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ABSTRACT

A purified polysaccharide with a galactose backbone (SPR-1, Mw 3,622 Da) was isolated from processed
Polygonati Rhizoma with black beans (PRWB) and characterized its chemical properties. The backbone of
SPR-1 consisted of [(4)-B-D-Galp-(1]g — 4,6)-B-D-Galp-(1 — 4)-a-D-GalpA-(1 — 4)-a-D-GalpA-(1 — 4)-a-
D-Glcp-(1 — 4,6)-0-D-Glcp-(1 — 4)-a/B-D-Glcp, with a branch chain of Ry: f-D-Galp-(1 — 3)-B-D-Galp-
(1— connected to the —4,6)-3-D-Galp-(1 — via 0-6, and a branch chain of Ry: a-D-Glcp-(1 — 6)-a-D-Glcp-
(1— connected to the —4,6)-a-D-Glcp-(1— via O-6. Immunomodulatory assays showed that the SPR-1
significantly activated macrophages, and increased secretion of NO and cytokines (i.e., IL-1p and TNF-a,),
as well as promoted the phagocytic activities of cells. Furthermore, isothermal titration calorimetry (ITC)
analysis and molecular docking results indicated high-affinity binding between SPR-1 and MD2 with the
equilibrium dissociation constant (Kp) of 18.8 uM. It was suggested that SPR-1 activated the immune
response through Toll-like receptor 4 (TLR4) signaling and downstream responses. Our research demon-
strated that the SPR-1 has a promising candidate from PRWB for the TLR4 agonist to induce immune

response, and also provided an easily accessible way that can be used for PR deep processing.
© 2024 The Authors. Published by Elsevier B.V. on behalf of Xi’an Jiaotong University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polygonatum Rhizoma (PR), a functional edible herb, has been
used to prevent and treat various diseases in traditional Chinese
medicine (TCM) for a long history, such as the treatment of tem-
porary or permanent immunity dysfunction, diabetes, spleen
deficiency, coughs, anorexia, and stomach diseases [1,2]. At the
same time, PR is also processed into a range of functional health
products, such as PR wine, functional beverages, yogurt thickeners,
and fermented foods [3,4]. Previous studies have reported that
polysaccharides [2,5,6], flavonoids [7], and steroidal saponins [8]
were the main chemical constituents of PR. Among these, poly-
saccharides have emerged as the primary biologically active
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components and have been officially recognized by the Chinese
Pharmacopoeia as the key phytochemical marker for quality con-
trol, with a minimum required content of 7% [9].

The processing of raw herbs is an integral and distinctive
pharmaceutical technique within TCM, playing a crucial role in
mitigating side effects, enhancing medicinal properties, modifying
characteristics, and even altering the therapeutic effects of these
herbs [10]. Before its utilization in food and clinical applications, PR
undergoes a necessary processing step to ensure its safety and ef-
ficacy [11]. Typically, PR is subjected to steaming, employing in-
gredients such as wine, black soybean, ginger, and honey [12—14].
Numerous studies have extensively reported notable changes in the
chemical composition of PR following processing, and these
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alterations have the potential to significantly impact its biological
activities [15]. Steaming with a black bean (BB) decoction is a
special pre-treatment method commonly employed for some Chi-
nese herbs before the drying process. This technique can be
particularly beneficial for herbs containing toxic or irritating com-
ponents. It is known to improve the liver and kidney nourishing
effects while reducing the toxicity and side effects associated with
these herbs [12]. An illustrative example is the study that revealed
that emodin-8-0-B-D-glucoside, the primary anthraquinone
component implicated in liver damage, exhibited lower content in
the processed (BB) Polygoni multiflori Radix compared to the raw
P. multiflori [16]. Moreover, the practice of washing or steaming
Chinese medicines (CM) with beans is recognized as a distinctive
technique for herbal fermentation within a composite matrix. This
process can lead to alterations in certain chemical components and
facilitate the release of active ingredients [ 17]. Processed PR with BB
(PRWB) is a classic technique documented in Lu Mansion's Secrete
Recipe classic which is a classic Chinese medical book of the Ming
Dynasty. Previous studies mainly focused on water-steaming and
wine-processing of PR. These studies have consistently reported
that polysaccharides from PR mainly consisted of fructose, glucose,
and galactose [2,6,9,11,18]. Fewer studies have reported the chem-
ical components in PRWB, especially the polysaccharides with
biologically active.

Polysaccharides are a class of macromolecular substances that are
found in a wide range of species, including microorganisms, algae,
plants, and animals [19]. Recently, polysaccharides have gained a lot
ofinterest owing to their complex structure and a variety of biological
activities, including antitumor [ 19—21], immunomodulatory [22,23],
anti-inflammatory [24,25], hepatoprotective [26,27] and so on. A
number of studies have shown that natural polysaccharides have
remarkable anti-tumor activity without significant toxic and side
effects [19]. Currently, polysaccharides have great potential to regu-
late cell signaling due to their structural multiplicity. Some poly-
saccharides can modulate the host immune system and indirectly
play an anti-tumor role by pathways including activating non-
specific or specific immune responses [28]. In fact, the effects of the
Polygonatum polysaccharide (PP) on immune function have received
a vast amount of attention due to their impact on human health and
disease treatment. Previous studies have shown that the poly-
saccharides from PR exhibited potent immunomodulating proper-
ties, and could reverse immunosuppression by promoting immune
organ development, lymphocyte proliferation, and macrophage
phagocytosis as well as by regulating the levels of serum cytokines in
immunosuppressive mice induced by cyclophosphamide (Cy)
[29,30]. In recent years, some studies have found that the immuno-
modulatory activity of the PP was enhanced after concoction [3,7,31].
Nevertheless, the detailed chemical structures or mechanisms of
immunomodulatory activity exhibited by the polysaccharides from
PRWB have still not been reported.

Hence, it is essential to improve recognition of the composition,
structural features, and bioactivity of the polysaccharides from
PRWB and to probe the potential mechanism underlying the ther-
apeutic immunomodulatory activity of the polysaccharides from
PRWSB to facilitate their further development and utilization as a
safe and effective naturally produced drug as a novel immuno-
modulator. In this study, the polysaccharide was isolated and pu-
rified from PRWB and analyzed its structural features by high-
performance gel permeation chromatography (HPGPC), Fourier-
transform infrared (FT-IR), and nuclear magnetic resonance
(NMR). Meanwhile, the polysaccharide was hydrolyzed and deriv-
atized by acid to the partially methylated alditol acetates (PMAAs),
which could be detected by gas chromatography-mass spectrom-
etry (GC-MS). Furthermore, the immunomodulatory effects of the
isolated polysaccharides on macrophages were observed and their
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potential mechanisms were further explored using isothermal
titration calorimetry (ITC) and molecular docking.

2. Materials and methods
2.1. Materials and reagents

The PR was collected from Renshou County (Meishan, China)
and identified by Professor Zhifeng Zhang (Macau University of
Science and Technology, China). Dextrans of different molecular
weights were purchased from Sigma-Aldrich Co., Ltd. (St. Louis, MO,
USA). The monosaccharides including p-mannose (Man), L.-rham-
nose (Rha), p-galacturonic acid (GalA), p-galactose (Gal), p-glucose
(Glc), p-glucuronic acid (GIcA), p-arabinose (Ara), p-xylose (Xyl), L-
fucose (Fuc), p-glucosamine hydrochloride (GIcN), N-acetyl-p-
glucosamine (GIcNA), p-fructose (Fru), o-ribose (Rib), p-galactos-
amine hydrochloride (GalN), L-guluronic acid (GulA) and p-man-
nuronic acid (ManA) were from BoRui Saccharide Biotech Co., Ltd
(Yangzhou, China). Acetic anhydride, trifluoroacetic acid (TFA) and
pyridine were all analytical grades and were purchased from Ker-
mel Chemical Reagent Co., Ltd. (Tianjin, China). The dialysis bag
(molecular of 3500 Da), tumour necrosis factor alpha (TNF-a) and
interleukin-1beta (IL-1B) cytokine specific enzyme-linked immu-
nosorbent assay (ELISA) kits and DEAE-52 were obtained from
Solarbio Science &Technology Co., Ltd. (Beijing, China), and Milli-Q
water was acquired through a Millipore system (Bedford, MA, USA).
Lipopolysaccharide (LPS) was purchased from the Beyotime Insti-
tute of Biotechnology (Shanghai, China). MD2 protein was pur-
chased from Sino Biological Inc. (Beijing, China). All the other
chemicals and reagents were of analytical grade.

2.2. Preparation of PRWB and extraction of the polysaccharides

The most common method to extract polysaccharides from
plants is hot water extraction [32]. The detailed flow chart for the
extraction, isolation, and purification of the polysaccharide from
PRWB was shown in Fig. S1. In brief, 8.5 kg of defatted and dried
PRWB were pre-soaked in water for 1 h at room temperature, and
extracted with 25 L of boiling distilled water for 3 h. In total, three
extractions were performed. After that, the extracts were combined
and concentrated to one-tenth volume, and ethanol was added in
concentrate to a final concentration of 40% (V/V) and placed to
precipitate for 24 h at 4 °C. The precipitate was obtained by
centrifugation for 10 min (15,000 g) and the supernatant was
removed. The obtained precipitates were freeze-dried and re-
solubilized with water, and proteins were completely eliminated
at least four times through the Sevag method to obtain the crude
polysaccharide I (CP-I) [25]. The CP-I was then dissolved in distilled
water to obtain 0.5 g/mL of the solution. The CP-I was gradually
eluted through a DEAE-52 cellulose column (®3.5 cm x 80 cm)
with distilled water, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 and 1.0 mol/L NaCl.
Next, 10 mL of each tube was collected and determined using the
phenol-sulfuric acid method to plot the elution curve [33]. The
elution curve (Fig. 1A) showed that the one main peak only of the
elution curve obtained by pure water elution was higher, so the
pure water fraction was selected for further separation. The rele-
vant eluents were concentrated and dialyzed using a 3,500 Da
dialysis bag, and one relatively pure polysaccharide was obtained,
referred to as SPR-1.

2.3. Characterization of SPR-1
2.3.1. Homogeneity and molecular weight analysis of SPR-1

The Mw and homogeneity of SPR-1 were measured using HPGPC
based on a Shimadzu LC-10A system (Shimadzu, Kyoto, Japan) fitted
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Fig. 1. (A) Elution profile of SPR-1 on DEAE-52 cellulose column. (B) High-performance gel permeation chromatography (HPGPC) of SPR-1. (C) High-performance ion exchange
chromatography (HPIEC) of monosaccharide standards and SPR-1. (D) HPIEC of monosaccharide SPR-1. (E) Fourier-transform infrared (FT-IR) spectrum of SPR-1. 1: -fucose, 2: p-
galactosamine hydrochloride, 3: .-rhamnose, 4: p-arabinose, 5: p-glucosamine hydrochloride, 6: p-galactose, 7: p-galactose, 8: N-acetyl-p-glucosamine, 9: p-xylose, 10: p-mannose,
11: p-fructose, 12: p-ribose, 13: p-galacturonic acid, 14: -guluronic acid, 15: p-glucuronic acid, 16: p-mannuronic acid.
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with a BRT104-102 column (8 mm x 300 mm, Borui Saccharide,
Biotech. Co. Ltd., Yangzhou, China) and a refractive index detector.
Based on the reported methodology [34] with slight adaptation, the
SPR-1 sample (50 pL) was injected into the HPGPC system and
eluted with the mobile phase (0.02% (m/m) NaN3 and 0.1 M NaNOs)
with a flow rate of 0.6 mL/min at 35 °C.

2.3.2. Determination of monosaccharide composition

Referring to the previous report [35], the monosaccharide
composition of SPR-1 was analyzed using the high-performance ion
exchange chromatography (HPIEC) on a Dionex ICS-5000 (Dio-
nex™, Thermo Scientific™, Waltham, MA, USA). In brief, a total of
5.0 mg sample was first hydrolyzed by 2.0 mLTFA solution (3 mol/L)
for 3 h at 120 °C. The acid hydrolysis solution was accurately
aspirated and transferred to a new tube, blow dry with N blowing
and added 5 mL water and mixed well by vertexing. 50 uL above
solution was pipetted into a tube and added 950 pL of ultrapure
water, and then centrifuged at 12,000 r/min for 5 min. Finally, the
sample was analyzed by HPIEC equipped with Dionex Carbopac™
PA20 (3 mm x 150 mm; Dionex™, Thermo Scientific™) and an ICS-
6000 DC electrochemical detector (Thermo Scientific™). The con-
ditions are as follows: injection volume: 25 pL; mobile phase A:
H,0; mobile phase B: 15 mM NaOHC:15 mM NaOH and 100 mM
NaOAC; rate of mobile phase: 0.3 mL/min; column temperature:
25 °C.

2.3.3. FI-IR spectrometric analysis

The infrared spectra of SPR-1 were recorded in a wavelength
range of 4000—400 cm~! on an FI-IR spectrophotometer (Tianjin
Port East Science and Technology Development Co., Ltd., Tianjin,
China). Briefly, 2 mg of SPR-1 and 200 mg of KBr were accurately
weighed and pressed into pellets, and the data were collected using
the FT-IR 650.

2.3.4. Methylation analysis

The methylation analysis of SPR-1 was conducted as described
previously with slight modifications [36]. Details of the sample
preparation procedure are provided in the Supplementary data
S1-S2. The acetylated SPR-1 was analyzed by GC-MS instrument
(Agilent GC-MS 6890-5973, Agilent, Palo Alto, CA, USA) equipped
with an RXI-5 SIL MS column (30 m x 0.25 mm, 0.25 um). The
temperature program was as follows: initial column temperature
was 120 °C, and then ramped up from 120 °C at 3 °C/min to 250 °C
and maintained at 250 °C for 5 min. The injector and flame ioni-
zation detector temperatures were 250 °C. The inlet temperature
was 250 °C and the detector temperature was 250 °C/min. The
carrier gas was helium (purity, 99.999%) with a flow rate of 1.0 mL/
min.

2.3.5. NMR spectroscopy analysis

To allow sufficient exchange of active hydrogen with tritium, the
purified SPR-1 powder (50 mg) was dissolved in 0.5 mL of D,0 and
freeze-dried. The freeze-dried powder was then re-dissolved in
0.5 mL of D0 and continued to be freeze-dried again; this process
was repeated several times. The Bruker Ascend 600 spectrometer
(Bruker, Billerica, MA, USA) at 600 MHz was used to record the one-
dimensional ('H, 3C, and DEPT-135) and two-dimensional ('H'H-
COSY, HSQC, HMBC and NOESY) NMR spectra of SPR-1.

2.3.6. Surface morphology

The surfaces of the polysaccharide samples were observed using
an ultra-high resolution scanning electron microscope (Nova
NanoSEM 450, FEI Inc., Hillsboro, OR, USA) and photographed at
different magnifications. The details of the sample preparation
procedure are provided in the Supplementary data S3.
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2.4. Immunomodulatory activity in vitro of SPR-1

2.4.1. Cell culture

The macrophage RAW264.7 cells were cultured in Dulbecco's
modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic-antimycotic solution at 37 °C
and 5% CO, under humidified conditions in a cell incubator with a
previously documented method [37]. Cells were adjusted to the
density of 2 x 10% cells/well and inoculated onto 96-well plates
overnight, followed by treatment with different concentrations of
SPR-1 (0—3000 pg/mL) for 24 h at 37 °C. Following treatment, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) solution (20 pL, 5 mg/mL) was added to each well and
incubated for 4 h. Subsequently, the medium was removed and
added in 100 pL dimethyl sulfoxide (DMSO), and the optical density
was measured (570 nm) by a multifunction microplate reader
(Spark 20 M, Tecan, Mannedorf, Switzerland).

2.4.2. Cytokine assay

The macrophages RAW264.7 cells were seeded into 6-well
plates at the density of 1 x 10 cells/well and cultured in a hu-
midified incubator at 37 °C and 5% CO». After 24 h of incubation, a
series of concentrations of SPR-1 (12, 24 and 48 pg/mL) and LPS
(positive control, 1 pg/mL) were added to different wells and
incubated for another 24 h. At the end of the incubation, the cell
culture supernatants were collected for further analysis of the
secreted cytokines and stored at —20 °C. According to the in-
structions of the manufacturers, the levels of NO, IL-1 and TNF-a in
macrophage culture media were determined by ELISA Kkits.

2.4.3. Quantitative real-time polymerase chain reaction (qQRT-PCR)

The expression of TNF-a and its relevant genes in macrophages
was analyzed by qRT-PCR and referred to a previous report [5].
According to the manufacturer's protocol, the total RNA of each
sample was extracted with Trizol reagent (Invitrogen, Carlsbad, CA,
USA) and subsequently transcribed into cDNA with the reverse
first-strand DNA synthesis kit (TRANSGEN, Beijing, China). qRT-PCR
was performed by ViiA™ 7 real-time PCR system (Applied Bio-
systems, Grand Island, NY, USA) within the FastStart Universal
SYBR-Green Master Rox (Roche Diagnostics, Indianapolis, IN, USA)
following the manufacturer's instructions. The reaction mixture
(10 pL) contained 1 pL of the cDNA template, 0.4 pL of each primer
(10 nmol/L, 0.2 pL of each 5’ upstream and 3’ downstream primer),
5 uL of the SYBR gqPCR mix, and 3.6 pL of RNase-free water. PCR
primers were synthesized by Sangon Biotech (Shanghai, China),
and the primer sequences used for qRT-PCR are listed in Table S1.
The PCR cycling parameters included 50 °C for 10 min followed by
95 °C for 10 min, and then 40 cycles of 95 °C for 15 s and 60 °C for
1 min. The relative gene expression of each gene was determined
with the 2722¢ method, using the reference genes (GAPDH) as a
normalized gene.

2.5. The predictive interaction of SPR-1 and LPS with MD2

2.5.1. ITC analysis of SPR-1 and LPS interactions with MD2

The binding affinity of SPR-1 or LPS to MD2 was measured
directly by PEAQ-ITC (Malvern Panalytical, Worcestershire, UK). In
brief, SPR-1 or LPS was diluted to 20 uM and MD2 protein was
diluted to 2 uM by phosphate buffered saline (PBS) buffer (pH 7.4).
In the experiment, a solution of SPR-1 or LPS was loaded into the
syringe of the ITC apparatus and an MD2 protein solution was in the
calorimetric cell. During each ITC experiment, 13 injections of SPR-1
or LPS into the calorimetric cell were carried out. The duration of
each injection was 150 s. The stirring speed was 750 r/min. The
detection temperature was 25 °C. At the same time, to exclude the
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heat background, the ligand and MD2 were dropped into the buffer
at the same concentration under the same conditions.

2.5.2. Molecular docking of SPR-1 and LPS with MD2

The crystal structure of MD2 (PDB: 4G8A) was downloaded from
Protein Data Bank (https://www.rcsb.org/). The protein structure was
used as the initial structure for subsequent molecular docking. The
initial structure was processed with AutoDock Tools 1.5.6 to add the
polar hydrogen atoms and Gasteiger charges and generate a pdbqt file
for docking [38,39]. The 3D structures of SPR-1 and LPS were drawn
using Chem3D software, and then saved in mol2 format. In general,
the most commonly used docking method for large molecules is the
semi-empirical optimization method; and some researchers have
used the Parameterized Model 3 (PM3) semi-empirical optimization
method to study cyclodextrin [40]. Therefore, we used the PM3 semi-
empirical calculation method for SPR-1 and LPS. The molecular
structures were optimized using the MOPAC program and PM3
atomic charges were calculated for subsequent molecular docking,
and the ligand structures were processed using AutoDock Tools 1.5.6
to generate pdbqt files for docking [41]. Molecular docking of SPR-1
and LPS with MD2 were performed using AutoDock 4.2 software
via the Lamarckian genetic algorithm. The number of grid points in
the XYZ of the grid box was set to 80 x 80 x 80, the number of docking
times was set to 50, and the rest of the parameters were used as
default values. In order to mitigate the potential impact of unrea-
sonable atomic contacts in the structural space resulting from mo-
lecular docking, an energy optimization method can be employed to
obtain a structurally stable model [42]. The energy optimization was
performed using the Amber14 force field, and the optimization pro-
cess was carried out in two steps: a 1000-step steepest descent
method optimization, followed by a 500-step conjugate gradient
method for further optimization of the structure, and the final result
was used as a model for subsequent analysis.

2.6. Data analysis

Data were analyzed using GraphPad Prism 9.5 and all results
were expressed as mean =+ standard error of mean (SEM). Dunnett's
test of one-way analysis of variance (ANOVA) was used to analyze
the difference between three or more groups. A significant differ-
ence was statistically set as P < 0.05 or P < 0.01.

3. Results and discussion
3.1. Characterization of SPR-1

3.1.1. Determination of homogeneity and molecular mass

The HPGPC spectrum of SPR-1 showed a single symmetrical and
narrow peak (Fig. 1B), indicating that SPR-1 was a homogeneous
polysaccharide. The yield of SPR-1 was 3.38%. According to the
HPGPC result, the weight average molecular weight (Mw) and the
number average molecular weight (Mn) of SPR-1 were found to be
3,622 Da and 2,289 Da, respectively, and the polydispersity (Mw/
Mn) value was 1.58. Significantly, according to many research,
molecules with low polydispersity mean that these molecules are
homogeneously dispersed in aqueous solution and do not form
large aggregates; the polymers with polydispersity ratios closer to
1, the narrower the molecular weight distribution [43,44]. Conse-
quently, the above analysis presumes that the structural features of
SPR-1 had a narrow molecular weight distribution and a simple
branched chain structure.

3.1.2. Monosaccharide composition determination
The results of the HPIEC of 16 standards and SPR-1 are shown in
Figs. 1C and D. The SPR-1 was composed of Gal (61.9%), Glc (27.5%)
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and GalA (10.6%), indicating that SPR-1 was an acidic poly-
saccharide. This result differed from previous reports. Previous
studies showed that the polysaccharides from PR were rich in Fru
[2,18,45]. In addition, the higher Gal content in SPR-1 may be due to
the steaming process [46]. It was shown that during the isolation
and purification of polysaccharides with DEAE-52, the content of
Glc, Gal and Man gradually decreased with the gradual increase of
salt concentration in the eluate, while SPR-1 was eluted using pure
water, which may also account for the fact that SPR-1 was mainly
composed of Gal [47].

3.1.3. FI-IR analysis of SPR-1

The FT-IR spectra properties of SPR-1 displayed typical poly-
saccharide absorption peaks (Fig. 1E). In particular, the strong and
broad absorption peak between 3600 and 3200 cm~! could be
observed, which attributed to the O—H stretching vibration of
hydroxyl groups. The relatively strong absorption peak at
2931 cm~! was attributed to the stretching vibration of the C—H
bond in CH, or CHs [48]. The peaks at 1735 cm™' and
1635 cm~! were attributed to the methyl-esterified carbonyl
groups (COO—CHs) and the carboxylate ion (COO~) stretching
band, respectively, which proved the presence of uronic acid in
SPR-1 [49,50]. The absorption peak at 1419 cm~' was related to
the C—O stretching vibration [51]. An absorption peak at
1376 cm™! was attributed to the C=0 symmetric stretching vi-
bration [52]. The absorption peaks at 1232 cm~! and 1074 cm™!
were ascribed to O—H variable angle vibration [53]. The absorp-
tion peak at 877 cm~! was related to the C—H angular vibration of
the equatorial bond other than the C—H isomerization of the
terminal group of the pyran ring. The absorption peak detected at
773 cm~! was attributable to the telescopic vibration of the
symmetrical ring of the pyran ring. Therefore, these results further
verified that f-D-Gal was the main component of SPR-1.

3.1.4. Methylation analysis

Methylation analysis is one of the most effective and commonly
used method to identify the linkage types and their proportions in
polysaccharides [5]. To determine the glycosidic bond of SPR-1,
methylation was conducted and the total ion chromatograms
(TIC) of PMAAs from SPR-1 were studied. The TIC chromatogram
was shown in Fig. S3. GC-MS analysis showed that the SPR-1 con-
sisted of 8 PMAAs. Table 1 shows these 8 PMAAs, containing their
corresponding glycosidic linkages and molar ratios. Fig. S3 presents
the representative ionization and mass spectra of 8 PMAAs, based
on the databases of GC-EIMS of PMAAs (Complex Carbohydrate
Research Center, University of Georgia, USA) and data previously
reported in the kinds of literature [54,55]. As seen in Table 1, the
PMAA derivatives of SPR-1 were measured to be 2,3,4,6-Me4-Glcp,
2,3,4,6-Mey4-Galp, 2,4,6-Mes-Galp, 2,3,6-Mes-Galp, 2,3,6-Mes-Glcp,
2,3,4-Mes-Glcp, 2,3-Me,-Glcp and 2,3-Me,-Galp with the molar of
4.0:3.8:5.7:59.7:11.0:7.1:3.5:6.6. Besides, after uronic acid reduc-
tion, the content of Gal increased indicating the presence of —4)-
GalpA-(1— [56]. The results indicated that SPR-1 mainly consisted
of 1,4-linked GalpA fragment, 1,4-linked Galp fragment and 1,4-
linked Glcp fragment. The structural features could be further
verified and explained in detail with NMR.

3.1.5. NMR spectrum analysis

Currently, NMR spectroscopy is a common and effective method
for analyzing the structural characteristics of polysaccharides. The
configuration and amount of sugar residues in polysaccharides
could be determined with 'H and '3C spectra according to their
chemical shift and coupling constant, and the sequences of the
sugar residues could be defined by NOESY and HMBC spectrums
[57—59]. Hence, we investigated the 'H, 1>C, COSY, HSQC, HMBC and
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Table 1
Methylation analysis of SPR-1.
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No. Retention time (min) Methylated sugar Mass fragments (m/z) Molar ratio Type of linkage

1 16.953 2,3,4,6-Mey4-Glcp 43,71,87,101,117,129,145,161,205 4.0 Glep-(1—

2 17.887 2,3,4,6-Mey4-Galp 43,71,87,101,117,129,145,161,205 3.8 Galp-(1—

3 21.055 2,4,6-Mes-Galp 43,87,99,101,117,129,161,173,233 5.7 —3)-Galp-(1—

4 21.393 2,3,6-Mes-Galp 43,87,99,101,113,117,129,131,161,173,233 59.7 —4)-Galp-(1—/—4)-GalpA-(1-°
5 21.802 2,3,6-Me3-Glcp 43,87,99,101,113,117,129,131,161,173,233 11.0 —4)-Glep-(1—

6 22.16 2,3,4-Me5-Glcp 43,87,99,101,117,129,161,189,233 7.1 —6)-Glcp-(1—

7 26.679 2,3-Me,-Glcp 43,71,85,87,99,101,117,127,159,161,201 3.5 —4,6)-Glcp-(1—

8 27.088 2,3-Me,-Galp 43,71,85,87,99,101,117,127,159,161,201,261 6.6 —4,6)-Galp-(1—

Glc: glucose; Gal: galactose; GalA: galacturonic acid; p: pyranose.
4 Dominate percentage in the mixture of —4)-Galp-(1— and —4)-GalpA-(1—.

NOESY NMR spectra of SPR-1 at 600-MHz. The C/H chemical shifts
of all monosaccharide residues (A-M) were assigned and are listed
in Table 2 according to the literature and in combination with Fig. 2.
The majority of the proton and carbon signals of SPR-1, with
chemical shifts ranging from 3.00 to 5.50 ppm and 60—120 ppm,
respectively, were the signature signals of polysaccharide, as shown
in Figs. 2A and B [35,60]. In the 'H NMR spectrum, the anomeric
proton region (5.50—4.30 ppm) had 12 main signals at 5.31, 5.26,
5.15, 4.91, 4.88, 4.88, 4.83, 4.57, 4.56, 4.55, 451 and 4.35 ppm,
indicating that SPR-1 contained 12 residues (named F, H, ], I, G, L, M,
K, A, E, D and B residues). Meanwhile, the signals at 3.2—4.0 ppm
were assigned to protons in the sugar ring. In the '>C NMR
(150 MHz, D,0) spectra, nuclear magnetic carbon spectrum signals
were mainly concentrated between 60 and 120 ppm. The 3C NMR
spectrum showed anomeric carbon signals at 105.90, 105.78,
105.39,105.09,101.75, 101.34, 101.33, 100.89, 99.89, 99.10, 97.01 and
93.33 ppm, which corresponded to the C1 of residues A, D, E, B, L, M,
H, F, G, I, K and ], respectively. The Dept135 spectrum (Fig. S4)
showed that the inverted peaks 68.46, 66.80, 65.04, 63.61, 63.51,
62.65, 62.35, 62.20, 61.92 and 61.89 ppm were assigned to C6. The
resonance signals of anomeric proton at 4.4—5.3 ppm and anomeric
carbon at 90—110 ppm confirmed the presence of both a- (4.9—5.3)
and B-configuration (4.4—4.9) in SPR-1, which verified the results of
IR spectroscopy [61,62]. Further evidence for the presence of the
carboxyl carbon of GalpA was found at the 170—176 ppm signals in

the 3C NMR spectrum based on the monosaccharide composition
and methylation analysis [55].

The anomeric chemical shifts at 4.56/105.90 ppm indicated that
residue A was in the B-configuration. The COSY spectrum showed
that the chemical ships observed at 4.56, 3.60, 3.69 and 4.08 ppm
were assigned for H1, H2, H3 and H4, respectively, while chemical
shifts corresponding to C1, C2, C3, C4 and C6 appeared at 105.90,
73.31, 74.94, 79.13 and 62.20 ppm from HSQC, respectively. The
anomeric chemical shifts at 4.51/105.78 ppm indicated that residue
D was in the B-configuration. The COSY spectrum showed that the
chemical ships observed at 4.51, 3.47, 3.62 and 4.07 ppm were
assigned for H1, H2, H3 and H4, respectively, while chemical shifts
corresponding to C1, C2, C3, C4 and C6 appeared at 105.78, 72.31,
69.27, 79.38 and 65.04 ppm from HSQC, respectively. The complete
H and '3C chemical shifts for residues A and D are listed in Table 2.
Therefore, a comparison of the experimental proton and carbon
resonances with the dates from the literature [9,54] allowed
assigning residue A and D to —4)--D-Galp-(1— and —4,6)-B-D-
Galp-(1—, respectively.

The anomeric chemical shift of residue B was 4.35/105.09 ppm,
suggesting that residue B was in the B-configuration. The COSY
spectrum showed that the chemical shift of H1-2 was 4.35/3.42, the
chemical shift of H2-3 was 3.42/3.55, and the chemical shift of H4-5
was 4.03/3.84. We could deduce that H1, H2 H3, H4 and H5 were
4.35, 3.42, 3.55, 4.03 and 3.84 ppm, respectively, while chemical

Table 2
Chemical shift assignments of SPR-1.
Symbol Glycosyl residues H1/C1 H2/C2 H3/C3 H4/C4 H5/C5 H6a/C6 H6b COOCH3 0,CCH3
A —4)-B-D-Galp-(1— 4.56 3.60 3.69 4.08 3.63 3.76 3.65
105.90 73.31 74.94 79.13 76.11 62.20
B B-D-Galp-(1— 435 3.42 3.55 4.03 3.84 3.76 3.65
105.09 7235 73.93 71.46 74.89 61.92
D —4,6)-B-D-Galp-(1— 4.51 3.47 3.62 4.07 3.61 3.46 3.94
105.78 72.31 69.27 79.38 76.11 65.04
E —3)-B-D-Galp-(1— 4.55 3.58 3.68 4.12 3.93 3.85 3.75
105.39 72.1 79.17 69.74 74.9 62.35
F —4)-a-D-Glcp-(1— 5.31 3.55 3.90 3.58 3.78 3.78 3.71
100.89 72.91 74.56 78.31 72.53 61.89
G —4,6)-0-D-Glcp-(1— 4.88 3.49 3.67 3.56 3.57 3.78 3.89
99.89 72.86 74.02 77.10 70.69 68.46
H a-D-Glcp-1— 5.26 3.60 3.70 3.95 3.97 3.60 3.82
101.33 71.94 74.03 70.61 71.68 62.65
I —6)-0-D-Glcp-(1— 491 3.53 3.67 3.47 3.86 3.70 3.93
99.10 72.73 74.63 70.87 71.47 66.80
] —4)-0-D-Glcp 5.15 3.48 3.90 3.55 3.77 3.58 3.51
93.33 72.80 77.40 79.52 72.11 63.51
K —4)-B-D-Glcp 4.57 3.19 3.70 3.77 3.58 3.58 3.51
97.01 75.56 77.50 78.39 74.99 63.61
L —4)-0-D-GalAp-(1— 4.88 3.67 3.93 437 5.08 1.96
101.75 69.40 70.05 80.88 71.99 176.70 21.79
M — 4)-g-D-GalAp-(1—(OMe) 483 417 4.09 436 3.98 3.73
101.34 72.70 7847 79.62 71.94 171.33 54.13

Gal: galactose; Glc: glucose; GalA: galacturonic acid; p: pyranose; OMe: methoxyl.
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Fig. 2. The nuclear magnetic resonance (NMR) spectra of SPR-1. The (A) '"H NMR, (B) >C NMR, (C) HSQC, (D) COSY, (E) HMBC, and (F) NOESY spectra of SPR-1.

shifts corresponding to C1, C2 C3, C4 and C5 appeared at 105.09,
72.35, 73.93, 71.46 and 74.89 ppm, respectively. Furthermore, the
complete 'H and '3C signals of residue B were consistent with the
data previously reported in the literature [9], which confirmed that
residue B was B-D-Galp-(1—. Based on the HSQC spectroscopy, the

chemical shifts were attributed to H1 and C1 at 4.55/105.39 ppm,
indicating that residue E was a B-configuration residue. The
chemical shifts of H2 to H6a/b were determined from the COSY
spectrum. Consequently, residue E was inferred to be — 3)-B-D-
Galp- [55].
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Since the chemical shifts at 5.31/100.89, 4.88/99.89, 5.26/101.33,
4.91/99.10 and 5.15/93.33 were described as H1 and C1, it was
presumed that residues F, G, H, I and | were the a-configuration. The
signals from COSY spectra were obtained for H2 to H6a/b. In
addition, the matching C chemical shifts were C2 to C5 based on the
HSQC spectrum. The complete 'H and '3C chemical shifts for resi-
dues F, G, H, I and ] were almost consistent with the literature
[27,54,63], the proposed unit of residues F, G, H,  and ] were —4)-a-
D-Glcp-(1—, —4,6)-a-Glcp-(1—, a-D-Glcp-(1—, 6)-a-Glcp-(1—,
and 4)-o-Glcp, respectively. The chemical shifts of residue K at 4.57/
97.01 ppm in the HSQC spectroscopy were assigned to H1 and C1,
suggesting that residue K was an a-configuration residue. The
chemical shifts of residue K at 4.57/97.01 ppm in the HSQC spec-
troscopy were assigned to H1 and C1, suggesting that residue K was
an d-configuration residue. The signals of H2 to H6a/b were
determined with the COSY spectrum. Therefore, we presumed that
residue K was — 4)-B-D-Glcp [54].

Based on the previous report [49] and HSQC spectrum, the
chemical shift at 54.13 ppm and the signal at 3.73 ppm provided
evidence for the presence of a methoxyl ester group in SPR-1.
Meanwhile, the presence of the methoxyl ester group was further
supported by the 3.73/171.33 ppm chemical shift in the HMBC
spectrum. The presence of the acetyl group in SPR-1 was supported
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by the proton signal at 1.96 ppm in the 'H NMR spectrum and the
carbon signals at 21.79 ppm and 176.70 ppm in the *C NMR
spectrum [55]. As previously reported in the literature, the low-
field shift of the signal for the proton can be attributed to the de-
shielding effect of the electron-withdrawing carbonyl [64], and
the H5 signal of residue L was 5.08. Based on HSQC and COSY, the
signals of residue L were H1/C1 (4.88/101.75), H2/C2 (3.67/69.40),
H3/C3 (3.93/70.05), H4/C4 (4.37/80.88), and H5/C5 (5.08/71.99).
And then, as shown in HMBC, the 1.96/174.09 ppm and 3.69/
175.25 ppm signals, and the peaks at 1.96/21.79 ppm and 3.67/
69.40 (LH2/LC2) ppm in the HSQC spectrum revealed that the acetyl
group was linked to a carbon with a chemical shift of 69.40 ppm,
which was C2 chemical shift of residue L. Based on HSQC and COSY,
the signals of residue M were H1/C1 (4.83/101.34), H2/C2 (4.17/
72.70), H3/C3 (4.09/78.47), and H4/C4 (4.36/79.62). As shown in
HMBC, the residue M indicated that the H5 protons (3.98 ppm)
made intra-residue contact with the carboxyl carbon at 171.33 ppm
(C6) and further connected with the protons of the methoxyl group
(3.73 ppm) with C6 (171.33 ppm) [55]. Therefore, the chemical
shifts of 176.70 ppm and 171.33 ppm were the signals of the C6 of
the unesterified and esterified D-GalpA units, respectively. The
complete 'H and >C chemical shifts for residues L and M were
listed in Table 2, and were nearly consistent with those reported in
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Fig. 3. The (A) main chain, (B) branched-chain, and (C) hypothetical structure model of SPR-1.
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Fig. 4. The scanning electron microscope (SEM) of SPR-1.

the literature [65,66], while the downfield resonances of the C4 at
80.88/79.62 ppm for residue L and residue M confirmed that resi-
dues L and M were — 4)-a-2-0-ace-GalpA-(1—, and — 4)-a-GalpA-
(1—-(OMe), respectively.

HMBC analysis showed that the H1 and C1 of the — 4)--D-Galp-
(1— has a correlation peak with its own C4 and H4, suggesting the
presence of —4)--D-Galp-(1 — 4)-B-D-Galp-(1— glycosidic bond.
The H1 and C1 of the —4)- B-D-Galp-(1— has a correlation peak
with C4 and H4 of the —4,6)--D-Galp-(1—, suggesting the exis-
tence of a —4)-B-D-Galp-(1 — 4,6)-p-D-Galp-(1— linkage. In
addition, the H1 and C1 of —4,6)-p-D-Galp-(1 — has related peaks
to C4 and H4 from —4)-0-D-GalpA-(1—, which indicated the
presence of a —4,6)-B-D-Galp-(1 — 4)-a-D-GalpA-(1— linkage.

The correlation peak in the NOESY between the H1 of — 4)-a-D-
GalpA-(1— and the H4 of —4)-a-D-GalpA-(1—(0OMe) suggests
that the presence of the glycosidic bond —4)-a-D-GalpA-(1 — 4)-
a-D-GalpA-(1—(OMe). Meanwhile, the correlation peak between
the H1 of —4)-a-D-GalpA-(1—(OMe) and the H4 of —4)-a-D-
Glcp-(1 — suggests that the presence of the glycosidic bond — 4)-a-
D-GalpA-(1 —(OMe)— 4)-a-D-Glcp-(1 —, and the H1 of the —4)-a-
D-Glcp-(1— has a correlation peak with H4 of the —4,6)-a-D-
Glcp-(1—, indicating the existence of a —4)-a-D-Glcp-(1 — 4,6)-0-
D-Glcp-(1— linkage. The NOESY spectrum showed that the H1 of
the —3)-f-D-Galp-(1— has a correlation peak with H6 of the
—4,6)-p-D-Galp-(1—, indicating the existence of — 3)--D-Galp-
(1 — 4,6)-B-D-Galp-(1— glycosidic bond. The correlation peak
between the H1 of —4)-a-D-Glcp-(1— and the H4 of —4,6)-B-D-
Glcp-(1— suggests the presence of the glycosidic bond — 4)-0-D-

Glcp-(1 — 4,6)-B-D-Glcp-(1 —. In addition, the H1 of — 6)-a-D-
Glcp-(1— has related peaks to H6 from —4,6)-a-D-Glcp-(1, indi-
cating the presence of a —4)-a-D-Glcp-(1 — 4,6)-a-D-Glcp-
(1—linkage. The HMBC and NOESY correlations of the glycosidic
bonds of SPR-1 are shown in Table S2.

Hence, combining the above analysis we presumed that the
connection of the main chain was — [4)-B-D-Galp-(1]g — 4,6)-B-D-
Galp-(1 — 4)-a-D-GalpA-(1 — 4)-a-D-GalpA-(1 — 4)-o-D-Glcp-
(1 — 4,6)-0-D-Glcp-(1 — 4)-a/B-D-Glcp, and the connection of the
branch chains were Ry: B-D-Galp-(1 — 3)-p-D-Galp-(1— and Ry: a-
D-Glcp-(1 — 6)-a-D-Glcp-(1—. A schematic diagram of the pre-
dicted partial structure of SPR-1 is shown in Fig. 3.

3.1.6. SEM

The surface topographies of SPR-1 were observed by SEM at the
magnitude of 300 um (500x), 100 um (1,000x), 30 pm (5,000x)
and 5 pm (20,000x ) scale. As can be seen from Figs. 4A and B, the
polysaccharide structure appeared fragmented at 500x and 1,000 x
magnification and had a rough surface, which may be caused by
various hydroxyl and carboxyl groups [67]. Under the 5,000x and
20,000x microscope (Figs. 4C and D), the polysaccharide showed a
honeycomb shape with numerous irregular bumps.

3.2. Immunomodulatory activity in vitro of SPR-1

3.2.1. Effect of SPR-1 on the RAW264.7 cells viability
The inhibitory effect of SPR-1 polysaccharide on RAW264.7 cell
growth was assessed using MTT assays. As shown in Fig. 5A, SPR-1
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Fig. 5. (A) The cell viability of RAW264.7 cells was assessed by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. (B—F) The effects of different con-
centrations of SPR-1 (12, 24 and 48 pg/mL) on the morphology of RAW264.7 cells. LPS: lipopolysaccharide; CON: control.

could decrease the survival rate of RAW264.7 cells in a dose-
dependent manner. Based on the experimental results, three con-
centrations of 12, 24 and 48 (ug/mL), which had almost no signif-
icant effect on cell survival, were selected for subsequent
experiments.

3.2.2. Morphological observation of macrophages

As shown in Figs. 5B—F, RAW264.7 cells in the control group
were round, respectively, and had smooth and intact cell walls.
After 24 h of LPS treatment, compared with the control group, RAW
264.7 cells in the LPS group were adhered, swollen, and their vol-
ume increased with an irregular shape, which formed a slender
pseudopod. The SPR-1 group also showed morphological changes
similar to those in the LPS group, which indicated that both LPS and
SPR-1 could activate RAW264.7 cells and induce morphological
changes and activate immune activity. Fig. 6A demonstrates acti-
vation index of RAW264.7 cells by LPS and SPR-1 (12, 24 and 48 pg/
mL).

3.2.3. SPR-1 polysaccharide regulated the production of
inflammatory mediators in RAW264.7

While immune cells were stimulated by exogenous stimulants,
immune cells secreted cytokines (e.g., NO, IL-1B, and TNF-a)) to
stimulate the immune response of immune cells. Therefore, NO,
TNF-a and IL-1f can be considered to be a quantifier of the immune
cells' activation. In the current study, the immunomodulatory ac-
tivities of macrophages treated with LPS and SPR-1 were assessed
by measuring the secretion of NO, IL-1f and TNF-a (Figs. 6B—D).
Compared to the control group, the concentration of NO in mac-
rophages treated with LPS and SPR-1 was significantly increased
(P < 0.001); however, the concentration of NO was not dose-
dependent with SPR-1 dose. When the concentration of SPR-1
was 24 pg/mL, the ability of macrophages to induce NO was

10

essentially equated to the LPS group. Thus, LPS and SPR-1 could
significantly increase the ability to induce NO. Compared to the
control group, the different concentrations of SPR-1 significantly
increased the concentration of IL-1B, and the difference was sta-
tistically significant compared with the control group (P < 0.01),
and the increase was dose-dependent. Compared to the LPS group,
different concentrations of SPR-1 from 12 to 48 pg/mL were sta-
tistically significant (P < 0.05). The secretion of TNF-o in
RAW264.7 cells treated with LPS and different concentrations of
SPR-1 were statistically significant (P < 0.001). The different con-
centrations of SPR-1 induced the secretion of TNF-o. in macro-
phages with almost the same intensity of action. LPS was a potent
stimulator for macrophages and could enhance cytokine produc-
tion in macrophages even at low concentrations. In our study, we
compared the effects of direct stimulation of SPR-1 with LPS (1 pg/
mL) on RAW264.7 cells. The results showed that SPR-1 and LPS both
could promote the production of cytokines (i.e., NO, IL-1f and TNF-
a.). Therefore, there was a conclusion that SPR-1 could increase the
secretion of immunomodulatory factors of macrophage in vitro, and
its functions were similar to LPS. Our study had similar properties
which had been identified in previous studies about alfalfa poly-
saccharides [68].

3.2.4. Effects of SPR-1 on cytokine mRNA expression in RAW264.7
macrophages

To further study the mechanisms underlying the striking in-
crease in cytokine release, we measured the gene expression of
these mediators in RAW264.7 cells by reverse transcription-
quantitative polymerase chain reaction (RT-qPCR) (Figs. 6E—H).
The mRNA expression levels of the nitric oxide synthase (iNOS) in
LPS and SPR-1 (48 pg/mL) treated cells were significantly upregu-
lated (P < 0.001) compared to the control group, while the differ-
ence in the iNOS expression levels between SPR-1 (12 and 24 pg/
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""P < 0.01 and "™"P < 0.001 compared with the control group, *P < 0.05, *P < 0.01 and ***P < 0.001 compared with the lipopolysaccharide (LPS) group. CON: control.

mL) was not significant (P > 0.05). The relative expression level of
the iNOS gene was significantly inhibited (P < 0.01) by SPR-1 in a
dose-dependent manner compared with the LPS group, but with
lower strength. These findings could well explain the roles of SPR-1
in promoting cytokine secretion and NO production. LPS signifi-
cantly increased the levels of TNF-a cytokines in comparison with
the control group (P < 0.05). Concurrently, we revealed that SPR-1
had a higher intensity and dose-dependent manner on the relative
expression level of the TNF-o gene compared to the LPS group. On
the contrary, there was no significant difference in the relative
expression levels of Toll-like receptor 4 (TLR4) genes (P > 0.05),
although the cells treated with SPR-1 were dose-dependently
increased compared with the LPS and the control group. We
found that SPR-1 had a higher intensity and dose-dependent
manner on the relative expression level of the nuclear factor-
kappa-B (NF-kB) gene when compared to the LPS group. The rela-
tive expression level of the NF-kB gene significantly increased

1

(P < 0.01) in cells treated with SPR-1 (24 and 48 ug/mL) compared
with the LPS and control group. Therefore, there was a conclusion
that SPR-1 could promote the secretion of gene expression of
macrophage cells in vitro, and the functions of SPR-1 were similar
to LPS. Meanwhile, these results suggest that SPR-1 may play a role
in macrophage activation through TLR4 and NF-«B signaling
pathways.

Furthermore, because of the interactions of polysaccharides
with immunological cell membrane receptors, several studies have
reported that the relationship between structural features and
bioactivities of function has indicated that a number of poly-
saccharides linked by B-(1 — 6) glycosidic bonds or consisted of -
(1 — 3)-Glc residues might be suggested as prospective potential
immune activators [69]. This may explain the immunomodulatory
activity of SPR-1 containing p-(1 — 3)-D-Glc residues. The study
showed that polysaccharides with richer Gal of monosaccharide
composition could exhibit stronger immunomodulatory activity
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[4]. This may explain the immunomodulatory activity of SPR-1
containing large amounts of Gal.

3.3. The predictive interaction of SPR-1 and LPS with MD2

3.3.1. Detection of SPR-1 and LPS interactions with MD2

Previous studies have shown that polysaccharides may activate
TLR4 signaling pathways, causing immunomodulatory effects [70].
Notably, polysaccharides can be recognized by the TLR4, resulting
in immune responses. MD2 is an essential coreceptor component of
TLR4. TLR4 signaling is dependent on the coreceptors MD2 and
CD14 binding ligands. When MD2 binds to polysaccharides, it
promotes the TLR4/MD2 complex to form a heterodimer, which
leads to following downstream signaling [71]. The ITC analysis re-
sults provided relevant information on the interaction of SPR-1 or
LPS with MD2 protein. As shown in Figs. 7A and B, both SPR-1 and
LPS could bind with MD2, and the binding curves and thermody-
namic profile for SPR-1 and LPS with MD2 were shown in Table S3
and Fig. S5. Monitor changes in the thermodynamic parameters by
ITC revealed that both SPR-1 and LPS binding to MD2 was spon-
taneous with Gibbs free energy changes below zero (AG < 0).
Importantly, the comparison of the main thermodynamic param-
eters between SPR-1 and LPS showed that AG values of SPR-1
became more negative than that of the LPS (—6.17 kcal/mol
vs. —7.82 kcal/mol), resulting in the Kp of the LPS (2.75 uM) small
than the SPR-1 (18.8 uM). The Kp value of LPS determined in this
experiment was generally consistent with those previously re-
ported [72]. The above results suggested that the binding of LPS to
MD2 was stronger than that of SPR-1, and also provided evidence
for the direct interaction between SPR-1 and MD2. This novel
finding indicated that a potential mechanism by which SPR-1
activated immunomodulatory effects was through direct interac-
tion with MD2 to activate MD2/TLR4 signaling. Therefore, SPR-1
had the potential to be developed into a novel TLR4 agonist.

3.3.2. Molecular docking of SPR-1 and LPS with MD2

There is an essential role that TLR4 plays in pathogen recogni-
tion and innate immunity [71]. Most TLR4 activators currently in
both clinical and preclinical studies are derivatives of its prototypic
ligand LPS. The discovery of new TLR4 activators has the possibility
for development as novel therapeutic immunomodulators and
adjuvants. Co-receptors MD2 are essential for TLR4 signaling,
binding to LPS and promoting TLR4 dimerization or oligomeriza-
tion and activation of downstream signaling [71,73]. Therefore, we
further predicted the possible binding sites of SPR-1 and LPS to
MD2 to explore the possibility of SPR-1 as a TLR4 agonist. To this
end, molecular docking was performed to predict the potential
binding between SPR-1 and LPS with MD2 protein. Since MD2 was
exceptionally flexible, and the clamshell-like motion of its B-cup
folding allowed it to adapt to the size and shape of the bound ligand
in the hydrophobic cavity. Hydrophobic and hydrogen were shown
to be the most significant interactions of the binding mode. As
shown in Figs. 7C—H, 17 hydrogen bonds were formed between
SPR-1 and MD2, and 12 hydrogen bonding interactions were
formed between LPS and MD2. Moreover, the aminoacidic active
site residues for MD2 (Tyr102, Ser118, Ser120, Lys122, and Gly123)
were reported in the literature, which was involved in the binding
of LPS to the TLR4/MD2 complex [74]. As shown in Table S4, our
result showed that SPR-1 might directly bind to MD2 (binding
energy —5.569 kcal/mol), which was very similar to the binding
energy between LPS and MD2 (binding energy —5.470 kcal/mol).
Meanwhile, further analysis revealed that SPR-1 had a similar
binding site to the MD2 binding site of LPS, and the same hydrogen
bonding acceptors and donors (Glu92, Val93, Arg96, Tyr102,
Ser120) exist, which resulted in the formation of hydrogen bonding
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interactions between SPR-1 and amino acid residues in this site
pocket. Meanwhile, the affinity of SPR-1 with MD2 was further
improved due to the hydrophobicity of the ring structure of SPR-1
being able to form certain hydrophobic interactions with the amino
acids around the binding pocket of MD2. Overall, the molecular
docking results showed that both SPR-1 and LPS could bind in the
MD2 with multiple binding sites and form a relatively high-affinity
stable complex. This suggested that SPR-1 has the potential to act as
a new TLR4 agonist and may be developed into a novel therapeutic
immunomodulator and adjuvant.

SPR-1

LPS
[TLR4-MD2-SPR-1],

Pro-inflammatory cytokines
& Type | IFNs

Fig. 8. Potential signaling pathways activated in macrophages treated with SPR-1. LPS:
lipopolysaccharide; TLR4: Toll-like receptor 4; IRAK1/4: interleukin-1 receptor-asso-
ciated kinase 1/4; TRAF6: TNF receptor associated factor 6; TAK1: transforming growth
factor beta-activated kinase 1; MKKs: mitogen-activated protein kinase kinases; IKK:
IkB kinase; JNK: c-Jun N-terminal kinase; ERK: extracellular regulated kinase; NF-kB:
nuclear factor-kappa-B; AP-1: activating protein 1; IFNs: interferons.
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4. Conclusion

In this study, a novel acidic polysaccharide SPR-1 with a Gal
backbone (My of 3622 Da), which is mainly composed of Gal, Glc,
and GalA, was purified from PRWB. The structural identification
suggested that the backbone of SPR-1 might be consisted of [(4)-B-
D-Galp-(1]g — 4,6)-B-D-Galp-(1 — 4)-a-D-GalAp-(1 — 4)-a-D-
GalAp-(1 — 4)-a-D-Glcp-(1 — 4,6)-a-D-Glcp-(1 — 4)-a/B-D-Glcp,
and the connection of the branch chains were Ry: B-D-Galp-
(1 — 3)-B-D-Galp-(1— and R;: a-D-Glcp-(1 — 6)-a-D-Glcp-(1—.

Macrophages, an essential representative of immune function in
the progress of cancer, constitute the first line of host immune de-
fense, which serves antigen-presenting cells (APCs) and modulates
the adaptive immune response [75,76]. The results revealed that
SPR-1 polysaccharide could increase cytokine NO, IL-1$ and TNF-a.
production by increasing the expression of iNOS, TNF-a, COX-2 and
other genes in macrophages to stimulate the cellular production of
the immune response. As a naturally produced drug, SPR-1 pre-
sented almost no cytotoxic effects even in a high concentration.
Moreover, the above results suggested that iNOS and COX-2 might
play a vital role in SPR-1-induced macrophage activation through
the TLR4 and the NF-kB signaling pathways (Fig. 8). The ITC results
illustrated that SPR-1 was able to directly bind to MD2 with a Kp of
18.8 uM. Multiple binding sites for SPR-1 and MD2 were indicated by
molecular docking. It was suggested that SPR-1 has potential as a
TLR4 agonist. Therefore, the elucidation of SPR-1 structural char-
acteristics and immunomodulatory effects contributes to our un-
derstanding of its potential applications in various therapeutic
interventions and further exploration of its biomedical potential.

In addition, the bioactivities of functional polysaccharides are
primarily influenced by structural features, such as molecular
weight, the type of glycosidic bonds, and the linkage method of
main chain glycosidic bonds. Nevertheless, these are partially
lacking in our current study. Further studies will be conducted to
explore the complete structural feature-activity relationship and
the mechanism of SPR-1 activation of immunomodulation in vivo.
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