medicinal plants, and the dried leaves of it are generally used for the cure and treatment of many diseases, also widely known as Chang-Chun-Teng in Chinese. Until now, structural characterization of water-soluble polysaccharides isolated from leaves of Hedera nepalensis have been scarcely studied, even though the chemical compounds derived from it and their biological activities have been widely studied.

Methods
Water-soluble polysaccharides (WHNP) were isolated from the dried leaves of Hedera nepalensis, and their structural features were investigated. One neutral polysaccharide fraction (WHNP-N) and three major pectin fractions (WHNP-A2b, WHNP-A2c and WHNP-A3b) were obtained from WHNP, respectively. There was no analysis of the neutral fraction (WHNP-N), while the structural characterization of three major pectin fractions (WHNP-A2b, WHNP-A2c and WHNP-A3b) were further studied by monosaccharide composition, HPGPC, NMR and methylation analyses.

Results
The results indicated that two fractions WHNP-A2b (Mw = 45.8 kDa) and WHNP-A3b (Mw = 58.6 kDa) were mainly composed of rhamnogalacturonan I (RG-I). In WHNP-A2b, RG-I domains primarily substituted with α-L-1,5/1,3,5-arabinan, type II arabinogalactan (AG-II), β-D-1,4-galactan and/or type I arabinogalactan (AG-I) as side chains, while RG-I-type pectin of WHNP-A3b mainly branched with α-L-1,5/1,3,5-arabinan, β-D-1,4-galactan and AG-II side chains. WHNP-A2c (Mw = 12.4 kDa) was primarily comprised of galacturonic acid (GalA, 60.8%), and enzymatic analysis indicated that this fraction mainly consisted of rhamnogalacturonan I (RG-I), rhamnogalacturonan II (RG-II) and homogalacturonan (HG) domains with mass ratios of 1.8:1.0:0.6. On the other hand, WHNP-A2c was found to be rich in RG-I domains, which contained α-L-1,5/1,3,5-arabinan, AG-II, β-D-1,4-galactan and/or AG-I as side chains. The HG domains of WHNP-A2c was released in the form of un-esterified and partly methyl-esterified and/or acetyl-esterified oligogalacturonides with a 1 to 7 degree of polymerization after endo-polygalacturonase degradation.

Conclusion
Our results reveal the structural characteristics of these polysaccharide fractions, which will contribute to elucidating their structure–activity relationships.
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Introduction
Hedera nepalensis is widely used in traditional Chinese medicines, which belongs to the family of Araliaceae, and is called “Chang Chun Teng” in Chinese. It is widely cultivated as an ornamental vine in eastern Asia, and has long been used as a herbal medicine for the treatment of diabetes, cancer, etc. [1–5]. Also, Hedera nepalensis is a recognized medicinal plant that has been reported to work in antifungal, antimicrobial, antioxidant and antitumor capacities [6–10].
Many researchers have paid attention to the phytochemicals obtained from Hedera nepalensis in the relation to their isolation, purification, and characterization [1–11]. Kizu et al. isolated various chemical compounds consisting of a complex mixture of saponins from Hedera nepalensis for the first time [11]. Saleem et al.  reported that the extracts of Hedera nepalensis contained the triterpenoid lupeol with significant dipeptidyl peptidase-4 (DPP-4) inhibitory activity [1]. Li et al.  isolated and identified two anticancer compounds (pulsatilla saponin A and hederagenin 3-O-α-L-arabinopyranoside) from the 95% ethanol extract of Hedera nepalensis [7]. Jafri et al. reported this plant contains plenty of phenol chemical compounds, which show significant antioxidant potential [9]. Duong et al. mentioned a model, which provides a robust experimental process for optimizing the extraction factors of saponin contents from Hedera nepalensis extract using subcritical fluid extraction and response surface methodology (RSM) [10]. Besides, the phytochemical analysis of Hedera nepalensis showed the presence of various chemical compounds such as alkaloids, glycosides, flavonoids, steroids, tannins and terpenoids [1–11].
Polysaccharides are the bioactive components of medicinal plants and have a lot of bioactivities. Pectins are categorized as acidic polysaccharides because of their high levels of uronic acid residues, and possess various activities, including immunological regulation, anti-cancer, hypoglycemic effect, antiviral activity and anti-inflammatory effect [12–15]. However, despite extensive research on the chemical compounds derived from Hedera nepalensis and their biological activities, the study of polysaccharides from this plant has been limited [1–11].
So, in this study, we isolated the total fractions of water-soluble polysaccharides from the leaves of Hedera nepalensis and conducted a detailed analysis of their structural features. The results are expected to have great significance in further investigating the structure–activity relationships of the water-soluble polysaccharides from Hedera nepalensis.

Materials and methods
Materials and reagents
The dried leaves of Hedera nepalensis were purchased from Jiangxi province of China. DEAE-Cellulose was purchased from Shanghai Chemical Reagent Research Institute (Shanghai, China). Sepharose CL-6B and Sephadex G-75 were provided by GE Healthcare (Pittsburgh, USA). The enzyme endo-polygalacturonase (Endo-PG, E.C.3.2.1.15) was purchased from Megazyme (Bray,  Ireland). All other reagents and chemicals were of analytical grade and bought from China.

General methods
Total carbohydrate content was determined using the phenol–sulphuric acid protocol [16]. Uronic acid content was measured by employing the m-hydroxydiphenyl method [17]. Monosaccharide composition analysis was conducted through PMP pre-column derivatization and HPLC detection [18]. In brief, 2 mg of sample was first hydrolyzed using anhydrous methanol containing 2 M HCl at 80 °C for 16 h and then with 2 M TFA at 120 °C for 1 h. Released monosaccharides were derived by using 1-phenyl-3-methyl-5-pyrazolone (PMP) and analyzed by HPLC on a DIKMA Inertsil ODS-3 column (4.6 mm × 150 mm) connected to a Shimadzu HPLC system (LC-20ATvp pump and UV detector, Shimadzu, Tokyo, Japan). Anion-exchange and size-exclusion chromatographies were monitored by assaying the total sugar and uronic acid content. Molecular weights (Mw) were determined using high performance size-exclusion chromatography (HPSEC) on a TSK-gel G-3000 PWXL column (7.8 × 300 mm, TOSOH, Tokyo, Japan) pre-calibrated by using standard dextrans (50 kDa, 25 kDa, 12 kDa, 5 kDa, 1 kDa, 666 Da, 342 Da and 180 Da) or TSK-gel G-4000 PWXL column (7.8 × 300 mm, TOSOH, Tokyo, Japan) pre-calibrated by using standard dextrans (670 kDa, 410 kDa, 270 kDa, 150 kDa, 80 kDa, 50 kDa, 25 kDa, and 12 kDa), coupled to a Shimadzu HPLC system (Tokyo, Japan) [18]. RG-II was qualitatively determined by adopting the modified thiobarbituric acid (TBA) assay [19].

Extraction of water-soluble polysaccharides
The dried leaves of Hedera nepalensis (1 kg) were extracted in 16 L distilled water at 100 °C for 6 h, which were filtered. After that, the procedures described above were repeated twice under identical conditions. The filtrates were combined, concentrated under vacuum at 60 °C, and centrifuged at 4500 rpm for 20 min to remove water-insoluble materials. The supernatant was precipitated overnight by adding 95% ethanol (4 volumes). The precipitates were centrifuged and dried using 95% ethanol and absolute ethanol, resulting in crude polysaccharides. Consequently, water-soluble Hedera nepalensis polysaccharides were obtained, referred to as WHNP.

Fractionation of water-soluble polysaccharides
WHNP was dissolved in distilled water and loaded onto a DEAE-Cellulose column (Cl−, 8.0 cm × 20 cm). It was then eluted stepwise with H2O and 0.5 M NaCl to obtain the neutral fraction WHNP-N and acidic fraction WHNP-A, respectively. WHNP-A was further applied to an analytical DEAE-Cellulose (Cl−) column (1.5 × 14 cm). Initially, elution was performed using 40 mL of distilled water at a flow rate of 1.0 mL/min, followed by a linear gradient from 0.0 to 0.5 M NaCl (160 mL) using a gradient mixer to analyze the homogeneity of its charge distribution. [18]. The elution curve was obtained by determining the distribution of total sugar and uronic acid content. And then, WHNP-A (10 g) was loaded onto a DEAE-Cellulose column and eluted stepwise with distilled water, 0.2 M, 0.3 M, and 0.5 M NaCl solution, resulting in four fractions named WHNP-AH, WHNP-A2, WHNP-A3, and WHNP-A5 [20]. Two major fractions (WHNP-A2 and WHNP-A3) were then eluted with 0.15 M NaCl at a flow rate of 0.15 mL/min using a Sepharose CL-6B column (1.5 × 90 cm), respectively. Fractions (3 mL per tube) were collected based on the total sugar and uronic acid content. Selected fractions were combined, dialyzed and freeze-dried, finally obtaining three major pectin fractions WHNP-A2b, WHNP-A2c and WHNP-A3b, respectively.

UV spectroscopy
A polysaccharide sample (2 mg) was dissolved in 4 mL of distilled water. UV–vis absorption spectra were recorded in the scan range from 190 to 800 nm using a Shimadzu UV-2700 spectrophotometer.

FT-IR spectroscopy
A polysaccharide sample was ground with KBr powder and pressed into a 1 mm pellet. FT-IR spectra (4000 to 500 cm−1) were obtained using a PerkinElmer Spectrum Two FT-IR spectrometer (Perkin Elmer, USA).

Methylation analysis
The reduction of uronic acid was performed following the method described by Pettolino, Walsh, Fincher and Bacic [21]. Carboxyl groups in uronic acids were activated using carbodiimide regents and then reduced to their neutral sugars by NaBD4. The reduced pectic polysaccharides (5 mg) were dissolved in dimethylsulfoxide (DMSO, 0.5 mL) and stirred at room temperature for 30 min. Methylation was carried out by adding NaOH-DMSO (0.5 mL) and subsequently iodomethane (1 mL) [22]. The methylation reaction was stopped by adding water (2 mL). The methylated products were extracted with chloroform (2 mL) and dried under a nitrogen stream. After hydrolysis with 2 M TFA at 120 °C for 3 h, reduction with NaBH4 and acetylation with acetic anhydride and pyridine, the partially methylated alditol acetates (PMAA) were analyzed using gas chromatography-mass spectrometry (GC–MS; 7890B-5977B, Agilent, USA) on a DB-35 ms capillary column (30 m × 0.32 mm × 0.25 mm). PMAAs were identified using their typical electron impact decomposition profiles and retention times, and compared to partially methylated standards from the Complex Carbohydrate Research Center Database (http://​www.​ccrc.​uga.​edu/​specdb/​ms/​pmaa/​pframe.​html).

NMR spectroscopy
Polysaccharide samples were dissolved in D2O (0.5 mL, 99.8%) and stirred overnight at room temperature. 13C-NMR spectra were recorded at 20 °C using a Bruker Avance 600 MHz NMR spectrometer (Bruker Inc., Rheinstetten, Germany). Acetone was used as the internal standard.

Enzymatic hydrolysis
WHNP-A2c (5 mg/mL each) was dissolved in 50 mM HAc-NaAc solution (sodium acetate buffer, pH 4.5). The fraction was then incubated with endo-polygalacturonase (0.04 U per mg of sample) at 40 °C for 12 h, repeated once. The enzyme was denatured by boiling at 100 °C for 10 min, after which the hydrolysate was centrifuged at 4500 rpm for 20 min. The supernatant was loaded onto a Sephadex G-75 column (3.0 × 90 cm), and eluted with 0.15 M NaCl at a flow rate of 0.4 mL/min. Eluates (8 mL per tube) were collected and assayed by the total carbohydrate content. The appropriate fractions were combined. Polysaccharide fractions were desalted using dialysis tubes with 1 kDa cutoff and oligosaccharide fractions were desalted using Sephadex G-10 column, finally obtaining three sub-fractions (A2c-E1, A2c-E2 and A2c-E3), respectively.

ESI–MS analysis of oligosaccharides from enzymatic hydrolysis
ESI–MS detection was performed in the negative mode with a capillary voltage of 4000 V, a capillary temperature of 200 °C and dry gas flow rate of 2 L/min. Mass spectra were recorded in the range of m/z 100 ~ 3000. The acquired data were processed using the Trap-control software.


Results
Purification of water-soluble polysaccharides
Water-soluble polysaccharides were obtained from the dried leaves of Hedera nepalensis using hot water extraction and ethanol-based precipitation methods. The yield of WHNP (for water-soluble Hedera nepalensis polysaccharides) was 4.0%. Monosaccharide composition analysis revealed that WHNP was mainly composed of galacturonic acid (GalA, 26.4%), galactose (Gal, 20.2%), glucose (Glc, 19.0%), arabinose (Ara, 14.6%), rhamnose (Rha, 8.6%), trace amounts of Man (4.8%), GlcA (3.5%) and Xyl (1.7%) (Table 1).Table 1Yields and monosaccharide compositions of polysaccharides from Hedera nepalensis


	Fractions
	Yield (w %)
	TBA assay
	Monosaccharide composition (mol%)

	 	GalA
	Rha
	Gal
	Ara
	Glc
	GlcA
	Xyl
	Man

	WHNP
	4.0
	NDb
	26.4
	8.6
	20.2
	14.6
	19.0
	3.5
	1.7
	4.8

	WHNP-N
	72.0a
	NDb
	–
	–
	22.0
	11.6
	47.9
	–
	1.9
	4.5

	WHNP-A
	15.1a
	NDb
	32.8
	13.5
	19.5
	10.1
	7.5
	5.7
	2.4
	6.8

	WHNP-AH
	0.2a
	NDb
	–
	–
	44.9
	4.6
	19.4
	–
	2.1
	25.9

	WHNP-A2
	3.3a
	NDb
	28.4
	14.7
	24.1
	11.4
	4.7
	3.0
	2.2
	5.7

	WHNP-A3
	1.6a
	NDb
	27.2
	20.9
	17.1
	8.2
	10.2
	4.8
	2.0
	5.5

	WHNP-A5
	1.1a
	NDb
	7.5
	6.0
	20.1
	5.9
	22.6
	13.0
	2.0
	12.3

	WHNP-A2a
	0.2a
	NDb
	5.6
	9.6
	25.1
	4.5
	20.1
	3.7
	5.9
	15.8

	WHNP-A2b
	1.1a
	−d
	20.9
	18.9
	33.5
	21.7
	1.2
	1.6
	–
	1.9

	WHNP-A2c
	0.6a
	+c
	60.8
	8.4
	12.6
	14.5
	0.8
	1.1
	–
	1.5

	WHNP-A3a
	0.1a
	NDb
	6.3
	7.0
	23.7
	4.2
	23.0
	9.0
	2.9
	17.3

	WHNP-A3b
	0.9a
	−d
	30.8
	29.1
	18.7
	14.5
	1.9
	2.5
	1.0
	1.3


aYield in relation to WHNP
bND: Not determined
c “ + ” Positive result indicating the presence of RG-II domain
d “-” Negative result



WHNP was purified and fractionated using anion-exchange and size-exclusion chromatographies (Fig. 1). The purification scheme for polysaccharides from the leaves of Hedera nepalensis was illustrated in Fig. 1. WHNP was first separated into two fractions using anion-exchange chromatography (Fig. 2A). As a result, two purified fractions, neutral polysaccharide fraction WHNP-N (yield of 72.0%) and acidic polysaccharide fraction WHNP-A (yield of 15.1%) was obtained from WHNP. WHNP-N was mainly composed of Glc (47.9%), with some Gal (22.0%), Ara (11.6%), Man (4.5%) and Xyl (1.9%) (Table 1). In this paper, for the neutral polysaccharide fraction WHNP-N, further analysis was not conducted anymore. The major monosaccharide composition in WHNP-A was GalA (32.8%), Rha (13.5%), Gal (19.5%) and Ara (10.1%) (Table 1), which indicated that acidic polysaccharide fraction mainly contained the pectic polysaccharide.[image: ]
Fig. 1Purification scheme for polysaccharides from Hedera nepalensis

[image: ]
Fig. 2Elution profiles of a WHNP and b WHNP-A on DEAE-Cellulose column, eluted by a linear gradient of NaCl, respectively. Elution profiles of c WHNP-A2 and d WHNP-A3 on Sepharose CL-6B column. (-●-, total sugar; -○-, uronic acid)


WHNP-A was further applied to an analytical DEAE-Cellulose column (Fig. 2B), which pointed out that WHNP-A has an inhomogeneous charge distribution. Thus, WHNP-A was further separated by utilizing a preparative DEAE-Cellulose column, and four fractions WHNP-AH (yield 0.2%), WHNP-A2 (yield 3.3%), WHNP-A3 (yield 1.6%) and WHNP-A5 (yield 1.1%) fractions were obtained, respectively (Table 1). Due to the low yield, WHNP-AH and WHNP-A5 fractions were not further investigated. The major fractions (WHNP-A2 and WHNP-A3) were loaded onto a Sepharose CL-6B column to obtain three fractions WHNP-A2a (yield 0.2%), WHNP-A2b (yield 1.1%) and WHNP-A2c (yield 0.6%) from WHNP-A2, and two fractions WHNP-A3a (yield 0.1%) and WHNP-A3b (yield 0.9%) from WHNP-A3, respectively (Fig. 2C and D). Therefore, WHNP-A2b, WHNP-A2c and WHNP-A3b were the major polysaccharide fractions separated from WHNP-A2 and WHNP-A3, respectively. In UV spectra (Additional file 1: Figure S1), no UV absorption was observed at 260 nm and 280 nm, indicating the absence of proteins and nucleic acids in all purified polysaccharides.

Sugar composition and molecular weight distribution
The major monosaccharide constituents in WHNP-A2a and WHNP-A3a were GalA (5.6%, 6.3%), Rha (9.6%, 7.0%), Gal (25.1%, 23.7%), Ara (4.5%, 4.2%) and Glc (20.1%, 23.0%), respectively (Table 1). The primary monosaccharide composition in WHNP-A2b and WHNP-A3b were GalA (20.9%, 30.8%), Rha (18.9%, 29.1%), Gal (33.5%, 18.7%) and Ara (21.7%, 14.5%) (Table 1). In these two fractions, the ratio of Rha/GalA was 0.9 and 0.94, respectively, typical for RG-I-type pectins. Also, WHNP-A2c contained GalA (60.8%) as the major monosaccharide, followed by Rha (8.4%), Ara (14.5%) and Gal (12.6%). TBA assay is a very sensitive reaction used to identify Kdo and Dha, which are characteristic monosaccharides in RG-II [19, 23]. WHNP-A2c fraction contained a TBA-positive constituent, indicating the presence of the RG-II domain in this fraction (Table 1).
For these purified polysaccharide fractions, the homogeneity and molecular weight were determined by HPSEC (Fig. 3). WHNP-A2a and WHNP-A3a had higher molecular weights of 209.7 kDa and 373.5 kDa, while WHNP-A2b, WHNP-A2c and WHNP-A3b had lower molecular weights of 45.8 kDa, 12.4 kDa and 58.6 kDa, respectively. As can be seen in Fig. 3, all fractions showed homogeneous distributions. In this paper, the structures of WHNP-A2b, WHNP-A2c and WHNP-A3b were studied in more detail.[image: ]
Fig. 3HPSEC elution profiles of purified polysaccharide fractions. a WHNP-A2a and d WHNP-A3a on TSK-gel G-4000 PWXL column. b WHNP-A2b, c WHNP-A2c and e WHNP-A3b on TSK-gel G-3000 PWXL column



FT-IR analysis of WHN-A2b, WHNP-A2c and WHNP-A3b
The results of FT-IR spectrum analyses for WHNP-A2b, WHNP-A2c and WHNP-A3b are presented in Fig. 4. As shown in Fig. 4, the strong and wide peak near 3400 cm−1 was attributed to the stretching vibration of the hydroxyl group (-OH), which was associated with intermolecular and intramolecular hydrogen bonding. Weak peaks observed around 2935 cm−1 indicated the absorption of C-H bonds, involving the stretching and bending vibrations of CH, CH2, and CH3 [24]. Peaks around 1740 cm−1 and 1617 cm−1 were assigned to the stretching vibrations of the C = O bonds in methyl-esterified and ionic carboxyl groups, respectively [25]. The degree of methyl-esterification (DM) could be determined by analyzing these two peak intensities [26]. As a result, the observed DM values for WHNP-A2b, WHNP-A2c and WHNP-A3b were 15.5%, 24.4%, and 6.1%, respectively. These results indicated that the DM of WHNP-A2c was higher than that of WHNP-A2b and WHNP-A3b. Besides, the band near 1400 cm−1 was assigned to C-H deformation and vibrations. It could be seen that peaks observed in the region between 1010 cm−1 and 1100 cm−1 were attributed to the absorption of skeletal C–C and C-O vibrations of glycosidic bonds and pyranoid rings [27]. The characteristic peaks around 890 cm−1 and 830 cm−1 indicated the presence of β-linked and α-linked sugar residues, respectively [28].[image: ]
Fig. 4The FT-IR spectra of a WHNP-A2b, b WHNP-A2c and c WHNP-A3b



Methylation analysis of WHNP-A2b, WHNP-A2c and WHNP-A3b
The glycosidic linkages in WHNP-A2b, WHNP-A2c and WHNP-A3b were determined through methylation analysis, and the results were listed in Table 2. The GC–MS results were presented in Additional file 1: Figure S2. As observed, 1,4-linked GalpA was the major linkage type in WHNP-A2b (19.6%), WHNP-A2c (61.3%) and WHNP-A3b (32.7%). Rha residues were in the form of 1,2-linked Rha and 1,2,4-linked Rha. These results indicated that these fractions might contain both HG and RG-I domains. The Rha units in the backbone of RG-I were branched at O-4, and the degrees of branching were estimated to be 45.2%, 33.8% and 33.7% for WHNP-A2b, WHNP-A2c and WHNP-A3b, respectively. Ara residues existed in the form of terminated-linked, 1,3-linked, 1,5-linked and 1,3,5-linked in WHNP-A2b and WHNP-A3b, while in WHNP-A2c, Ara residues were present as terminated-linked, 1,5-linked and 1,3,5-linked Ara. Gal residues were mainly present in the form of terminal-linked, 1,3-linked, 1,6-linked and 1,3,6-linked in WHNP-A2b, WHNP-A2c and WHNP-A3b. These glycosidic linkages suggested the presence of arabinan or AG-II side chains in these fractions [21]. Additionally, small amounts of 1,4-linked-Galp were detected in WHNP-A2b, WHNP-A2c and WHNP-A3b, and 1,3,4/1,4,6-linked-Galp were also detected in WHNP-A2b, indicating the possible existence of minor 1,4-linked galactan or AG-I side chains in these fractions [22].Table 2The glycosidic linkage type and molar percentage of WHNP-A2b, WHNP-A2c, WHNP-A3b and A2c-E1 based on methylation and GC–MS


	Sugar Residues
	Molar percentage (%)

	WHNP-A2b
	WHNP-A2c
	WHNP-A3b
	A2c-E1

	1,4-GalpA
	19.6
	61.3
	32.7
	21.1

	1,2–Rhap
	8.0
	4.9
	20.1
	9.6

	1,2,4-Rhap
	6.6
	2.5
	10.2
	7.2

	Terminal-Galp
	7.0
	2.2
	9.1
	7.8

	1,3-Galp
	7.2
	0.7
	2.2
	4.3

	1,6-Galp
	4.0
	1.9
	1.8
	1.9

	1,3,6-Galp
	13.9
	5.0
	3.5
	9.1

	1,4-Galp
	2.4
	3.9
	3.4
	4.1

	1,4,6-Galp
	1.0
	–
	–
	0.6

	1,3,4-Galp
	0.9
	–
	–
	1.1

	Terminal-Araf
	13.2
	6.0
	3.9
	8.2

	1,3-Araf
	1.4
	–
	1.1
	1.5

	1,5-Araf
	8.3
	7.1
	6.4
	9.5

	1,3,5-Araf
	2.2
	2.1
	0.8
	5.1






                           13C NMR spectra analysis of WHNP-A2b, WHNP-A2c and WHNP-A3b
The chemical structures of WHNP-A2b, WHNP-A2c, and WHNP-A3b were further analyzed using 13C NMR spectra (Fig. 5), and the chemical shift assignments are presented in Table 3.[image: ]
Fig. 5The 13C NMR spectra of (a) WHNP-A2b, (b) WHNP-A2c and (c) WHNP-A3b

Table 3Chemical shifts of the 13C-NMR spectra of WHNP-A2b, WHNP-A2c and WHNP-A3b


	Fractions
	Sugar Residues
	Chemical Shifts, δ (ppm)

	C-1
	C-2
	C-3
	C-4
	C-5
	C-6

	WHNP-A2b
	 → 4)-α-GalpA-(1 → 
	96.43
	67.59
	68.28
	76.27
	70.10
	174.03

	 → 2)-α-Rhap-(1 → 
	97.48
	75.49
	69.20
	71.89
	70.75
	15.51

	 → 2,4)-α-Rhap-(1 → 
	97.48
	75.49
	69.20
	74.09
	70.75
	15.73

	 → 4)-β-Galp-(1 → 
	103.88
	71.68
	73.22
	77.39
	74.49
	59.69

	t-β-Galp-(1 → 
	103.29
	71.61
	72.26
	76.10
	73.55
	60.18

	 → 3)-β-Galp-(1 → 
	102.43
	71.61
	79.89
	68.27
	74.89
	59.89

	 → 6)-β-Galp-(1 → 
	102.43
	70.88
	72.26
	68.27
	74.89
	67.59

	 → 3,6)-β-Galp-(1 → 
	101.56
	71.61
	79.89
	68.27
	74.89
	67.59

	 → 5)-α-Araf-(1 → 
	106.42
	81.00
	75.48
	82.85
	65.70
	–

	 → 3,5)-α-Araf-(1 → 
	106.05
	79.94
	81.26
	82.85
	65.70
	–

	t-α-Araf-(1 → 
	108.20
	81.00
	75.68
	82.85
	60.07
	–

	WHNP-A2c
	 → 4)-α-GalpA-(1 → 
	98.41
	66.90
	67.30
	76.90
	70.10
	173.75

	 → 4)-α-GalpA(OMe)-(1 → 
	99.35
	–
	67.60
	77.90
	70.10
	169.86

	 → 2)-α-Rhap-(1 → 
	97.97
	75.50
	69.52
	–
	70.27
	15.52

	 → 2,4)-α-Rhap-(1 → 
	97.97
	75.50
	69.52
	74.02
	70.27
	15.88

	t-β-Galp-(1 → 
	102.88
	71.40
	72.58
	75.67
	74.92
	60.10

	 → 3)-β-Galp-(1 → 
	102.42
	71.40
	79.88
	67.35
	74.92
	58.98

	 → 6)-β-Galp-(1 → 
	102.42
	71.40
	72.58
	67.35
	74.92
	67.10

	 → 3,6)-β-Galp-(1 → 
	101.88
	71.40
	79.88
	67.35
	74.92
	67.10

	 → 5)-α-Araf-(1 → 
	106.42
	81.09
	75.48
	82.95
	65.70
	–

	 → 3,5)-α-Araf-(1 → 
	105.98
	80.01
	82.69
	82.95
	65.70
	–

	t-α-Araf-(1 → 
	108.30
	81.09
	–
	82.95
	60.08
	–

	WHNP-A3b
	 → 4)-α-GalpA-(1 → 
	96.40
	66.79
	69.20
	76.40
	70.20
	172.67

	 → 2)-α-Rhap-(1 → 
	97.72
	75.10
	68.31
	71.86
	69.22
	15.39

	 → 2,4)-α-Rhap-(1 → 
	97.72
	75.10
	68.31
	74.00
	–
	15.67

	t-β-Galp-(1 → 
	103.53
	71.60
	72.36
	75.06
	74.08
	60.03

	 → 3)-β-Galp-(1 → 
	102.38
	71.60
	79.20
	67.67
	74.08
	58.89

	 → 6)-β-Galp-(1 → 
	102.38
	71.60
	72.36
	67.67
	74.08
	67.08

	 → 3,6)-β-Galp-(1 → 
	102.18
	71.60
	79.20
	67.67
	74.08
	67.08

	 → 5)-α-Araf-(1 → 
	106.42
	81.18
	75.50
	83.01
	65.65
	–

	 → 3,5)-α-Araf-(1 → 
	106.15
	79.89
	82.71
	83.01
	65.65
	–

	t-α-Araf-(1 → 
	108.27
	81.18
	75.66
	83.01
	60.06
	–




The anomeric carbons of non-esterified α-D-1,4-GalpA at 96.43 ppm, 98.41 ppm and 96.40 ppm were also detected in WHNP-A2b, WHNP-A2c and WHNP-A3b, respectively [29]. The signals around 174.03 ppm were assigned to C-6 of non-esterified α-D-1,4-GalpA residues, respectively [29]. The signals around 51.82 ppm and 19.56 ppm were attributed to methyl and acetyl groups attached to α-D-GalpA units, respectively, further confirming the esterification of HG [30]. These resonance signals showed that three major fractions contained HG-type pectins. The anomeric carbon of methyl-esterified α-D-1,4-GalpA at 99.35 ppm was also detected in WHNP-A2c [30]. The intensity signals for methyl-esterified residues in the 13C NMR spectra of these fractions were consistent with their FT-IR spectra, respectively. In WHNP-A2b, WHNP-A2c and WHNP-A3b, the anomeric signals at 97.48 ppm, 97.97 ppm and 97.72 ppm were assigned to C-1 groups of α-L-1,2-Rhap/α-L-1,2,4-Rhap, respectively [30, 31]. Also, C-6 groups of α-L-1,2-Rhap and α-L-1,2,4-Rhap gave signals around 15.51 ppm and 15.73 ppm in the high-field region, respectively [30, 31], indicating that RG-I-type pectins were contained in these fractions. In WHNP-A2b, the signals at 103.88 ppm, 101.56 ppm, 102.43 ppm and 103.29 ppm were assigned to the anomeric carbon of β-D-1,4-Galp, β-D-1,3,6-Galp, β-D-1,3/1,6-Galp and β-terminal-Galp, while in WHNP-A2c, the signals at 101.88 ppm, 102.42 ppm and 102.88 ppm were attributed to C-1 of β-D-1,3,6-Galp, β-D-1,3/1,6-Galp and β-terminal-Galp, respectively (Table 3) [31–36]. In WHNP-A3b, the signals at 102.18 ppm, 102.38 ppm and 103.53 ppm were assigned to the anomeric carbon of β-D-1,3,6-Galp, β-D-1,3/1,6-Galp and β-terminal-Galp, respectively [31–36]. Besides, in WHNP-A2b, the resonances at 108.20 ppm, 106.42 ppm and 106.05 ppm originated from the anomeric carbons of α-terminal-Araf, α-L-1,5-Araf and α-L-1,3,5-Araf, while in WHNP-A2c, the anomeric carbon resonances of α-terminal-Araf, α-1,5-Araf and α-1,3,5-Araf were clearly identified at 108.30 ppm, 106.42 ppm and 105.98 ppm, respectively [31–33]. In WHNP-A3b, the signal at 108.27 ppm, 106.42 ppm and 106.15 ppm were assigned to anomeric carbon resonances of α-terminal-Araf, α-1,5-Araf and α-1,3,5-Araf, respectively. Also, signals at 95.08 ppm and 91.12 ppm were assigned to C-2 of α-Kdop and α-AcefA, indicating RG-II domain existed in WHNP-A2c [23, 37]. In WHNP-A2b and WHNP-A3b, the characteristic signals for RG-II domain were not found, suggesting NMR results were consistent with TBA assay results in these fractions. Also, the complex, overlapping signals at 60 ppm-85 ppm are attributed to C-2 to C-5 groups of different linkages in α-L-Araf and α-L-Rhap, and C-2 to C-6 groups of β-D-Galp and α-D-GalpA [38, 39]. These assignments are summarized in Table 3. Further analyses of the NMR spectra indicated that both WHNP-A2b and WHNP-A3b contained HG and RG-I domains, while WHNP-A2c was composed of HG, RG-II and RG-I domains. Also, the results showed that in WHNP-A2b, the RG-I domains might contain α-L-1,5/1,3,5-arabinan, β-D-1,4-galactan and AG-II as side chains, while in WHNP-A2c and WHNP-A3b, α-L-1,5/1,3,5-arabinan and AG-II as side chains are contained as side chains in RG-I domains.

Enzymatic analysis of WHNP-A2c
In order to further study the structural features of WHNP-A2c, it was hydrolyzed using endo-polygalacturonase (Endo-PG), which specifically degrades un-esterified α-D-1,4-galacturonans in HG-type pectins [33]. After the enzymatic hydrolysis, the degradation products of WHNP-A2c were separated into three sub-fractions (A2c-E1, A2c-E2, and A2c-E3) using size-exclusion chromatography, as depicted in Fig. 6A. Their molecular weight distributions were represented in Fig. 6B.[image: ]
Fig. 6(a) Elution profiles of  WHNP-A2c hydrolysates on Sephadex G-75 column (-●-, total sugar; -○-, uronic acid). (b) HPSEC elution profiles of three sub-fractions of  WHNP-A2c on TSK-gel G-3000 PWXL column


In A2c-E1, the monosaccharide compositions mainly consisted of GalA (22.7%), Rha (19.9%), Gal (24.4%) and Ara (21.5%) (Table 4), while the ratio of Rha/GalA was 0.9, suggesting this fraction mainly contained RG-I-type domains. Comparing the monosaccharide compositions of WHNP-A2c, after the enzymatic hydrolysis, the amounts of GalA in A2c-E1 relatively decreased, whereas the amounts of Gal and Ara correspondingly increased (Table 4). In A2c-E1, the sum for the amounts of Gal and Ara was 45.9%, while the ratio of (Gal + Ara)/Rha was 2.3, indicating the presence of short neutral sugar side chains in this fraction [34]. The positive result from the TBA assay indicated that A2c-E2 primarily consisted of RG-II-type domains. As can be shown in Table 4, monosaccharide compositions and molecular weight distributions of A2c-E2 were also in agreement with RG-II type structural features [23, 40]. A2c-E3 (molecular weights < 2 kDa) mainly consisted of GalA (90.1%), indicating that it was oligosaccharides produced by the degradation of HG domains.Table 4Yields, Mws, TBA assay, and sugar compositions of sub-fractions obtained by Endo-PG hydrolysis from WHNP-A2c


	Fractions
	Yield (w %)
	Mw (kDa)
	TBA assay
	Monosaccharide composition (mol%)

	 	 	 	 	GalA
	Rha
	Gal
	Ara
	Glc
	GlcA
	Xyl
	Man

	A2c-E1
	45.0a
	15.5
	−
	22.7
	19.9
	24.4
	21.5
	2.4
	2.5
	3.4
	2.6

	A2c-E2
	25.5a
	8.5
	 + 
	62.4
	16.2
	8.7
	10.1
	0.8
	1.2
	–
	0.5

	A2c-E3
	16.2a
	2.3
	−
	90.1
	2.8
	1.5
	1.6
	2.5
	–
	–
	1.2


aYield in relation to WHNP-A2c; “-” Negative result; “ + ” Positive result



Based on these analysis results, it can be concluded that WHNP-A2c is composed of RG-I, RG-II and HG domains with mass ratios of 1.8:1.0:0.6. Therefore, it can be considered that RG-I is the predominant domain in WHNP-A2c. Due to the well-studied structure of RG-II domains, A2c-E2 (RG-II domains) was not further analyzed in this study. We focused on analyzing the chemical structure of RG-I domain (A2c-E1) and HG fraction (A2c-E3) isolated from WHNP-A2c.

Structural analysis of RG-I and HG domains from WHNP-A2c
The glycosidic linkages in RG-I domain (A2c-E1) were determined using methylation analysis and listed in Table 2. GC–MS result was shown in Additional file 1: Fig. S2. The result showed that GalA residues were present as 1,4-linked GalpA, and Rha residues in the form of 1,2-linked and 1,2,4-linked Rhap. The molar percentages of glycosidic linkages for GalA and Rha in A2c-E1 were nearly identical, which was typical for RG-I domain. The Rha residues within the RG-I backbone exhibited branching at O-4, with an estimated branching degree of 42.9% for A2c-E1. Ara residues were found in the form of terminal-linked, 1,3-linked, 1,5-linked, and 1,3,5-linked structures within A2c-E1, with 1,5-linked Ara residues being the most dominant. Gal residues were observed in the form of terminal-linked, 1,3-linked, 1,6-linked and 1,3,6-linked structures in A2c-E1. These glycosidic linkages indicated that A2c-E1 might contain arabinan or AG-II side chains [21]. Meanwhile, small amounts of 1,4-linked-Galp (4.1%), 1,4,6-linked-Galp (0.6%) and 1,3,4-linked-Galp (1.1%) were detected in A2c-E1, indicating the possible presence of minor galactan and/or AG-I as side chains [22].
To further study the chemical structure of the RG-I domain (A2c-E1) isolated from WHNP-A2c, it was analyzed using 13C NMR spectroscopy. In the 13C NMR spectrum of A2c-E1 (Fig. 7A), signals at 96.40, 67.10, 68.20, 76.20, 70.11 and 173.57 ppm can be assigned to C-1 to C-6 of α-1,4-GalA, respectively (Table 5) [29, 30] 25,26. The signal at 97.48 ppm was attributed to C-1 of α-L-1,2-Rhap/α-L-1,2,4-Rhap, and signals at 15.52 ppm and 15.75 ppm were assigned to C-6 of these two residues, respectively [29, 30]. These results confirmed that A2c-E1 was composed of a RG-I backbone. The anomeric carbon resonances of α-terminal-Araf, α-1,5-Araf and α-1,3,5-Araf were clearly identified at 108.20 ppm, 106.35 ppm, and 106.01 ppm, respectively [31]. Three major peaks at 103.96 ppm, 103.29 ppm, 102.38 ppm and 101.59 ppm appeared in the spectrum of A2c-E1, representing C-1 of 1,4-, terminal-, 1,3/1,6- and 1,3,6-linked-β-D-Galp, respectively [31–36, 41]. Based on these results, it could be seen that A2c-E1 was a RG-I-type pectin branched with α-L-1,5/1,3,5-arabinan, β-D-1,4-galactan and/or AG-I and AG-II as side chains, which was consistent with methylation analysis.[image: ]
Fig. 7a The 13C NMR spectrum of A2c-E1. b ESI–MS analysis of A2c-E3. Peak annotation: e.g. 631 means DP 6 with 3 methyl ester groups and 1 acetyl group

Table 5Chemical shifts of the 13C-NMR spectrum of A2c-E1


	Fractions
	Sugar Residues
	Chemical Shifts, δ (ppm)

	C-1
	C-2
	C-3
	C-4
	C-5
	C-6

	A2c-E1
	 → 4)-α-GalpA-(1 → 
	96.40
	67.10
	68.20
	76.20
	70.11
	173.57

	 → 2)-α-Rhap-(1 → 
	97.48
	75.68
	69.10
	71.67
	70.76
	15.52

	 → 2,4)-α-Rhap-(1 → 
	97.48
	75.68
	69.10
	74.05
	70.76
	15.75

	 → 4)-β-Galp-(1 → 
	103.96
	71.67
	73.21
	77.62
	74.47
	59.70

	t-β-Galp-(1 → 
	103.29
	71.61
	72.25
	–
	73.43
	60.09

	 → 3)-β-Galp-(1 → 
	102.38
	71.61
	79.01
	68.23
	74.86
	59.85

	 → 6)-β-Galp-(1 → 
	102.38
	71.61
	72.25
	68.23
	74.86
	67.37

	 → 3,6)-β-Galp-(1 → 
	101.59
	71.61
	79.01
	68.23
	74.86
	67.37

	 → 5)-α-Araf-(1 → 
	106.35
	81.24
	75.47
	82.86
	65.45
	–

	 → 3,5)-α-Araf-(1 → 
	106.01
	79.73
	82.59
	82.86
	65.45
	–

	t-α-Araf-(1 → 
	108.20
	81.24
	75.66
	82.86
	60.05
	–




A2c-E3 was oligogalacturonic acids obtained from the degradation of non- or low-methyl-esterified HG domains of WHNP-A2c. The structural features of A2c-E3 were analyzed in more detail using ESI–MS [39, 42–44]. As shown in Fig. 7B, the oligosaccharide fragments in A2c-E3 included non-esterified monomer 100-type ion (m/z 193), dimer 200-type ion (m/z 369) and trimer 300-type ion (m/z 545). GalA dimer 210-type ion (m/z 383), trimer 310-type ion (m/z 559), tetramers 410-H2O-type ion (m/z 717), 410-type ion (m/z 735) and 420-type ion (m/z 749) that contained one to two methyl-esters were identified. Also, GalA oligomers with DP 5–7 carrying two to three methyl-esters groups 530-type ion (m/z 925), 620-type ion (m/z 1101) and 630-type ion (m/z 1115) were detected. Besides, more oligogalacturonic acids containing methyl-esters groups and one acetyl group were detected in A2c-E3; e.g. GalA oligomers with DP 4–7 carrying one to three methyl-esters groups and one acetyl group 411-type ion (m/z 777), 631-type ion (m/z 1157) and 731-type ion (m/z 1333). To sum up, it can be deduced that WHNP-A2c contains HG domains with a high degree of methyl esterification, which aligns with the FT-IR and NMR results.


Discussion
According to previous studies, the chemical compounds isolated from the dried leaves of Hedera nepalensis have been reported to exhibit diverse bioactivities, such as antifungal, antimicrobial, antioxidant and antitumor capacities [1–11]. These studies primarily focused on the structural features of phytochemicals, such as alkaloids, glycosides, flavonoids, steroids, tannins and terpenoids. However, until now, the detailed structural features of the polysaccharides from Hedera nepalensis have remained unknown. Therefore, in this paper, water-soluble polysaccharides from Hedera nepalensis were systematically fractionated and characterized.
Total polysaccharide (WHNP) was fractionated into neutral and acidic polysaccharides by using anion-exchange chromatography, respectively. It was found that the yield of neutral polysaccharide (WHNP-N, yield 72.0%) was higher than that of acidic polysaccharide (WHNP-A, yield 15.1%), respectively. Monosaccharide composition indicated that WHNP-N was mainly composed of Glc (47.9%), Gal (22.0%) and Ara (11.6%). In this study, the neutral polysaccharide fraction WHNP-N was not further analyzed. Based on the charge distribution homogeneity analyses, WHNP-A exhibited an inhomogeneous charge distribution. As a result, it was further fractionated by using anion-exchange chromatography and Sepharose CL-6B column, obtaining three major pectin fractions (WHNP-A2b, WHNP-A2c and WHNP-A3b). Then, the structural features of these major pectin fractions were further analyzed.
Monosaccharide composition indicated that WHNP-A2b, WHNP-A2c and WHNP-A3b were mainly composed of GalA, Rha, Gal and Ara residues, especially, and WHNP-A2c contained GalA (60.8%) as the major sugar. Also, based on FT-IR analysis, the DM of WHNP-A2c was 24.4%, higher than those of WHNP-A2b (15.5%) and WHNP-A3b (6.1%). From the monosaccharide composition, TBA, NMR and methylation analyses, it could be found that both WHNP-A2b and WHNP-A3b predominantly contained RG-I domains, while WHNP-A2c mainly consisted of RG-I, RG-II and HG domains. According to the NMR and methylation analyses, it could be expected that the WHNP-A2b mainly contained α-L-1,5/1,3,5-arabinan, AG-II, β-D-1,4-galactan and/or AG-I as side chains, whereas WHNP-A3b predominantly contained β-D-1,4-galactan, α-L-1,5/1,3,5-arabinan and AG-II as side chains. Also, in WHNP-A2c, RG-I domain (A2c-E1), RG-II domain (A2c-E2) and oligosaccharide (A2c-E3) were fractionated by using endo-PG hydrolysis and size-exclusion chromatography with the mass ratios of 1.8:1.0:0.6, indicating that this fraction mainly contained RG-I-type domain. NMR and methylation analyses revealed that RG-I-type domain (A2c-E1) mainly contained α-L-1,5/1,3,5-arabinan, AG-II, β-D-1,4-galactan and/or AG-I as side chains, and the neutral side chains might be short. Besides, ESI–MS analysis showed that the HG-type pectin oligosaccharides (A2c-E3) encompassed a wide range of GalA oligomers from DP 1 to DP 7.
In previous studies, similar studies have been reported for pectic polysaccharides obtained from other medicinal plants, such as Panax notoginseng [33], Isatis indigotica Fort. [30] and Radix Sophorae Tonkinensis [20], which fractionated and structurally characterized RG-I, RG-II, and HG domains using Endo-PG. However, these had differences in the mass ratios of RG-I, RG-II and HG domains and structural features. Also, it has been reported that pectic polysaccharides obtained from various plant sources such as Radix Sophorae Tonkinensis (20), Isatis indigotica Fort. [30], Panax notoginseng [33], Saussurea involucrata [45] and Codonopsis pilosula [46] and Ziziphus jujube [47, 48] as well as Hedera nepalensis contained α-L-1,5-arabinan, α-L-1,3-arabinan, α-L-1,3,5-arabinan, β-D-1,4-galactan or/ and AG-I and AG-II as side chains. However, these pectins differ in terms of molecular weights, side chain lengths and other structural characteristics [20, 30, 33, 47, 48].
Many studies have reported that some pectic polysaccharides obtained from other herbal medicines, which contained α-L-1,5/1,3,5-arabinan, β-D-1,4-galactan and/or AG-I and AG-II as side chains, possess anti-oxidant activities [20, 48–50]. In this paper, WHNP-A2b and WHNP-A3b primarily contained RG-I domains, while WHNP-A2c was mainly composed of RG-I, RG-II and HG domains. It has been reported that pectic fractions, which possess higher content of GalA residues, display stronger antioxidant activity in scavenging different radicals, and exhibit a dose response relationship [20, 48–50]. Therefore, WHNP-A3b might show stronger anti-oxidant activity than WHNP-A2b as WHNP-A3b contained more GalA than WHNP-A2b. Also, it was reported that pectic fractions, which mainly contained HG, RG-II and RG-I domains, exhibited antioxidant activity via apparent synergism from its different pectin domains, with HG domains displaying the greatest activity [20, 50]. Based on these reports, WHNP-A2c might display antioxidant activities with synergistic effects from different domains, with A2c-E3 fraction (HG domains) displaying superior activity compared to A2c-E2 (RG-II domains) and A2c-E1 (RG-I domains) fractions. Therefore, WHNP-A2b, WHNP-A2c and WHNP-A3b characterized in this paper, might correlate with antioxidant activities, and we speculated that these pectins could be used as the natural antioxidant agent.

Conclusion
In this paper, water-soluble polysaccharides isolated from the dried leaves of Hedera nepalensis were systematically fractionated into one neutral fraction and three major pectin fractions (WHNP-A2b, WHNP-A2c and WHNP-A3b). The chemical structures of these major pectin fractions were analyzed and compared using the sugar composition, TBA assay, FT-IR, NMR, enzymatic and methylation analyses. Results showed that WHNP-A2b and WHNP-A3b mainly contained RG-type pectins, whereas WHNP-A2c was primarily composed of RG-I, RG-II and HG domains, with mass ratios of 1.8:1.0:0.6. In WHNP-A2b and WHNP-A2c, RG-I domains primarily substituted with α-L-1,5/1,3,5-arabinan, AG-II, β-D-1,4-galactan and/or AG-I side chains. Also, in WHNP-A3b, the RG-I domains mainly contained α-L-1,5/1,3,5-arabinan, β-D-1,4-galactan and AG-II as side chains. HG domains in WHNP-A2c were degraded into oligogalacturonides with DP 1–7, carrying less than 3 methyl-esterified groups and/or 1 acetyl-esterified group. The results provide useful structural information on the polysaccharides from the dried leaves of Hedera nepalensis, which will contribute to further studies of their structure–activity relationships.
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