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A B S T R A C T   

Background: Panax ginseng Meyer polysaccharides exhibit various biological functions, like antagonizing galectin- 
3-mediated cell adhesion and migration. Galectin-8 (Gal-8), with its linker-joined N- and C-terminal carbohy
drate recognition domains (CRDs), is also crucial to these biological processes, and thus plays a role in various 
pathological disorders. Yet the effect of ginseng-derived polysaccharides in modulating Gal-8 function has 
remained unclear. 
Methods: P. ginseng-derived pectin was chromatographically isolated and enzymatically digested to obtain a 
series of polysaccharides. Biolayer Interferometry (BLI) quantified their binding affinity to Gal-8, and their 
inhibitory effects on Gal-8 was assessed by hemagglutination, cell migration and T-cell apoptosis. 
Results: Our ginseng-derived pectin polysaccharides consist mostly of rhamnogalacturonan-I (RG-I) and homo
galacturonan (HG). BLI shows that Gal-8 binding rests primarily in RG-I and its β-1,4-galactan side chains, with 
sub-micromolar KD values. Both N- and C-terminal Gal-8 CRDs bind RG-I, with binding correlated with Gal-8- 
mediated function. 
Conclusion: P. ginseng RG-I pectin β-1,4-galactan side chains are crucial to binding Gal-8 and antagonizing its 
function. This study enhances our understanding of galectin-sugar interactions, information that may be used in 
the development of pharmaceutical agents targeting Gal-8.   

1. Introduction 

Polysaccharides are the most abundant, bioactive components in 
P. ginseng, exhibiting e.g. immune-modulation, as well as anti-tumor, 
anti-adhesive, anti-oxidant and hypoglycemic activities [1–5]. 
Water-extracted polysaccharides from P. ginseng root mainly contain 
starch-like glucans and pectin [6,7]. Ginseng pectin is composed pri
marily of galacturonic acid (GalA), rhamnose (Rha), galactose (Gal), 
arabinose (Ara), and small amounts of other sugars like glucose (Glc) 
and glucuronic acid (GlcA), that form distinct structural domains, 
among which homogalacturonan (HG) and type I rhamnogalacturonan 
(RG-I) are the most abundant. HG has a linear backbone comprised of 
α-1,4-linked-D-galacturonic acid residues that can be decorated with 
acetyl groups at the O-2/3 or carbomethoxy C-6 positions [6–9]. RG-I 
has a backbone of repeating disaccharide units of [-α-D-GalA-1, 

2-α-L-Rha-1,4-]n with arabinan, galactan, or arabinogalactan sequence 
substitutions at the Rha C-4 position [6–9]. Although identifying mo
lecular targets of ginseng pectin has been challenging for researchers, 
the recent discovery that pectins bind galectins has advanced the field 
[10]. 

Galectins are a family of β-galactoside-binding lectins that have a 
conserved carbohydrate recognition domain (CRD). Galectins have 16 
members that are involved in various cellular functions, such as cell 
adhesion, cell signaling, and apoptosis with consequent effects on can
cer, inflammation, and immunity [11–13]. Since the discovery that a 
modified citrus pectin binds galectin-3 (Gal-3), a number of pectic 
polysaccharides from different plants has been reported to bind Gal-3 
and antagonize function [14–22]. Nevertheless, information on bind
ing of other galectins is minimal. In this study, we focus on pectin 
interaction with galectin-8 (Gal-8). 
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Gal-8 is a 34 kDa lectin with two homologous (38 % identity) CRDs 
joined by a linker peptide (~26 amino acids) [23]. The C-terminal CRD 
preferentially recognizes blood group antigens and poly-LacNAc gly
cans, whereas the N-terminal CRD prefers to interact with sialylated and 
sulfated glycans [24,25]. Like other galectins, Gal-8 is synthesized in the 
cytoplasm and exocytosed via a non-classical secretory pathway [23]. 
Extracellular Gal-8 binds to cell surface glycoconjugates and compo
nents of the extracellular matrix via its CRDs, thereby promoting its 
function, e.g. angiogenesis [26], and leukocyte and synovial cell 
apoptosis [27,28]. There are only a few reports on Gal-8-pectin in
teractions [29], and one report has even argued against Gal-8 binding to 
pectin [30]. 

Targeting galectins has been proposed as the basis for pectin-based 
biological activities. Our previous study showed that ginseng pectin 
interacts with Gal-3 to modify the lectin’s function [18,20]. In the pre
sent study we demonstrated that ginseng pectin binds to Gal-8 and an
tagonizes its function. 

2. Materials and methods 

2.1. Materials 

Sepharose CL-6B and Sephadex G-25 are from Amersham Pharmacia. 
Pectinase (Aspergillus niger endo-PG) is from Sigma-Aldrich. Water-sol
uble polysaccharide from P. ginseng (WGP) is from Shengshengyugu Co. 
(Liaoning, China). 

2.2. RG-I and HG pectins 

Ginseng-derived polysaccharide preparation is outlined in Fig. 1A. 
Water-soluble ginseng polysaccharide (WGP) extracted from ginseng 
root was loaded onto a DEAE-Cellulose column (8 × 30 cm) and eluted 
with distilled water to remove the non-binding material [6]. The bond 
material (referred to as WGPA) was eluted with 0.5 M NaCl, dialyzed 
against distilled water and lyophilized [6]. WGPA (15 g) was applied to 
a DEAE-Cellulose column (8 × 30 cm), eluted stepwise with NaCl at 0, 
0.1, 0.2, 0.3 and 0.5 M to obtain five fractions (Fig. S1A): WGPA-N (2.5 
g), WGPA-1 (1.25 g), WGPA-2 (5.75 g), WGPA-3 (2.94 g) and WGPA-4 
(1.07 g). 

For RG-I- and HG-rich pectins, WGPA-2 (4 g) and WGPA-3 (2 g) were 
separated into fractions 2A (0.81 g), 2B (2.78 g), 3A (0.31 g) and 3B 
(1.55 g) by gel-permeation chromatography (Sepharose CL-6B column, 
2.6 × 100 cm) (Fig. S1B, C). 

To enrich RG-I domains, 2A (500 mg), 3A (200 mg), 2B (1 g) and 3B 
(1 g) were dissolved (10 mg/mL) in sodium acetate buffer and digested 
with Endo-PG (30 mU/mg) at 50 ◦C for 2 h. Digests were applied to 
Sephadex G-25 columns (5 × 30 cm) and eluted (2 mL/min) with 
distilled water. Void volume eluates yielded fractions 2A-D (324 mg), 
3A-D (132 mg), 2B-D (341 mg) and 3B-D (430 mg). 

To purify 2A-D, 250 mg was applied to Sepharose CL-6B columns 
(1.6 × 100 cm) and eluted with 0.15 M NaCl (0.15 mL/min). Recovered 
polysaccharide peak was dialyzed and lyophilized to yield 223 mg 2A- 
Dp. 

For partial acid hydrolysis, 150 mg (3 parts, 50 mg) 2A-Dp was 
dissolved (10 mg/mL) in 0.1 M TFA, and hydrolyzed at 80 ◦C for 1, 4 and 
12 h, respectively. pH was adjusted (pH 6.5–7.5) using 10 % ammonium 
hydroxide, after which hydrolysates were applied to Sephadex G-25 
columns (5 × 30 cm) and eluted with distilled water. Void volume el
uates yielded 28 mg Core-1, 22 mg Core-2 and 18 mg Core-3. Sugar 
compositions and weight-averaged molecular weights were determined 
as described previously [6]. 

2.3. NMR spectroscopy 

Polysaccharides (20 mg) were dissolved in 0.5 mL D2O (99.8 %) and 
stirred overnight. Natural abundance 13C NMR spectra (15,000 scans), 

as well as 1H–13C HMBC and HSQC spectra, were acquired at 25 ◦C using 
a 5 mm broadband probe on a Bruker AV600 spectrometer (Karlsruhe, 
Germany). Data were processed using standard Bruker software. 

2.4. Preparation of recombinant Gal-8 and its variants 

The Gal-8 gene was synthesized by SynBio Technologies (Jiangsu, 
China). Full-length Gal-8 (1–317 residues) and its CRDs (N-CRD, 19–152 
residues; C-CRD, 187–317 residues) genes were cloned into pET28a- 
vectors (Novagen). Plasmids were prepared using QuickChange XL 
site-directed mutagenesis kits (Stratagene). 

For protein expression, constructs were transfected into E.coli BL21 
(DE3) cells and grown in LB medium with kanamycin (100 μg/mL). 
When the OD600 reached 0.6–0.8, IPTG was added to 0.5 mM. Re
combinant proteins (His-tagged) were isolated from cell lysates and 
purified using Ni-NTA agarose beads as described previously [31]. 
Protein purity was determined by SDS-PAGE (Fig. S2). 

2.5. Gal-8-mediated hemagglutination (G8H) 

This assay was performed as described previously [32] with some 
modifications such that each ice-chilled V-plate well contained 25 μL (4 
% v/v) chicken erythrocytes and 75 μL Tris-HCl buffer (10 mM, 150 mM 
NaCl, pH 8.0) with or without Gal-8 and polysaccharide. Cell suspen
sions were then added, followed by mild shaking. Plates sat 60 min 
undisturbed on ice. Minimum inhibitory concentration (MIC) was 
determined by examining diluted polysaccharide samples. 

2.6. Biolayer interferometry (BLI) 

Affinity for Gal-8 and variants was assessed using ForteBio Octet RED 
96 instrument (California, USA) and Ni-NTA biosensors, with proteins 
and pectins dissolved in TBST (10 mM Tris-HCl, 150 mM NaCl, 0.2 % 
Tween-20, pH 7.5). Program was: initial baseline 60 s, loading in 5 μg/ 
mL His-tagged Gal-8, variants or TBST (control) 100 s, baseline 60 s, 
association with pectins 60 s, and dissociation in buffer 60 s. For non- 
specific binding, samples were examined without polysaccharides in 
the loading step. For binding kinetics, five concentrations of each sample 
were tested, with binding parameters analyzed using ForteBio Data 
Analysis Software 8.0. 

2.7. Gal-8-mediated T cell apoptosis 

Jurkat cells (106 cells/well) in serum free medium were seeded in 12- 
well plates and co-cultured with 0.6 μM Gal-8 for 18 h. For inhibition 
assessment, Gal-8 was mixed with lactose, sucrose or 2A-Dp (30 min), 
and mixtures were added to cells. Apoptosis was assessed by western 
blotting for active form of caspase-3 (cleaved-caspase) and PARP 
(cleaved-PARP) [33]. Inhibition was quantified using 2 × 106 Jurkats 
treated with 0.6 μM Gal-8 for 18 h at 37 ◦C with and without 0.5 mg/mL 
lactose, sucrose, 2A-Dp, Core-1 or Core-2. Following treatment, cells 
were re-suspended in 100 μL binding buffer, and Annexin V-FITC (5 μL) 
and PI (5 μL) were added and incubated for 15 min in the dark. Number 
of apoptotic cells was assessed using BD Accuri™ C6 flow cytometer. 

2.8. Cell migration 

Real-time measurements were performed using xCELLigence RTCA 
DP instrument (Roche Diagnostics, Mannheim, Germany). HMEC-1 cells 
were trypsin digested and re-suspended in MCDB131 serum-free me
dium. 106 HMEC-1 cells were seeded/well in CIM-plate upper chambers 
(Roche Diagnostics) that were then placed onto lower parts of the CIM- 
device. In lower chambers, serum-free MCDB131 or 0.3 μM Gal-8 was 
used with or without sugars. Migration was followed for 13 h by 
monitoring changes in impedance signals on CIM-plates as described for 
xCELLigence SP systems. Data acquisition/analysis were performed 
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Fig. 1. Ginseng pectin fractions. A. Preparation scheme. B–C. HPGPC chromatograms (B) and 13C NMR spectra (C) of pectin fractions.  
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using RTCA software (v1.2, Roche Diagnostics). 

2.9. Statistical analysis 

Results are expressed as the mean ± standard deviation of at least 
three independent experiments. Statistical significance was assessed by 
the Student’s t-test between two groups in SPSS 23.0 (IBM, Armonk, 
USA). *p < 0.05, **p < 0.01, ***p < 0.001. 

3. Results 

3.1. Polysaccharide structural features 

Fig. 1 shows the polysaccharide separation scheme (Fig. 1A), as well 
as the assessment of their molecular weight (Fig. 1B) and chemical 
structure (Fig. 1C). 

3.2. Fractions 2A, 2B, 3A, 3B 

Fractions 2A, 2B, 3A and 3B are homogenous with single peaks at 98, 
10, 137 and 39 kDa, respectively (Fig. 1B). 2A and 3A have relatively 
high Rha/GalA ratios (0.75 and 0.52, respectively) and high contents of 
Gal and Ara (Table S1), suggesting that these fractions contain RG-I 
[34]. In contrast, 2B and 3B show low Rha/GalA ratios (0.07 and 
0.08, respectively), yet high contents of GalA (73.4 % and 74.7 %, 
respectively), indicating that these primarily contain HG. 

2A and 3A display similar 13C NMR spectra (Fig. 1C), with anomeric 
carbon-signals for 1,5-/1,3,5-linked α-Araf (~107 ppm) and β(1 → 4)- 
linked Galp (~104 ppm), i.e. common structural components of RG-I 
side chains. Methyl signals of α-1,2- and α-1,2,4-Rha (16–17 ppm) are 
also typical of RG-I backbone [35,36]. HG-rich pectins 2B, 3B display 
similar NMR spectra, with resonances corresponding to carbonyl car
bons of un-esterified (~175 ppm) and esterified (~171 ppm) GalA, as 
well as methoxycarbonyl-carbons (52.7 ppm) and anomeric-carbons 
(97–99 ppm) of GalA being dominant [7]. 

3.3. Fractions 2A-D, 2B-D, 3A-D, 3B-D 

2A-D, 2B-D, 3A-D, 3B-D were derived from 2A, 2B, 3A and 3B, 
respectively, by disrupting HG domains. Rha/GalA ratios (Table S1) in 
2A-D (0.81) and 3A-D (0.73) are greater than in 2A (0.75) and 3A (0.52), 
confirming enhanced RG-I content. 2B-D and 3B-D display two major 
peaks on HPGPC (Fig. 1C), suggesting two populations in parental ma
terial 2B and 3B, with one population being mostly insensitive to pec
tinase. Nevertheless, RG-I content is enriched in 2B-D and 3B-D, as 
indicated by increased Rha/GalA ratios (0.5 for 2B-D vs 0.07 for 2B; 0.36 
for 3B-D vs 0.08 for 3B) (Table S1). 

13C NMR spectra of 2A-D (Fig. 1C) are similar to that of 2A, and 3A-D 
signals are also observed in 3A, although relative intensities of some 
signals in 3A-D differ. Increased Rha (16–17 ppm) and decreased GalA 
(~175, ~171, 52.7 and 97–99 ppm) 13C NMR signal intensities are 
consistent with enhanced RG-I content in 2B-D and 3B-D (Fig. 1C). 

3.4. Fragments 2A-Dp, Core-1, Core-2 and Core-3 

Purified 2A-D fragment 2A-Dp was partially hydrolyzed giving 
fragments Core-1, Core-2 and Core-3 (Fig. 1A), with sizes decreasing 
from 2A-Dp (75 kDa) to Core-1 (58 kDa), Core-2 (37 kDa) and Core-3 
(22 kDa), but as single peaks up to Core-2 (Fig. 2A). This suggests that 
terminal residues are gradually hydrolyzed from 2A-Dp to Core-2. 
Conversely, Core-3 shows a dispersed peak, suggesting that its back
bone is also altered. Acid-sensitive Ara content rapidly decreased from 
29.4 % (2A-Dp) to 10.8 % (Core-1), 3.0 % (Core-2), and 0.9 % (Core-3) 
(Table S1), whereas Gal content was 39.9 % (2A-Dp), 48.1 % (Core-1), 
44.1 % (Core-2) and 38.1 % (Core-3). The increase in Core-1 Gal content 
after 1 h vis-à-vis untreated 2A-Dp results from the decrease in Ara 

content. 
Structure of 2A-Dp and fragments was investigated by 1D NMR 

(Fig. 2B) and 2D NMR (Fig. 2C for partial and Fig. S3 for full spectra), 
with chemical shifts listed in Table S2. In 1D 13C NMR spectra, Ara 
resonances (C1 109.1 ppm, 107.4 ppm, 107.0 ppm) are the primary 
signals in 2A-Dp, with intensities markedly decreasing in Core-1 and not 
observed in Core-2 or Core-3. β-1,4-galactan side chain signals (C1 of 
β-1, 4-Gal at 104.2 ppm and C1 of β-T-Gal at 103.3 ppm) are the major 
peaks in all spectra. Signals corresponding to RG-I backbones (i.e. α-1,2- 
Rha, α-1,2,4-Rha and α-1,4-GalA) are present in all spectra with in
tensities increasing from 2A-Dp to Core-3. With sugar composition, NMR 
data indicate that 2A-Dp and fragments all contain RG-I backbones, with 
branching degrees 42 % 2A-Dp, 46 % Core-2 and 39 % Core-3, estimated 
from ratios of HC6 signals from α-1,2,4-Rha and α-1,2-Rha (Fig. S3 in
serts). Whereas 2A-Dp and Core-1 contain β-1,4-galactan and arabinan 
(or arabinogalactan) side chains, Core-2 and Core-3 primarily contain 
β-1,4-galactan side chains. Of note, Core-2 has the smallest core struc
ture with intact RG-I backbone and resonances (Fig. 2C) mostly 
accounted for by β-1,4-galactan side chains and RG-I backbone. Struc
ture diagrams are shown in Fig. 2D. 

3.5. RG-I-rich pectin binds Gal-8 more strongly than HG-rich pectin 

Effects of polysaccharides on Gal-8-mediated hemagglutination 
(G8H) was examined using different concentrations of Gal-8. Because 
≥1.0 μg/mL Gal-8 promoted agglutination (Fig. 3A), we used 1.25 μg/ 
mL Gal-8 in subsequent studies. MIC with lactose was 8 μg/mL, whereas 
sucrose had no inhibitory effect to 500 μg/mL (Fig. 3B). MICs with RG-I- 
rich 2A (42 μg/mL) and 3A (250 μg/mL) were much lower than with HG- 
rich 2B (466 μg/mL) and 3B (533 μg/mL) (Table 1 and Fig. 3C,D). 

Direct binding to Gal-8 was analyzed by Biolayer Interferometry 
(BLI) where the biosensor was loaded with equal amounts of Gal-8 (5 
μg/mL) and dipped into the polysaccharide solution (association) prior 
to transfer to TBST solution (dissociation). Analysis (Table 1 and Fig. 3E) 
yielded KDs of 15.4 and 12.5 nM for 2A and 3A, respectively, much lower 
than for 2B (1,355 nM) and 3B (357 nM). Thus, both G8H and BLI 
indicate that RG-I-rich polysaccharides interact more strongly with Gal- 
8. 

3.6. Enrichment of RG-1 content increases binding 

Because RG-I-rich 2A and 3A contain some HG, whereas HG-rich 2B 
and 3B contain small amounts of RG-I, we wondered whether enrich
ment of RG portions increases Gal-8 binding. Therefore, we treated 
fractions with pectinase to degrade HG and observed that digests 2A-D, 
3A-D, 2B-D and 3B-D all had higher RG-I content and exhibited greater 
inhibition than parental fractions in G8H (Fig. 3C,D and Table 1). Also, 
Gal-8 binding increased (Table 1 and Fig. 3E), indicating that RG-I 
portions in each polysaccharide bind Gal-8. 

3.7. β-1,4-galactan side chains mediate Gal-8 binding 

To further investigate Gal-8 and RG-I binding, we used purified RG-I 
fragment 2A-Dp isolated from the most active 2A-D. Partial acid hy
drolysis of 2A-Dp yielded Core-1, Core-2, and Core-3 that gave KDs for 
Gal-8 (Table 1 and Fig. 3E) of 6.8, 7.5 and 12.8 nM, respectively, similar 
to parent 2A-Dp (11.3 nM). Because Core-2 and Core-3 primarily contain 
β-1,4-galactan side chains and few Ara residues unlike 2A-Dp, and Gal-8 
affinities remained high, we proposed that 1) Ara residues contribute 
little to Gal-8 binding, and 2) β-1,4-galactan side chains are functionally 
important. In support of this, we found that the Gal-8 KD is increased 
(indicating weaker binding) to > 17,000 nM (Table 1) when the side 
chains are removed and only the RG-I backbone (i.e. RG-I-RG) is present 
(Fig. S4). 
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Fig. 2. 2A-Dp and core fragments. A. HPGPC chromatograms. B. 13C NMR spectra. C. Expansions of 13C1H-HSQC (red) and HMBC (black) of Core-2. D. Struc
ture diagrams. 
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3.8. Polysaccharide binding is Gal-8 CRD-dependent 

To investigate which Gal-8 CRD (N- or C-terminal) is involved in 
binding, we prepared separate N- and C-CRDs (Fig. S2). Here, we 
observed that 2A-Dp (Fig. 4A,B) bound to N-CRD (KD = 96 nM) some
what more strongly than to C-CRD (KD = 218 nM). Nevertheless, full- 
length Gal-8 bound best (KD = 11.3 nM), indicating that both CRDs 
promote maximal binding. Lactose inhibited binding, more so to N-CRD 
(IC = 1.25 mM, Fig. 4D) than to C-CRD (IC = 5 mM, Fig. 4E) or to full 
length Gal-8 (IC = 10 mM, Fig. 4C). Thus, the canonical β-galactoside 

binding S-face of both N- and C-CRDs are involved in binding. 

3.9. 2A-Dp and core fragments inhibit Gal-8 function 

To assess whether Gal-8 binding to these polysaccharides is biolog
ically relevant, we investigated the effect of 2A-Dp on Gal-8-mediated T 
cell apoptosis, a process implicated in tumor immune escape [37]. 
Western blotting was used to show cleavage of caspase-3 and PARP 
(downstream caspase-3 effector). Gal-8-mediated apoptosis was inhibi
ted by lactose (positive control) and 2A-Dp, but not by sucrose (negative 

Fig. 3. Interactions between Gal-8 and saccharides. A-D. Gal-8-mediated hemagglutination (G8H). A. Optimization of conditions with WGPA and Gal-8 concen
trations. B-D. Inhibition of 1.25 μg/mL Gal-8-mediated hemagglutination by lactose (positive control), sucrose (negative control) and polysaccharides. E. BLI assay. 
Increasing concentrations of pectin-derived fractions were examined using Ni-NTA sensors immobilized Gal-8. Association/dissociation steps are shown. 

Table 1 
Weight-averaged molecular weights (Mw), MIC and dissociation constants (KD).  

Pectin Mw (kDa) MIC KD from BLI 

(nM) (μg/mL) (nM) (μg/mL) 

WGPA na na 21 ± 9 na 0.61 ± 0.08 
2A 98 430 ± 184 42 ± 18 15.4 ± 5.5 1.51 ± 0.31 
2A-D 75 120 ± 80 9 ± 6 11.8 ± 3.6 0.89 ± 0.11 
2B 10 46600 ± 5700 466 ± 57 1,355 ± 306 13.55 ± 2.12 
2B-D 26/4.3 9082 ± 3057a 104 ± 35 131 ± 28a 1.50 ± 0.23 
3A 137 1824 ± 365 250 ± 50 12.5 ± 4.5 1.71 ± 0.42 
3A-D 83 627 ± 204 52 ± 17 10.8 ± 4.2 0.90 ± 0.13 
3B 39 13666 ± 1460 533 ± 57 357 ± 95 13.92 ± 2.20 
3B-D 54/4.4 10770 ± 1290a 233 ± 28 98 ± 12a 2.12 ± 0.48 
2A-Dp 75 – – 11.3 ± 3.2 0.85 ± 0.11 
Core-1 58 – – 6.8 ± 1.5 0.39 ± 0.06 
Core-2 37 – – 7.5 ± 0.9 0.28 ± 0.07 
Core-3 22 – – 12.8 ± 2.5 0.28 ± 0.04 
P-galactanb na – – na 9.18 ± 2.1 
RG-I-RGc 2.7 – – >17,000 >45.90  

a Values were calculated using the weight average molecular weight of respective fractions. 
b Potato galactan from Megazyme (cat. P-GALPOT). 
c RG-I backbone prepared according to Gao et al. [18]. na, not applicable. -, not tested. Each value represents the mean ± SD of three independent experiments. 
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control) (Fig. 5A–D). Inhibition of 2A-Dp (0.5 mg/mL, 6.67 μM) was 
similar to that from 0.5 mg/mL (1.46 mM) lactose. Flow cytometry with 
FITC-Annexin V/PI double staining quantified this (Fig. 5E,F). Treat
ment of Jurkats with 0.6 μM Gal-8 gave ~60 % apoptosis compared to 7 
% for untreated cells. Furthermore, 0.5 mg/mL lactose (1.46 mM), but 
not sucrose, completely inhibited Gal-8-induced apoptosis. 0.5 mg/mL 

2A-Dp (6.67 μM) and its core fragments Core-1 (8.62 μM) and Core-2 
(13.6 μM) also significantly inhibited apoptosis by ~50 %. 

2A-Dp and its core fragments also had an effect on Gal-8-mediated 
vascular endothelial cell migration (HMEC-1, Fig. 5G,H), a process 
involved in tumor angiogenesis [26]. The Cell Index (representing cell 
migration) for Gal-8 increased rapidly to its maximal level in ~6 h, and 
then slowly decreased up to 13 h. Gal-8 trace was much higher than that 
of control (no Gal-8), indicating that the presence of Gal-8 promoted 
migration. Various sugars affected Gal-8-induced cell migration. 
Whereas lactose inhibited cell migration, sucrose did not. 2A-Dp, Core-1 
and Core-2 all showed significant inhibition, albeit not as potently as 
lactose. At both 0.1 and 0.5 mg/mL, inhibitory effects are Core-2 >
Core-1 > 2A-Dp. Notably, comparative inhibition was relative, because 
the assays were performed at the same mass concentration. At 0.1 
mg/mL, corresponding molarities are 290 μM (lactose), 1.33 μM 
(2A-Dp), 1.72 μM (Core-1) and 2.70 μM (Core-2). At 0.5 mg/mL, the 
molarities are 1460 μM (lactose), 6.67 μM (2A-Dp), 8.62 μM (Core-1) 
and 13.5 μM (Core-2). When the assays were performed at the same 
molar concentrations, e.g. 6.67 μM of lactose (i.e. 2.3 μg/mL) or 2A-Dp 
(i.e. 0.5 mg/mL), lactose was not inhibitory, indicating that the inhibi
tory activity of 2A-Dp is higher than that of lactose. 

4. Discussion 

Targeting galectins has been proposed as the basis for pectin-based 
biological activities, and even though pectin can bind to Gal-3 
[14–22], little had been known about pectin binding to Gal-8. One 
report has even argued against Gal-8 binding to pectin [30]. Here, we 
used multiple approaches to demonstrate that P. ginseng pectins can 
indeed bind Gal-8 with affinities (or avidities) in sub-micromolar range. 

On the structural level, we demonstrated that RG-I pectin binds Gal- 
8, with the pectin side chain β-1,4-galactans being crucial to that 
interaction. This conclusion is supported by the following evidence: 1) 
RG-I-rich pectin binds Gal-8 more strongly than does HG-rich pectin, 2) 
enhancement of the RG-1 content increases binding, 3) RG-I fragments 
(Core-2 and Core-3) with only galactan side chains bind strongly, 
whereas the naked RG-I backbone (i.e. absence of side chains) displays 
considerably weaker binding (Table 1 and Fig. S4), and 4) commercially 
available potato galactan (Megazyme, cat. P-GALPOT) also binds Gal-8 
(KD = 9.18 μg/mL, Table 1 and Fig. S4). Arabinan side chains in ginseng 

Fig. 4. Polysaccharide-Gal-8/mutant binding by BLI. A,B. 2A-Dp binding to N- 
CRD (A), C-CRD (B). C-E. Lactose inhibits binding of 2A-Dp to full length Gal-8 
(C), N-CRD (D) and C-CRD (E). Association step (62.5 μg/mL 2A-Dp) was 
performed without lactose, and the dissociation step was performed with 
lactose: 0, 0.63, 1.25, 2.5, 5.0, 10, or 20 mM. 

Fig. 5. Inhibition of Gal-8-mediated T cell apoptosis and HEMC-1 migration. A-D. Western blotting was performed using an antibody against both intact (pro-casp-3) 
and cleaved (cl-casp-3) caspase-3, or an antibody against both intact (PARP) and cleaved (cl-PARP) PARP. Actin was the control. A and C. Representative images. B 
and D. Densitometric analysis of ratio of cl-casp-3/actin in A and C, respectively. Each value represents the mean ± SD of three independent experiments. Control 
group was set at 1.0 (i.e. 100 %). E-F. Flow cytometry. E. Representative images. F. Quantification of apoptosis in E as mean ± SD (n = 3). G-H. Inhibition of Gal-8- 
mediated HEMC-1 migration with 0.1 mg/mL (G) and 0.5 mg/mL (H) sugar. ns, not significant. P values were determined using Student’s two-tailed t-test. ns, not 
significant. **p < 0.01, ***p < 0.001, compared to Gal-8 alone. 
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RG-I apparently do not contribute to Gal-8 binding, because RG-I frag
ments with (2A-Dp and Core 1) and without (Core 2 and Core 3) ara
binan side chains have similar binding affinities. Furthermore, a 
commercially available sugar beet arabinan (Megazyme, cat. P-ARAB) 
barely inhibits G8H (Fig. S5). It is worth noting that the structure of 
pectin, especially that of RG-I, is quite diverse, and therefore, it is not 
surprising that pectins from different sources exhibit different Gal-8 
binding affinities/avidities. Whereas MCP-3p, a pure HG fraction 
derived from MCP [38], has no G8H inhibitory effect with Gal-8 up to 
2000 μg/mL, PGA from Megazyme (Cat. P-PGACIT) inhibits G8H (MIC 
= 125 μg/mL) (Fig. S5). Differences between these samples likely relate 
to differences in their HG content, degree of esterification, and molec
ular weight, an issue requires further investigation. 

Although ginseng polysaccharides are implicated in various phar
maceutical applications, their molecular targets remain unclear. Our 
previous study showed that ginseng pectin interacts with Gal-3 to 
modify its function [18,20]. Here, we report that ginseng RG-I pectin 
binds to Gal-8, thereby inhibiting its function. This finding expands our 
understanding of how a ginseng-derived polysaccharide operates in situ, 
therefore, prompting its development as a pharmaceutical agent and 
dietary supplement. 

Several polysaccharide-based inhibitors of Gal-1 and Gal-3 have 
already been investigated in clinical trials against cancer and fibrotic 
disease [39,40]. Our present finding extends this list. Moreover, because 
Gal-8 and Gal-3 exert similar effects on tumor metastasis by promoting 
endothelial cell migration in angiogenesis and inducing T-cell apoptosis 
in tumor immunosuppression, ginseng pectins present the prospect of 
being developed as a more effective inhibitor by blocking both Gal-3 and 
Gal-8. Our preliminary data show that ginseng pectin also interacts with 
and inhibits Gal-1, another member of the galectin family that induces 
T-cell apoptosis. Future investigations will be crucial to unveiling the 
full potential of ginseng pectins. 

In conclusion, we have used multiple approaches here to demon
strate that certain ginseng-derived polysaccharides bind strongly to Gal- 
8 and inhibit its function. Structure-activity relationships indicate that 
Gal-8 binds primarily to RG-I, in particular its β-1,4-galactan side chains. 
Moreover, Gal-8 mutants reveal that both N- and C-terminal CRDs are 
involved in the binding process. 
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