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A B S T R A C T

A new glycosaminoglycan (LF-GAG) was purified from the slug Limacus flavus. Its unique chemical structure and
heparanase inhibitory activity were studied in this work. The native LF-GAG was composed of L-iduronic acid (L-
IdoA) and N-acetyl-D-glucosamine (D-GlcNAc), with a Mw of 22,700 Da. To elucidate the precise structure and
structure-activity relationship, its deacetylation-deaminative depolymerized product (dLF-GAG) was prepared,
and from which four oligosaccharides were purified. Combining the NMR spectral analysis of LF-GAG and its
derived oligosaccharides, the structure of LF-GAG was deduced to be -4)-L-IdoA2R-(α1,4)-D-GlcNAc-(α1-, in
which R was −OH (˜80%) or –OSO3

− (˜20%). Bioactivity assays showed that LF-GAG could potently inhibit
human heparanase (IC50, 0.10 μM). dLF-GAG and LF-3 were less potent but also active for heparanase inhibition.
Structure-activity relationship analysis indicated that the chain length and sulfate substitution of LF-GAG are
essential for its heparanase inhibitory activity.

1. Introduction

Slug, a terrestrial mollusk, is widely distributed in China and has
been used as a traditional Chinese medicine (Cai & Liu, 2008). In the
past few years, it is reported that the crude polysaccharide extracts from
slug have potential antitumor and anti-oxidation activities (Chen, Guo,
& Wang, 2004; He, Ye, Zhao, & Su, 2014; Liu et al., 2008). However,
pure polysaccharides with well-defined structures from slug have not
been reported to date (Cottrell, Henderson, Pickett, & Wright, 1993;
Wright, Matthews, Donaldson, Martin, & Henderson, 1997).

Studies on the chemical structures and bioactivities of poly-
saccharides from another terrestrial mollusk snail, e.g. Achatina fulica,
have been reported. A. fulica contained several polysaccharides in-
cluding a unique glycosaminoglycan (AF-GAG). It was found that AF-
GAG has a highly regular structure, and that it has anti-angiogenesis
activity (Ghosh et al., 2002; Kim et al., 1996; Lee et al., 2003; Liu et al.,
2018). These findings implied that terrestrial mollusk could be new
resource of different types of GAGs.

Heparanase, an endo-β-D-glucuronidase, could hydrolyze the he-
paran sulfate (HS) in heparan sulfate proteoglycan (HSPG) (Vlodavsky

& Friedmann, 2001), which is the main component of extracellular
matrix (ECM) (Vlodavsky, Lui, & Gospodarowicz, 1980; Vlodavsky &
Gospodarowicz, 1981). Therefore, heparanase plays an important role
in various pathophysiological processes, including tissue repair, in-
flammatory responses, tumor growth and metastasis, and angiogenesis.
(Bernfield et al., 1999; Iozzo, 1998; Kjellen & Lindahl, 1991; Mckenzie,
2010). Heparin and HS are the specific substrates of heparanase in vivo.
Given that they are structurally analogous to heparin or HS, the GAGs
from terrestrial mollusks might possess the heparanase inhibitory ac-
tivity.

In this study, a GAG from the slug Limacus flavus (LF-GAG) was
isolated and purified. The structure of LF-GAG was preliminarily
characterized by monosaccharide composition analysis and spectral
analysis of UV, IR and 1D/2D NMR, and its effect on the activity of
human heparanase was evaluated with method of Homogeneous time-
resolved fluorescence (HTRF). In order to elucidate the precise struc-
ture of LF-GAG and its structure-activity relationship, the deacetylation-
deaminative depolymerized products of LF-GAG (dLF-GAG) was pre-
pared, and four oligosaccharides were further purified according to the
previous reported methods (Zhao et al., 2013, 2015).
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Combining the data of LF-GAG and its pure oligosaccharides, the
definite structure of native LF-GAG was deduced to be -4)-L-IdoA2R-
(α1,4)-D- GlcNAc-(α1-, in which R was −OH (˜80%) or –OSO3

−

(˜20%). LF-GAG is structurally similar to heparin but more regular and
homogenous. Bioactivity assays showed that it could potently inhibit
heparanase, and further structure-activity relationship study indicated
that the chain length and sulfate substitution of LF-GAG are important
for such activity.

2. Materials and methods

2.1. Materials

The slugs L. flavus were collected in Hainan Province, China. AF-
GAG (a GAG from A. fulica) was purified as previous report (Liu et al.,
2018). Amberlite FPA98 (OH−) ion exchange resin was purchased from
Rohm and Haas Company (USA). The monosaccharides including N-
acetyl-D-glucosamine (GlcNAc), D-glucuronic acid (GlcA), D-(+)-glu-
cose (Glc), D-(+)-galactose (Gal) and D-(+)-mannose (Man) were from
Alfa Aesar (USA). N-acetyl-D-galactosamine (GalNAc), D-galacturonic
acid (GalA), D-(+)-fucose (Fuc) and 1-phenyl-3-methyl-5-pyrazolone
(PMP, 99%) were from Sigma-Aldrich (USA). L-Iduronic acid (IdoA)
was from Carbosynth Ltd (UK). Recombinant human heparanase
(RhHPSE) was from R & D (USA). Biotin-Heparan Sulfate-Eu cryptate,
Streptavidin-d2 (SA-d2) and HTRF 96 well low volume plate were from
Cisbio (France). 3-[(3-Cholamidopropyl)-dimethylammonio]-1-pro-
pane- sulfonate hydrate (CHAPS), HPES and Potassium fluoride dehy-
drate (KF) were from Sigma (USA). All other chemicals were of ana-
lytical grade and obtained commercially.

2.2. Isolation and purification of LF-GAG

The fresh slugs were dried and pulverized. The slug powder (300 g)
was suspended in 2.4 L deionized water in a 5 L agitated reactor and
treated with alkaline protease (2.0%, w/v) at 50 °C for 9 h. Then it was
treated with NaOH (0.5M) at 50 °C for 2 h. After centrifugation
(3500 g× 15min), the supernatant was precipitated by ethanol (60%,
v/v), and the crude polysaccharides were obtained after centrifugation
(3500 g× 15min).

The crude polysaccharide was dissolved in 1 L deionized water and
decolorized with 3% H2O2 (pH 10, 50 °C× 2 h). After that, the sample
was precipitated by ethanol (60%, v/v). The resulted precipitate was
dissolved in 300mL H2O and treated with benzethonium chloride
(62.5 mg/mL, 150mL), then quaternary ammonium salt was trans-
formed to sodium salt by saturated NaCl solution. After precipitated
with ethanol (60%, v/v), the polysaccharide sodium salt, was further
purified with a FPA98 strong ion-exchange chromatography
(5 cm×50 cm), and sequentially eluted with H2O, 0.3, 0.5, 0.8 and
1.0M NaCl solution. The 0.5M NaCl fraction was collected and dia-
lyzed (3 kDa cut-off membrane). The retentate was lyophilized, and a
white powder (the purified polysaccharides, LF-GAG, 1.8 g) was ob-
tained.

The homogeneity of LF-GAG was detected by HPGPC using an
Agilent technologies 1260 series apparatus (Agilent Co., USA) equipped
with RID detectors and a Shodex OH-pak SB-804 HQ column
(8mm×300mm), according to the method described previously (Luo
et al., 2013). The molecular weight of LF-GAG was determined by high
performance gel permeation chromatography (HPGPC) using an Agilent
technologies 1260 series (Agilent Co., USA) apparatus with multi-angle
laser light-scattering (MALLS) detector (DAWN HELEOS-II), equipped
with a Shodex OH-pak SB-806 HQ column (8mm×300mm). The
specific refractive index increment (dn/dc) was 0.119mL/g. It was
eluted by 0.1M NaCl solution at the flow rate of 0.5mL/min, and the
temperature of the column was 40 °C.

2.3. Monosaccharide composition analysis

The monosaccharide composition of LF-GAG was analyzed referring
to the reported methods (Fu & Oneill, 1995; Liu, Shang, Yang, Wu, &
Zhao, 2017). The dried LF-GAG (2mg) and heparin (2mg) were dis-
solved in 1mL trifluoroacetic acid (TFA) in hydrolysis tubes, respec-
tively, and incubated at 110 °C for 4 h in a heating block. After that, the
reaction solution was mixed with methanol and evaporated at 70 °C to
remove the residual TFA (repeated three times). Then 100 μL reactant in
deionized water, 200 μL 0.5M PMP in methanol and 100 μL 0.6M so-
dium hydroxide were mixed and incubated at 70 °C for 30min. After
neutralization, 2mL chloroform was added to extract the residual PMP
(×5). The top aqueous layer was collected for HPLC and ESI-MS analysis.

HPLC analysis were carried out using an Agilent technologies 1200
series apparatus (Agilent Co., USA) equipped with diode array detector
(DAD) and an Agilent Eclipse XDB C18 column (150mm×4.6mm)
according to the reported method (Liu et al., 2018).

Negative-ion ESI-MS was conducted on a 6540 UHD Accurate-Mass
Q-TOF LC/MS spectrometer (Agilent Technologies, USA). Data analysis
was performed using Agilent Mass-Hunter Workstation Data
Acquisition (Agilent Technologies, USA). The MS spectrometric condi-
tions were as follows: ESI in negative ion mode, capillary voltage of
3500 V, nebulizer pressure of 30 psig, drying gas flow rate of 8 L/min,
and drying gas temperature of 350 °C. The mass spectrum was acquired
in scan mode (m/z scan range 100–2000).

2.4. UV, IR, and optical rotation detection

The UV–vis absorption spectrum of LF-GAG, 1,9-dimethylmethylene
blue and 1,9-dimethylmethylene blue-LF-GAG (or heparin) complexes
were detected by a UV-2450 spectrophotometer (Shimadzu, Japan) in
the wavelength range of 190–800 nm, as described previously (Gold,
1981). The FT-IR spectrum (KBr pellets) of the LF-GAG was recorded by
a Tensor-27 (Bruker, Germany) in the range of 400–4000 cm−1 at room
temperature. Optical rotation of LF-GAG was measured by sodium D
line (589.3 nm) in aqueous solution (1mg/mL) at 20 °C using a Jasco P-
1020 polarimeter (Jasco, Japan).

2.5. NMR analysis

The NMR experiments were performed in D2O at 298 K with a Bruker
Avance spectrometer (800MHz) equipped with a 1H/13C dual probe in FT
mode, as previously described (Zhao et al., 2015). LF-GAG was dissolved
in D2O at the concentration of 10mg/mL. All spectra were recorded with
HOD suppression by presaturation. 1H-1H correlated spectroscopy (COSY),
total correlation spectroscopy (TOCSY), rotating frame overhauser effect
spectroscopy (ROESY), 1H-13C heteronuclear single-quantum coherence
(HSQC) and heteronuclear multiple bond coherence (HMBC) spectra were
recorded using state-time proportion phase incrementation, quadrature
detection in the indirect dimension. NMR parameters were shown in Ap-
pendix I in supplementary data. All chemical shifts were calibrated by the
solvent (HOD) signal as internal standard.

2.6. Preparation of oligosaccharides from LF-GAG

LF-GAG was depolymerized according to the partial deacetylation-
deaminative depolymerized method as previously described
(Bienkowski & Conrad, 1985; Fukuda, Kondo, & Osawa, 1976; Shaklee
& Conrad, 1984). 1 g LF-GAG and 250mg hydrazine sulfate were dis-
solved in 25mL H2NNH2·H2O and reacted at 90℃ for 5 h. Then the
solution was cooled and precipitated with ethanol (80%, v/v) and
centrifugated (3500 g ×15min), this step was repeated three times.
The precipitate was dissolved in 20mL H2O and dialyzed by dialysis
bag (1 kDa cut-off, Spectrum Laboratories Inc., USA). The retentate was
lyophilized, and partial deacetylated LF-GAG was obtained.

The partial deacetylated LF-GAG was dissolved in 15mL H2O, and
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treated with 30mL nitrite solution (5.5M, pH 4.0) for 10min at room
temperature. The reaction was terminated by adding 1M NaOH solu-
tion to adjust pH to 9.0. Then 15mL 0.25M NaBH4 was added and
incubated at 50℃ for 2 h to reduce the residues at reducing-end to the
alcohol forms. The excess NaBH4 was removed by H2SO4 under the
condition pH 3.0. After neutralization, the reaction mixture was dia-
lyzed by 100–500 Da dialysis bag (Spectrum Laboratories Inc., USA).
The retentate was lyophilized, and the depolymerized product (dLF-
GAG) was obtained.

The weight-average molecular weight (Mw) of dLF-GAG was ex-
amined as described previously (Bertini, Bisio, Torri, Bensi, &
Terbojevich, 2005). A standard curve was established using D-series
Dextran standards (D-1, 2, 3, 4, 5, 6, 7 and 8), and was calibrated by LF-
GAG. The Mw calculations were performed by GPC software, version
B01.01 (Agilent Co., USA).

Several fractions were separated from dLF-GAG by repeated GPC
using Bio-Gel P10 and P6 columns. Each fraction was analyzed by
Superdex Peptide 10/300 G L column (GE Healthcare Life Sciences),
eluted by 0.2M NaCl solution at the flow rate of 0.4ml/min, monitored
by a refractive index detector (RID). The fractions that showed single
peak were desalted by Sephadex G10 or Bio-Gel P2 column and lyo-
philized, respectively. The obtained components were named as LF-1
(14.65mg), LF-2 (16.63mg), LF-3 (11.10mg) and LF-4 (7.63mg) re-
spectively. NMR analysis of LF-1–LF-4 was performed in D2O on Bruker
AVANCE 800MHz spectrometer. The ESI-Q-TOF MS analyses were
performed as described in Section 2.3.

2.7. Heparanase inhibition assays

The heparanase inhibition activity of the test compound was de-
termined by the a HTRF method (Enomoto, Okamoto, Numata, &
Takemoto, 2006; Loa, Yu, Sletten, & Nguyen, 2017). 4 μL of sample
solution, and 3 μL of heparanase solution or heparanase dilution buffer
(consisting of 20mM Tris−HCl (pH 7.5), 0.15M NaCl and 0.1%
CHAPS) was added into micro-96 well plate. After pre-incubation at
37 °C for 10min, the enzyme reaction was initiated by adding 3 μL of
Bio-HS-Eu(k) (4.2 ng in 0.2M NaOAc, pH 5.5) and incubated at 37 °C
for 30min. Then to detect the remaining substrate, either 10 μL of 1 μg/
ml SA-d2 solution or SA-d2 dilution buffer (0.1M NaPO4, 0.8M KF,
0.1% BSA, pH 7.5) was added. After incubation at room temperature for
15min, and the HTRF signal was detected using a fluorescence reader
(Flex Station 3, Molecular Device), excitation at 384 nm, emissions at
620 nm and 665 nm. The 665 nm/620 nm ratio of fluorescence intensity
was used to calculate the average energy transfer ratio (ΔF%) of each
sample. The positive control system, composed of Bio-HS-Eu(k) and SA-
d2, should produce the maximal ΔF%, while the negative control
(background fluorescence intensity of Bio-HS-Eu(k) should produce the
minimum ΔF%. The inhibition rate was calculated according to the
formula below:

R (Ratio)= (665 nm/620 nm ratio of fluorescence intensity) × 10,000

ΔR=Rsample−Rnegtive

ΔF (%)= (ΔR/Rnegtive)× 100

ΔFmax=ΔF of positive control

ΔFblank=ΔF of buffer

Inhibition (%)= (ΔFsample - ΔFblank)/(ΔFmax - ΔFblank) × 100%

3. Results and discussion

3.1. Isolation and purification of LF-GAG

The crude polysaccharides were isolated from the L. flavus by

alkaline protease treatment and ethanol precipitation. Then the sample
was treated with benzethonium chloride and transformed to its sodium
salt. The resulted sample was subjected to strong anion-exchange
chromatography (FPA98), the 0.5M NaCl elution was collected, dia-
lyzed and lyophilized. Finally, a glycosaminoglycan (1.8 g) was ob-
tained and noted as LF-GAG. The yield was ˜0.6% by dry weight. Its
homogeneity was detected by HPLC analysis on a Shodex OH-pak SB-
804 HQ column. A single symmetric peak was observed in the HPGPC
profile (Fig. 1), indicating that the LF-GAG was a homogenous poly-
saccharide.

The weight-average molecular mass (Mw) and number-average
molecular weight (Mn) of LF-GAG were calculated to be 22,700 Da and
17,500 Da, respectively, by MALLS. The polydispersity (Mw/Mn) was
1.297, indicating that LF-GAG is a homogeneous polysaccharide.

3.2. Monosaccharide composition analysis

The monosaccharide composition of LF-GAG was analyzed by re-
verse-phase HPLC after TFA treatment and PMP derivatization. The
result showed that LF-GAG was composed of GlcN and IdoA (Fig. 2).
The HPLC profiles of both LF-GAG and heparin (Fig. S2) showed that
the content of hexuronic acid was lower than that of hexosamine. It
might be due to the partial decomposition on hexuronic acid by TFA
(Liu et al., 2018; Shuang et al., 2017; Zhu et al., 2014). Nevertheless,
the monosaccharide composition of polysaccharides could be qualita-
tively determined by this method.

An unknown peak 1 was observed in the HPLC profile of LF-GAG
(Fig. 2) which was further analyzed by LC/MS experiment (Fig. S3). It
was deduced to be a disaccharide composed of IdoA and GlcN, which
resulted from the incomplete acid hydrolysis of LF-GAG.

3.3. UV and IR spectra of LF-GAG

In the UV spectrum of LF-GAG, no absorption peak at 280 or 260 nm
were observed (Fig. 3), indicating the absence of protein and nucleic acids.

The UV spectrum of 1,9-dimethylmethylene blue showed a max-
imum peak at 587 nm. In contrast, after added with LF-GAG or heparin,
λmax was shifted to 523 nm (Fig. 3) (Gold, 1981). The metachromasia
analysis indicated that, like heparin, LF-GAG should be an acid muco-
polysaccharide.

Additionally, the optical rotation of LF-GAG was measured to be
+53.56°, which is similar to that of heparin (+59°) (Piani, Casu,
Marchi, Torri, & Ungarelli, 1993).

The IR spectrum of LF-GAG was shown in Fig. S1. The signal peaks
at 3421 and 2931 cm−1were assigned to the hydroxyl stretching vi-
bration and CeH stretching vibration, respectively. The bands in the
region of 1624 cm–1 were ascribed to asymmetric vibration of C]O in
carboxyl and acetyl groups (Liu et al., 2018; Orr, 1954). Moreover, the

Fig. 1. HPGPC profiles of LF-GAG and dLF-GAG.
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signal absorption at 1262 cm−1 was derived from the stretching vi-
bration of S]O in sulfate esters (Lloyd, Dodgson, Price, & Rose, 1961;
Wu, Xu, Zhao, Kang, & Ding, 2010). The peaks between
1000–1030 cm−1 were ascribed to CeOeC stretching vibration in sugar
rings. And the signal peak at 1421 cm−1 could be assigned to symmetric
stretching vibration of carboxylate group with the contributions of C–H
and CeOH deformation vibrations in pyranose ring (Matsuhiro, Osorio-
Román, & Torres, 2012; Myron, Siddiquee, & Azad, 2017).

3.4. NMR analysis of LF-GAG

The structural characteristics of LF-GAG were further elucidated by
800MHz NMR spectral analysis (Fig. 4), and the signal assignments
were shown in Table 1. In the 1H NMR spectrum of LF-GAG (Fig. 4A),
the chemical shifts at 4.84 ppm and 5.08 ppm were assigned to the
anomeric protons of IdoA (marked as A) and GlcNAc (marked as B),
respectively (Liu, Desai, Han, Toida & Linhardt, 1995; Chuang, Christ,
& Rabenstein, 2001). According to the downfield resonance signals,

both IdoA and GlcNAc were at α configuration (Kim et al., 1996;
Yamada, Yoshida, Sugiura, & Sugahara, 1992). Additionally, the signals
at 1.92–1.96 ppm in high field region were from the acetyl−CH3 in
GlcNAc.

In the 1H-1H COSY and TOCSY spectra of LF-GAG, two spin-spin
coupling systems were observed. The signals at 3.6–4.5 ppm were as-
signed to protons in the sugar rings. Compared with the data
(3.60 ppm) of non-sulfated IdoA, an obvious downshift signal at
4.22 ppm was observed, indicating that the O-2 positions of residue
IdoA were partially substituted by sulfate ester (˜20%). Meanwhile, the
corresponding anomeric proton in IdoA was at 5.10 ppm due to the
electronegativity of the sulfate groups.

Moreover, the carbon signals of LF-GAG were assigned based on the
resonance signals of protons in 1H-13C HSQC spectrum (Fig. S4B). The
clear carbon signals indicated that the polymer is homogeneity. In the
13C NMR spectrum (Fig. 4B), The signals at 173–175 ppm were ascribed
to the two carbonyl groups in IdoA and GlcNAc. The signals at
101.65 ppm and 94.54 ppm were assigned to the anomeric carbons of
IdoA and GlcNAc, respectively, which was confirmed by cross peaks in
the 1H-13C HSQC spectrum. The chemical shifts in 13C NMR, which are
correlating with the signals of protons H-2˜H-6 in 1H NMR, were as-
signed to the carbons C-2 to C-6 in sugar rings. The upfield signal
(53.71 ppm) was assigned to C-2 of the amino group in GlcNAc (Mulloy,
Forster, Jones, & Davies, 1993; Wu et al., 2015). The signals at 69.72
and 73.36 ppm were assigned to C-2 of IdoA, further confirming that
residue IdoA was partially substituted with sulfate ester. In addition,
according to the 1H-13C HMBC NMR spectrum (Fig. S4C), strong inter-
residue correlations of H-1 of IdoA and C-4 of GlcNAc, H-4 of IdoA and
C-1 of GlcNAc indicated that IdoA connected to C-4 of GlcNAc; simi-
larly, the signals of cross-peaks between H-1 of GlcNAc and C-4 of IdoA,
and H-4 of GlcNAc and C-1 of IdoA, had been observed. These results
demonstrated that the glycosidic linkage patterns of LF-GAG were both
α1, 4.

The above analysis provided primary information on the chemical
structure of LF-GAG. However, the 1H NMR spectrum of LF-GAG
showed broad signals with widths of several Hz, and the signals were
overlapped substantially (Fig. 4), as expected for the polysaccharides
with high molecular mass. Additionally, some weak signals in 1H/13C
NMR spectra were difficult to be assigned completely, thus hindering
the elucidation of precise structural of LF-GAG. In order to study its

Fig. 2. HPLC profiles of PMP derivatives of mixed standard monosaccharides (A) and monosaccharides from LF-GAG (B).

Fig. 3. UV absorption spectra of 1,9-dimethylmethylene blue and 1,9-di-
methylmethylene blue-GAG complexes (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this
article).
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definite structure, we prepared its depolymerized products (dLF-GAG)
and homogenous oligosaccharides.

3.5. Preparation of the oligosaccharides

As mentioned above, to further elucidate the precise structure of LF-
GAG, its depolymerized product dLF-GAG (700mg) was prepared by
the deacetylation- deaminative method, with a yield of 70%.
Deaminative cleavage with nitrous acid is successful for the depoly-
merization of heparin and heparan sulfate (Kariya, Herrmann, Suzuki,
Isomura, & Ishihara, 1998; Shively & Conrad, 1976). This method could
selectively cleave the glycosidic bonds and produce 2,5-anhydro-D-
Mannose (aMan) residue at the resulting reducing end. The aMan could
be transformed to aMan-ol when reduced with NaBH4.

As shown in the HPLC profiles, dLF-GAG had a much smaller re-
tention time than LF-GAG, indicating that the molecular weight of dLF-
GAG is much smaller (Fig. 1). A series of standard dextrans and LF-GAG
(Mw 22,700 Da) were used to established the calibrated linear curve:
logMw=−0.470Ve+8.224 (R2= 0.997), where Ve represents the
elution volume. Accordingly, the Mw and Mn of dLF-GAG was

calculated to be 3200 Da and 3100 Da, respectively, and the poly-
dispersity (Mw/Mn) was 1.032.

When analyzed on a Superdex Peptide 10/300 G L column, a series
of peaks with different retention time were observed (Fig. S4A), in-
dicating that dLF-GAG contained several oligosaccharides with dif-
ferent Mw.

By repeated purification on GPC using Bio-Gel P10 and P6 columns,
four oligosaccharides, LF-1 (14.65mg), LF-2 (16.63mg), LF-3
(11.10mg) and LF-4 (7.63mg), were obtained from dLF-GAG (700mg).
They all displayed single chromatographic peaks on a Superdex Peptide
10/300 G L column (Fig. S5B). And the oligosaccharides which have
larger degree of polymerization than the obtained hexasaccharide (LF-
4) are difficult to purify using GPC, with the increase of molecular
weight. Herein, we have collected the fraction with higher molecular
weight than LF-4.

3.6. Structural analysis of the oligosaccharides

In the 1H NMR (Fig. 5A) and 2D NMR (Fig. S6) spectra of LF-1, two
different spin-spin coupling systems were observed, indicating that LF-
1 is a disaccharide. The resonance signals at 4.711 ppm in the 1H NMR
and 101.03 ppm in the 13C NMR spectra (Fig. 5A, B) were assigned to
the anomeric resonances of IdoA (A). And the signals at 3.683/
3.606 ppm and 60.97 ppm were from the alcoholic hydroxyl group of
aMan-ol (B), produced by the reduction with NaBH4. 1H and 13C che-
mical shifts were assigned based on the HSQC spectrum (Fig. 5C1).
IdoA was linked to C-4 of aMan-ol, according to the cross-peaks of H-1
(4.711 ppm) of IdoA and C-4 (85.50 ppm) of aMan-ol, H-4 (4.057 ppm)
of aMan-ol and C-1 (101.03 ppm) of IdoA in the HMBC spectrum (Fig.
S6C). The correlation of H-1 of IdoA and H-4 of aMan-ol in the ROESY
spectrum also confirmed the linkage position (Fig. S6D). The chemical
formula (C12H19NaO11) and molecular weight (362.26 Da) were de-
termined based on the ESI-Q-TOF MS data (Fig. S9A). Taken together,
LF-1 was proved to be a disaccharide with the structure of L-IdoA-α1,4-
D-aMan-ol (Fig. 6). The chemical assignments were listed in Table S1.

Fig. 4. 1H (A) and 13C (B) NMR spectra of LF-GAG.
The signal peaks of IdoA and GlcNAc were marked as A and B, respectively.

Table 1
1H/13C chemical shifts (ppm) for IdoA and GlcNAc of LF-GAG.

1H NMR (δ ppm) 13C NMR (δ ppm)

L-IdoA D-GlcNAc L-IdoA D-GlcNAc
(L-IdoA2S) (L-IdoA2S)

H-1 4.84 (5.10) 5.08 C-1 101.65 (99.22) 94.54
H-2 3.60 (4.22) 3.85 C-2 69.72 (73.36) 53.71
H-3 3.79 (4.25) 3.65 C-3 69.31 (68.63) 69.72
H-4 3.95 (3.91) 3.65 C-4 74.47 (70.17) 76.77
H-5 4.65 (4.80) 3.79 C-5 69.72 (67.54) 71.16
H-6 3.75 C-6 174.97 59.64

eC]O 174.36
eCH3 1.92 eCH3 21.90
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The COSY (Fig. S7A) and TOCSY (Fig. S7B) spectra of LF-2 pre-
sented four spin-spin coupling systems, indicating it is a tetra-
saccharide. Combined with the 13C NMR data (Table S1) and compared
with the spectral data of LF-1, it could be inferred that LF-2 consists of
two IdoA residues, an aMan-ol and a GlcNAc. The linkage positions
between the residues were deduced by detailed analysis of the HMBC
(Fig. S7C) and ROESY (Fig. S7D) spectra. Summarily, the structure of
LF-2 was demonstrated to be L-IdoA-α1,4-D-GlcNAc-α1,4-L-IdoA-α1,4-
D-aMan-ol (Fig. 6). The result was consistent with that of the ESI-Q-TOF
MS analysis (Fig. S9B).

Using the same method, LF-4 was proved to be a hexasaccharide
with the structure of L-IdoA-α1,4-D-GlcNAc-α1,4-L-IdoA-α1,4-D-
GlcNAc-α1,4-L-IdoA-α1, 4-D-aMan-ol (Fig. 6).

By analyzing the spectral data of LF-3, we found that it consists of
two tetrasaccharides (LF-3-I and LF-3-II) that are slightly different in
the position of sulfated IdoA residue. Compared with the signals of LF-

2, the downfield chemical shifts of H-2 (4.13 and 4.19 ppm) and C-2
(74.50 and 73.77 ppm) of IdoA (Fig. S10) indicated the sulfate sub-
stitution at its O-2 position (IdoA2S). Further analysis by 2D NMR (Fig.
S11) indicated that the IdoA2S was located in the reducing end (LF-3-II)
or the non-reducing end (LF-3-I), which were accounted for 1/3 and 2/
3, respectively. Other structural information such as the backbone se-
quence and the glycosidic linkages were the same as that of LF-2. The
structure of LF-3 was displayed in Fig. 7, and its chemical assignments
were shown in Table S2.

All the structures of these four oligosaccharides possessed the same
terminal D-aMan-ol (Figs. 6 and 7), which was produced from GlcNAc
via deacetylation and deamination and reduction after depolymeriza-
tion. The depolymerized method is highly efficient and selective to
cleave the glycosidic bonds between IdoA and GlcNH2, without de-
struction on other structural characteristics of polysaccharide. Using
this method, several oligosaccharides were prepared from LF-GAG, and

Fig. 5. 1H (A) and 13C (B) NMR spectra of the oligosaccharides LF-1, LF-2 and LF-4.
HSQC spectra of LF-1 (C1), LF-2 (C2) and LF-4 (C3).
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their structural information could be used to determine the precise
structure of native LF-GAG. Additionally, in the 13C NMR of the large
fraction, no other signals appeared compared with those of LF-1˜LF-4
(Fig. S13), indicated that there are no other residues occurred.

Combining the physicochemical properties of LF-GAG and the che-
mical structures of its oligosaccharides, the precise structure of LF-GAG

was proved to be -4)-α-L-IdoA2R-(1,4)-D-GlcNAc-(1-, in which R was
−OH (˜80%) or eSO3

− (˜20%) using a “bottom up” approach (Fig. 6).
Compared with heparin and HS, LF-GAG is structurally more reg-

ular. Heparin and HS are more complex due to the diversity of mono-
saccharide composition and substitution patterns (e.g., N-sulfate, O-
sulfate and N-acetyl groups). LF-GAG has the same backbone to AF-
GAG, the glycosaminoglycan obtained from the snail A. fulica, while it
has a lower degree of sulfate substitution in IdoA residues (LF-GAG:
−OH, ˜80% and –OSO3

−, ˜20%; AF-GAG: –OSO3
−, ˜100%) (Liu et al.,

2018). The 1H NMR shifts comparison of LF-GAG, AF-GAG, heparin and
HS were listed in Table S3.

3.7. Heparanase inhibition activity

Considering the structural similarity between LF-GAG and heparin,
the recombinant human heparanase inhibitory activities of LF-GAG,
dLF-GAG and four oligosaccharides were detected by a HTRF method.
The results were shown in Table 2 and Fig. 8.

LF-GAG (MW ˜22,700 Da, IC50 ˜0.10 μM) and dLF-GAG (Mw
˜3200 Da, IC50 ˜3.46 μM) possessed stronger heparanase inhibition ac-
tivity than the positive control suramin (IC50 ˜28.8 μM). As a substrate

Fig. 6. The structures of LF-GAG, LF-1 (I), LF-2 (II) and LF-4 (III).

Fig. 7. The structures of LF-3-I (I) and LF-3-II (II).

Table 2
Heparanase inhibition activity of various compounds.

Compounds Mw (Da) IC50 (μM)a

LF-GAG 22,700 0.10 ± 0.01
dLF-GAG 3200 3.46 ± 0.49
LF-1 362 > 800
LF-2 763 > 800
LF-3 865 60.0 ± 9.41
LF-4 1,170 > 800
AF-GAG 118,000b 0.25 ± 0.03
Suramin 1,430 28.8 ± 1.20

a IC50, half maximal inhibitory concentration. The IC50 data were expressed
as mean ± SD (n= 4).

b Data from literature (Liu et al., 2018).
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of heparanase, heparin has significant heparanase inhibitory activity
with an IC50 value of 1.96 ± 0.32 nM (Fig. S13), using the same
method. The activity of dLF-GAG was much stronger than that of the
four homogenous oligosaccharides, while about 30-fold weaker than
that of LF-GAG. These results indicated that the anti-heparanase ac-
tivity of LF-GAG enhanced with the increase of its chain length.

Additionally, among these oligosaccharides, the tetrasaccharide LF-
3 showed the most potent activity (IC50 ˜60.0 μM), while others had no
significant activities (IC50> 800 μM). Compared with other LF-GAG
oligosaccharides, the structure of LF-3 is characterized by its sulfate
substitution in O-2 position of IdoA. Although another tetrasaccharide
LF-2 have the same chain length to LF-3, it exhibited no significant
effect on heparanase. The results indicated that sulfate substitution
might be another essential structural feature for LF-GAG to inhibit he-
paranase.

When compared with LF-GAG, AF-GAG from A. fulica (Liu et al., 2018)
exhibited slightly weaker heparanase inhibitory activity (IC50 ˜0.25 μM)
(Table 2 and Fig. S14). AF-GAG has the same backbone with LF-GAG, while
it is completely sulfated at O-2 positions of IdoA residues and has a higher
molecular weight (MW ˜118,000Da). It indicated that although sulfate
substitutes and long chain structure were required for potent anti-hepar-
anase activity of LF- or AF-GAG, there might be optimal sulfate substitution
degree and chain length, compared with which excess sulfation and chain
length might not be necessary or favorable.

Animal experiments showed that heparanase inhibitors such as
suramin could inhibit the growth of tumors, showing potential ther-
apeutic value (Marchetti, Reiland, Erwin, & Roy, 2003; Pesenti, Sola,
Mongelli, Grandi, & Spreafico, 1992). LF-GAG, displaying potent he-
parinase inhibitory activity, might be of value in preventing and
treating heparanase-related diseases. Further research is needed to re-
veal the molecular mechanisms of its biological effects on heparanase
inhibition.

4. Conclusions

This study reported a new glycosaminoglycan (LF-GAG) extracted
from the slug L. flavus. Its structure was determined by monosaccharide
composition analysis and spectral data, combined with the structural
information of its derived oligosaccharides (“bottom up” strategy). LF-
GAG is composed of L-iduronic acid (L-IdoA) and N-acetyl-D-glucosa-
mine (D-GlcNAc), with the Mw of 22,700 Da. Its sequence was

demonstrated to be -4)-L-IdoA2R-(α1, 4)-D-GlcNAc-(α1-, in which R was
−OH (˜ 80%) or eOSO3

− (˜ 20%), structurally similar to heparin but
more regular.

Bioactivity assays showed that LF-GAG had stronger heparanase
inhibitory activity than the positive control suramin. The heparanase
inhibition effect of LF-GAG may be explained by its structural similarity
with heparin (the substrate of heparanase). The activities of LF-GAG
and its derived products were compared. Structure-activity relationship
analysis indicated that the chain length and sulfate substitution pattern
are crucial to their inhibition activities. Considering that heparanase is
involved in various pathophysiological processes and recognized as a
potential therapeutic target, this unique LF-GAG may be a promising
candidate of heparanase inhibitor having potential application value for
disease treatment.
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