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Preface

Carbohydrates play an essential role in the organism and have many bioactivities.

Carbohydrate-based drug discovery is an up-and-coming area of research in medicinal chemistry.

Bioactive carbohydrates open up a new source for drug development. More than 170

carbohydrate-based drugs have been successfully approved as anticoagulants, antitumor agents,

antidiabetic agents, antibiotics, antiviral agents, and vaccines. However, most carbohydrates have

low druggability. As such, new methods and strategies to improve carbohydrates’ druggability are

in high demand.

This Special Issue aimed to serve as an open forum where researchers can share their

experiences and findings on carbohydrate-based drugs, with a focus on the discovery and

development of new carbohydrate-based therapeutic agents. Contributions to this issue, in the

form of both original research and review articles, cover the separation, identification, synthesis,

and pharmacology of bioactive carbohydrates, including monosaccharides, oligosaccharides,

polysaccharides, glycopeptides, glycoproteins, glycomimetics, etc.

Jian Yin, Jing Zeng, and De-Cai Xiong

Editors
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Cancer Vaccines Based on Fluorine-Modified KH-1 Elicit
Robust Immune Response

Yang Liu 1,†, Bohan Li 1,†, Xiujing Zheng 1, Decai Xiong 1,2,* and Xinshan Ye 1,*

1 State Key Laboratory of Natural and Biomimetic Drugs, School of Pharmaceutical Sciences, Peking University,
Xue Yuan Rd. No. 38, Beijing 100191, China

2 The NMPA Key Laboratory for Quality Research and Evaluation of Carbohydrate-Based Medicine,
Shandong University, 27 Shanda Nanlu, Jinan 250100, China

* Correspondence: decai@bjmu.edu.cn (D.X.); xinshan@bjmu.edu.cn (X.Y.)
† These authors contributed equally to this work.

Abstract: KH-1 is a tumor-associated carbohydrate antigen (TACA), which serves as a valuable
target of antitumor vaccines for cancer immunotherapies. However, most TACAs are thymus-
independent antigens (TD-Ag), and they tend to induce immunological tolerance, leading to their
low immunogenicity. To overcome these problems, some fluorinated derivatives of the KH-1 antigen
were designed, synthesized, and conjugated to the carrier protein CRM197 to form glycoconjugates,
which were used for immunological studies with Freund’s adjuvant. The results showed that fluorine-
modified N-acyl KH-1 conjugates can induce higher titers of antibodies, especially IgG, which can
recognize KH-1-positive cancer cells and can eliminate cancer cells through complement-dependent
cytotoxicity (CDC). The trifluoro-modified KH-1-TF-CRM197 showed great potential as an anticancer
vaccine candidate.

Keywords: tumor-associated carbohydrate antigens; KH-1; fluoro-modification; tumor vaccine

1. Introduction

Some aberrant glycans are overexpressed on the surface of tumor cells due to the
abnormal expression of glycosidases and glycosyltransferases, and they are correlated with
tumor cell adhesion and metastasis. These aberrant glycans are called tumor-associated
carbohydrate antigens (TACAs). They are important immunotherapeutic targets against
cancers [1–3]. Unfortunately, most TACAs are thymus-independent antigens, and they are
also expressed by normal cells, leading to their low immunogenicity [4,5]. To enhance the
immunogenicity of TACAs, they are usually conjugated with immunogenic carriers, and
unnatural TACA analogues are also introduced through the modification of TACAs [6–11].

The KH-1 antigen is one of the TACAs found in human colon cancer cells. It is a
branched nonasaccharide glycolipid containing two TACA epitopes (the tetrasaccharide
of the Ley antigen and the trisaccharide of the Lex antigen) [12–14]. It is barely expressed
by normal tissues but highly expressed by adenocarcinoma cells [15]. Compared with the
low incidence (5–10%) of oncogenes and the deletion (<50%) of tumor-suppressing gene
products, the incidence of the extended Ley antigens expressed in colorectal cancer is up
to about 90% [5]. Therefore, the KH-1 antigen is a potential immunotherapeutic target
against adenocarcinoma. Tumor vaccines based on the KH-1 antigen have been proven to
induce IgM and IgG antibodies against KH-1 and to show great safety due to low cross-
reactivity with the Lex antigen, which is also expressed by neutrophilic granulocytes [16,17].
However, as a self-antigen, the natural KH-1 antigen regularly leads to immunological
tolerance, which is a major challenge in carbohydrate-based vaccine design.

The chemical synthesis of KH-1 is extremely valuable and challenging because it
cannot be obtained in large quantities from natural resources and has a complex structure.
At present, several research groups have completed the total synthesis of KH-1 through

Molecules 2023, 28, 1934. https://doi.org/10.3390/molecules28041934 https://www.mdpi.com/journal/molecules1
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different strategies, in which Guo and our group have achieved relatively high synthetic
yields due to the use of a one-pot glycosylation protocol [18–22]. Reliable and efficient
synthesis provides support for the study of biological activities.

As fluorine has a similar atomic radius and lipophilicity to hydrogen and is a trace
element for humans, fluoro-modifications of TACAs have been proven to increase the
antitumor immunogenicity of TACAs. Previously, our group conducted a systematic study
of fluorine-modified TACAs, such as STn and Globo H [23–26]. Compared with unmodified
glycoconjugates, fluorine-modified glycoconjugates induced higher titers of IgG antibodies.
Fluoro-modifications of TACAs can enhance the CDC effect of antisera on tumor cells.
Based on our previous study, we hope to improve the immunogenicity of KH-1 through
fluorinated modifications. Herein, we want to report the design and synthesis of these
fluorine-modified KH-1 derivatives (Figure 1) and evaluate the immunogenicity of their
corresponding glycoconjugates.

Figure 1. (a) Native KH-1 antigen; (b) fluorine-modified and unmodified KH-1 derivatives in
this work.

2. Results and Discussion

2.1. Synthesis of KH-1 Antigen and Its Fluorinated Derivatives

As described in our previous report [27], three disaccharide building blocks 4, 5,
and 6 and one fucose building block 7 were prepared through dozens of steps. Next,
the combination of photo-induced strategy [28,29] with a preactivation-based one-pot
glycosylation protocol [30] was employed to obtain a linear hexasaccharide 3-1, which was
subjected to partial deprotection to yield hexasaccharide 3-2. After screening the reaction
conditions, the photo-induced fucosylation was finally realized, providing the KH-1 core
nonasaccharide 2 in high yield (Scheme 1) [27].

The global deprotection of 2 in four successive steps was carried out to afford com-
pound 1-1 smoothly. In order to generate the fluorinated derivatives, a series of conditions
were attempted for the fluoroacetylation step. For the trifluoroacetylation reaction, the
reaction conditions were assessed (Table S1), and the optimized conditions were as follows:
methyl trifluoroacetate as the fluorinated reagent, 4-dimethylaminopyridine (DMAP) as
the base, dry methanol as the solvent, and under room temperature for 48 h. Using sim-
ilar fluoroacetylation conditions and deprotection steps, the fluorinated compounds 1-2

and 1-3 were prepared (Scheme 2). We also sought to obtain the monofluorinated deriva-
tive, but unfortunately, it was not successful due to the restrictions in reagent purchase
and preparation.

2.2. Synthesis of Glycoconjugates

Diphtheria toxoid cross-reactive material 197 (CRM197) is a vaccine carrier approved
by the FDA [31]. Globo H-CRM197 has been proven to induce higher titers of the IgG
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antibody than Globo H-KLH [32]. Moreover, it is effortless for keyhole limpet hemocyanin
(KLH) to form polymers, which may disturb the quality control of vaccines [33]. Therefore,
CRM197 was chosen as the carrier of the KH-1 antigen. The three nonasaccharide molecules
mentioned above were covalently linked to the CRM197 protein and the BSA protein via a
known linker [34], respectively (Scheme 3). Finally, six glycoconjugates were obtained. The
carbohydrate loading levels were determined using the mass spectra analysis (Table 1 and
Figures S1–S8).

 
Scheme 1. Photo-induced synthesis of the fully protected KH-1 core nonasaccharide: (i) UV, 4 Å
molecular sieves, Umemoto’s reagent, Cu(OTf)2, TTBP, −72 ◦C, 20 min; then acceptor, −72 ◦C to rt,
1.5 h; (ii) H2NNH2·HOAc, CH3OH/THF (1:10); (iii) UV, 4 Å molecular sieves, Umemoto’s reagent,
Cu(OTf)2, TTBP, −50 ◦C, 4 min; then acceptor, −50 ◦C to rt, 2.5 h.

Scheme 2. Deprotection and synthesis of fluorinated derivatives: (i) H2NCH2CH2NH2/n-
BuOH (1:3), 120 ◦C; (ii) Ac2O/MeOH; (iii) LiOH, MeOH/THF (4:1), 80 ◦C; (iv) Pd(OH)2, H2,
CH2Cl2/MeOH/H2O (3:3:1); (v) DMAP, ROCH3/MeOH.

2.3. Evaluation of the Antibodies

With the glycoconjugates in hand, the immunological properties of these conjugates
were evaluated in mice. Groups of six female BALB/c mice were vaccinated four times
at biweekly intervals with the CRM197 conjugates using Freund’s adjuvant. After im-
munization, antisera were obtained and used for KH-1 antibody detection. Anti-KH-1 or
anti-modified-KH-1 titers were firstly evaluated using ELISA (enzyme-linked immunosor-
bent assay) plates coated with KH-1-BSA or modified KH-1-BSA, using the pooled antisera
of all immunized mice after the third or fourth vaccination (Table 2). We found that KH-1-
DF-CRM197 and KH-1-TF-CRM197 induced a stronger KH-1-specific antibody response
and elicited higher titers of anti-KH-1 IgG and IgM antibodies than KH-1-CRM197 after
the third and fourth vaccination. The sera from preimmunized mice showed no titer of the
IgG or IgM antibodies against the KH-1 antigen. The IgG/IgM ratio of KH-1-TF-CRM197
was particularly increased. For tumor immunotherapy, the IgG response is more functional

3
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than IgM on account of their properties, such as affinity maturation and immunological
memory [35,36]. In addition, KH-1-DF-CRM197 and KH-1-TF-CRM197 elicited higher
titers of anti-modified-KH-1 IgG antibodies than KH-1-CRM197, which again proved that
fluoro-modifications of KH-1 can increase its antibody response.

Scheme 3. Synthesis of glycoconjugates: (i) DMF, (C2H5)3N.

Table 1. Carbohydrate loading levels of glycoconjugates.

Conjugate

Molecular
Weight of

Glycoconju-
gate

Total Molecular
Weight of

Carbohydrate
on Conjugate

Molecular
Weight of Single
Nonasaccharide

Concentration
of Carbohy-

drate
(μg/mL)

Concentration
of Protein
(μg/mL)

Number of
Nonasac-
charide

Percentage
of Carbohy-

drate
Loading

KH-1-
CRM197 67,285 8968 1596 213 1600 5.62 13.32%

KH-1-TF-
CRM197 67,908 9591 1704 165 1167 5.63 14.12%

KH-1-DF-
CRM197 70,134 11,817 1668 195 1145 7.08 16.85%

KH-1-
BSA 80,787 14,350 1596 206 1156 8.99 17.76%

KH-1-TF-
BSA 83,936 17,499 1704 221 1057 10.27 20.85%

KH-1-DF-
BSA 79,742 13,305 1668 197 1079 7.98 16.69%

The anti-KH-1 titers of IgG and IgM for an individual mouse after the third and
fourth vaccination were also detected using ELISA (Figure 2). The IgG and IgM titers
of modified KH-1 conjugates, especially KH-1-TF-CRM197, were higher than those of
KH-1-CRM197. This demonstrated that the modified KH-1 conjugates, especially KH-1-
TF-CRM197, produced higher titers of anti-modified-KH-1 antibodies with cross-reactive
efficiency for KH-1, resulting in an increase in the anti-KH-1 IgG and IgM antibodies.

4
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The IgG subtypes in antisera after the third and fourth vaccinations were also detected
with ELISA (Figure 3). Immunized with Freund’s adjuvant, KH-1-TF-CRM197 elicited
significantly more anti-KH-1 IgG1, IgG2a, IgG2b, and IgG3 antibodies than the unmodified
KH-1-KLH. These results indicated that a mixed Th1/Th2 response was elicited by KH-
1-TF-CRM197 because IgG1 antibodies are usually generated via the Th2 response, while
activated Th1 cells may generate a prominent IgG2a response [37].

Table 2. Titers of the antibodies elicited by vaccines.

ELISA Titer Anti-KH-1 and Ratio of IgG/IgM after the Third and the Fourth Vaccination
ELISA Titer

Anti-Modified-KH-1

Vaccine
After the Third Vaccination After the Fourth Vaccination

After the Fourth
Vaccination

IgG IgM IgG/IgM IgG IgM IgG/IgM IgG*

KH-1-CRM197/FA <100 242 - 45,268 8952 5.06 45,268
KH-1-DF-CRM197/FA 11,686 4480 2.61 101,447 20,437 4.96 216,853
KH-1-TF-CRM197/FA 848,249 6307 134.49 1,180,228 9670 122.05 2,259,394

IgG is the IgG titer of the mixed serum from 6 mice of the same group against KH-1-BSA, whereas IgG* is the titer
against the corresponding modified KH-1-BSA. Mouse serum IgG obtained from the preimmune condition could
not be detected when diluted 1:100.

✱✱ ✱

✱✱

Figure 2. Serum antibody titers against KH-1-BSA in an individual mouse vaccinated with KH-1-
CRM197, KH-1-DF-CRM197, or KH-1-TF-CRM197 after the 3rd (a,c) and 4th (b,d) vaccinations. Each
data point represents the average titer of two detections in an individual mouse, and the black line in
each series represents the mean titer of six mice in each group. The data of IgG titers were plotted in
the form of log 10. * p < 0.05, ** p < 0.01.

2.4. Recognition of KH-1-Positive Tumor Cells with IgG Antibodies in Antisera

Flow cytometry was used to evaluate the capabilities of antisera induced by KH-1-
CRM197, KH-1-DF-CRM197, or KH-1-TF-CRM197 to recognize the native KH-1 antigens of
cancer cells (Figure 4). KH-1-positive MCF-7 human breast cancer cells were used as target
cells, and the preimmune serum was used as a negative control [38]. The results showed
that the IgG antibodies elicited by the three glycoconjugates could bind well with MCF-7

5
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cells on which KH-1 antigens were overexpressed. This indicated a great cross-reactivity
of antisera elicited by the fluorine-modified KH-1-CRM197 to the native KH-1 antigen on
tumor cells, which is the foundation of the antitumor activities of fluorine-modified KH-1-
CRM197. Furthermore, the IgG antibody induced by fluorine-modified glycoconjugates
(KH-1-DF-CRM197 and KH-1-TF-CRM197) showed a stronger binding affinity to MCF-7
cells than the unmodified KH-1-CRM197, which was consistent with the trend of the IgG
titer results.

✱✱✱
✱✱✱ ✱✱✱ ✱

✱✱✱
✱✱✱

✱✱✱
✱✱✱

✱✱✱
✱✱✱

✱✱✱
✱✱ ✱✱

✱✱✱
✱✱✱✱✱

✱✱✱
✱✱✱

✱✱✱
✱✱✱

Figure 3. IgG subtypes after the third (a) and fourth (b) vaccinations with KH-1-KLH, KH-1-DF-KLH,
and KH-1-TF-KLH with Freund’s adjuvant using ELISA with a 1:1000 dilution of pooled sera. Results
represent the mean ± SEM of three independent experiments. One-way ANOVA analysis was
performed. * p < 0.05, ** p < 0.01, *** p < 0.01.

2.5. Complement-Dependent Cytotoxicity of Antisera Induced by Vaccines

According to previous reports [24,39,40], complement-dependent cytotoxicity (CDC)
is a potent mechanism of cell killing. Therefore, CDC was studied to determine whether the
immune response provoked by the fluorine-modified KH-1-CRM197 is useful for cancer
immunotherapy. We found that the antisera elicited by the three glycoconjugates after the
fourth vaccination were able to increase the lysis of KH-1-positive MCF-7 cells compared
with that in the preimmune group (Figure 5). Fluoro-modifications on KH-1 can provoke
the CDC of antisera against tumor cells. This might be associated with the fact that the
fluorine-modified KH-1-CRM197 produced more IgG3 and IgM antibodies against the
KH-1 antigen, which mainly acts via the complement [41].

Taken together, these results reveal that fluoro-modifications of the KH-1 antigen
can improve its immunogenicity. This might be attributed to the increased enzymatic
stability, enhanced affinity to T-cell receptor (TCR), and exogenous properties of fluoride
antigens [11].

6
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✱✱
✱✱

✱

Figure 4. Recognition of human tumor cells by IgG antibodies in antisera: (a) serological IgG analysis
results on MCF-7 human breast cancer cells after the fourth immunization via flow cytometry; (b) mean
fluorescence intensity (MFI) of the IgG antibody’s binding to MCF-7 cells. Results are representative of
three independent experiments. One-way ANOVA analysis was performed. * p < 0.05, ** p < 0.01.

✱✱✱
✱✱✱

✱
✱✱

Figure 5. Antibodies elicited by glycoconjugates mediate complement-dependent cytotoxicity (CDC)
to eliminate KH-1-positive MCF-7 cancer cells. Cell lysis of pooled sera (1:20 dilution) after the 4th
vaccination. Data are the mean ± SEM of three independent experiments. Cytotoxicity is shown as
percentage cell lysis determined by the lactate dehydrogenase (LDH) assay. Results are representative
of three independent experiments. One-way ANOVA analysis was performed. * p < 0.05, *** p < 0.01.

7
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3. Materials and Methods

3.1. Chemical Synthesis

The reactions were carried out in oven-dried glassware. All reactions were carried out
under anhydrous conditions with freshly distilled solvents under a positive pressure of
argon unless otherwise noted. Umemoto’s reagent refers to S-(trifluoromethyl)dibenzo-
thiophenium tetrafluoroborate. The reactions were monitored using thin-layer chromatog-
raphy (TLC) on silica-gel-coated aluminum plates (60 F254, E. Merck). Column chromatogra-
phy was performed on silica gel (200–300 mesh). Gel filtration was performed on Sephadex
LH-20 (Pharmacia). Optical rotations were obtained on a Hanon P850 Automatic Polarime-
ter. Experiments under ultraviolet (UV) irradiation were carried out using a safe and stable
mercury lamp spotlight system purchased from Beijing Zhongjiao Jinyuan Technology
Co., Ltd. (Item No. CEL-M500). 1H NMR spectra were recorded at room temperature for
solutions in CDCl3 or D2O with Avance III-400 or III-600 instruments (Bruker), and the
chemical shifts were referenced to the peak for TMS (0 ppm, CDCl3) or external CH3OH
(3.34 ppm, D2O). 13C NMR spectra were recorded using the same NMR spectrometers,
and the chemical shifts were reported relative to the internal CDCl3 (δ = 77.16 ppm) or
external CH3OH (49.70 ppm, D2O). High-resolution mass spectrometry (HRMS) experi-
ments were performed on a Waters Xevo G2 Q-TOF spectrometer or a Bruker APEX IV
FTMS instrument.

3.1.1. Synthesis of Compound 1-1

Compound 2 [27] (40.0 mg, 9.7 μmol) was dissolved in H2NCH2CH2NH2/n-BuOH
(v/v = 1:3, 20 mL). The solution was heated at 120 ◦C for 6 h. The solution was concentrated
under reduced pressure. The residue was dissolved in MeOH (5.0 mL) and then Ac2O
(1.0 mL) was added, and the reaction was performed at room temperature for 3 h. The solu-
tion was concentrated under reduced pressure. The residue was dissolved in THF/MeOH
(v/v = 1:4, 5 mL), and then LiOH (50.0 mg, 1.2 mmol) was added. The mixture was heated
at 80 ◦C overnight. H+ resin was used for neutralization. The mixture was filtered, and
the filtrate was concentrated under reduced pressure. The crude product was purified
via column chromatography on silica gel (toluene: CH3CN = 6:1, v/v) to afford white
solids. The obtained product was dissolved in CH2Cl2/MeOH/H2O (v/v, 3:3:1, 7 mL), and
then Pd(OH)2 (10%, 15.0 mg) was added. The reaction was carried out under a hydrogen
atmosphere of 40 psi for 30 h. The mixture was filtered, and the filtrate was concentrated
under reduced pressure. The residue was purified using column chromatography on gel
LH20 (H2O: MeOH = 15:1, v/v) to afford 1-1 as white solids (10.0 mg, 63% yield).

1H NMR (400 MHz, D2O) δ 5.19 (d, J = 3.1 Hz, 1H), 5.03 (t, J = 3.6 Hz, 2H), 4.83–4.76
(m, 1H), 4.62 (d, J = 8.0 Hz, 2H), 4.45–4.31 (m, 4H), 4.19–4.11 (m, 1H), 4.07 (d, J = 3.3 Hz,
1H), 4.00 (d, J = 3.3 Hz, 1H), 3.95–3.30 (m, 46H), 3.24–3.16 (m, 1H), 2.92 (d, J = 7.5 Hz, 2H),
1.93 (s, 6H), 1.65–1.54 (m, 4H), 1.43–1.30 (m, 2H), 1.17 (d, J = 6.6 Hz, 3H), 1.15 (d, J = 6.7 Hz,
3H), 1.06 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, D2O) δ 174.70, 174.66, 102.95, 102.50,
102.42, 101.99, 101.72, 100.20, 99.43, 98.69, 98.58, 82.08, 81.55, 78.40, 76.38, 75.32, 75.11, 74.86,
74.77, 74.45, 73.56, 73.04, 72.80, 71.94, 71.85, 71.70, 70.56, 70.08, 69.94, 69.73, 69.17, 68.75,
68.28, 68.21, 67.70, 67.65, 66.92, 66.79, 66.69, 61.47, 61.41, 61.27, 61.11, 60.95, 60.08, 59.78,
59.65, 48.86, 39.36, 28.14, 26.43, 22.24, 22.07, 15.45, 15.43, 15.26. HRMS (ESI): [M + H]+

C63H110N3O43
+ m/z calcd. 1596.65, found 1596.64. The data are consistent with those

reported previously [27].

3.1.2. Synthesis of Compound 1-2

Compound 2 (40.0 mg, 9.7 μmol) was dissolved in H2NCH2CH2NH2/n-BuOH
(v/v = 1:3, 20 mL). The solution was heated at 120 ◦C for 6 h. The solution was con-
centrated under reduced pressure. The residue was dissolved in THF/MeOH (v/v = 1:4,
5 mL), and then LiOH (50.0 mg, 1.2 mmol) was added. The solution was heated at 80 ◦C
overnight. The solution was concentrated under reduced pressure. Then, the residue was

8
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dissolved in CH2Cl2 and washed with water, and then it was concentrated under reduced
pressure and further dried under vacuum.

The residue was dissolved in MeOH (5.0 mL), and the reaction mixture was stirred
for 10 min. 4-Dimethylaminopyridine (600 mg) was dissolved in MeOH (5.0 mL), stirred
for 10 min, and then added to the reaction mixture. The reaction mixture was stirred for
20 min at room temperature and then cooled to 0 ◦C for 10 min. CF3COOCH3 (16 mL in
total) was added 4 times every 5 min, and it was stirred at room temperature for 48 h. The
mixture was concentrated under reduced pressure and further dried under vacuum.

The crude product was purified via column chromatography on silica gel (toluene:
CH3CN = 6:1, v/v) to afford white solids. The obtained product was dissolved in CH2Cl2/
MeOH/H2O (v/v, 3:3:1, 7 mL), and then Pd(OH)2 (10%, 15.0 mg) was added. The reaction
was carried out under a hydrogen atmosphere of 40 psi for 30 h. The mixture was filtered,
and the filtrate was concentrated under reduced pressure. The residue was purified using
column chromatography on gel LH20 (H2O: MeOH = 15:1, v/v) to afford 1-2 as white solids
(6.4 mg, 43% yield).

1H NMR (400 MHz, D2O) δ 5.16 (d, J = 3.1 Hz, 1H), 4.91 (t, J = 3.4 Hz, 2H), 4.43–4.28 (m,
4H), 4.16–4.13 (m, 1H), 4.05 (d, J = 2.8 Hz, 1H), 4.01–3.34 (m, 47H), 3.20–3.14 (m, 1H), 2.88 (t,
J = 7.5 Hz, 2H), 1.56 (q, J = 7.8 Hz, 4H), 1.39–1.29 (m, 2H), 1.15 (d, J = 6.5 Hz, 3H), 1.12 (d,
J = 6.6 Hz, 3H), 1.01 (d, J = 6.5 Hz, 3H). 13C NMR (151 MHz, D2O) δ 159.75, 159.63, 159.50,
159.38, 159.25, 159.12, 159.00, 158.88, 138.14, 118.63, 116.73, 114.84, 112.94, 106.73, 102.94,
101.97, 101.83, 101.80, 101.71, 100.17, 99.40, 99.25, 99.00, 98.85, 82.45, 81.73, 78.36, 76.28,
75.38, 75.14, 74.86, 74.84, 74.74, 74.51, 74.42, 73.53, 73.06, 72.83, 72.79, 72.62, 71.92, 71.84,
71.70, 71.56, 71.20, 70.38, 70.07, 69.78, 69.73, 69.57, 69.53, 69.24, 68.76, 68.26, 68.16, 68.13,
68.09, 67.51, 67.44, 66.94, 66.90, 66.82, 61.51, 61.44, 60.93, 60.52, 60.05, 59.67, 59.52, 56.62,
56.45, 54.99, 39.34, 39.27, 28.13, 26.39, 22.06, 20.03, 15.45, 15.40, 15.19. MALDI-TOF-MS: [M +
Na]+ C63H103N3O43F6Na+ m/z calcd. 1726.58, found 1726.67; [M + K] + C63H103N3O43F6K+

m/z calcd. 1742.55, found 1742.64.

3.1.3. Synthesis of Compound 1-3

Compound 2 (40.0 mg, 9.7 μmol) was dissolved in H2NCH2CH2NH2/n-BuOH
(v/v = 1:3, 20 mL). The solution was heated at 120 ◦C for 6 h. The solution was con-
centrated under reduced pressure. The residue was dissolved in THF/MeOH (v/v = 1:4,
5 mL), and then LiOH (50.0 mg, 1.2 mmol) was added. The mixture was heated at 80 ◦C
overnight. The mixture was concentrated under reduced pressure. Then, the residue was
dissolved in CH2Cl2 and washed with water, and then it was concentrated under reduced
pressure and further dried under vacuum.

The residue was dissolved in MeOH (5.0 mL), and the reaction mixture was stirred
for 10 min. 4-Dimethylaminopyridine (600 mg) was dissolved in MeOH (5.0 mL), stirred
for 10 min, and then added to the reaction mixture. The reaction mixture was stirred for
20 min at room temperature and then cooled to 0 ◦C for 10 min. CF2COOCH3 (16 mL in
total) was added 4 times every 5 min, and it was stirred at room temperature for 48 h. The
mixture was concentrated under reduced pressure and further dried under vacuum.

The crude product was purified via column chromatography on silica gel (toluene:
CH3CN = 6:1, v/v) to afford white solids. The obtained product was dissolved in CH2Cl2/
MeOH/H2O (v/v, 3:3:1, 7 mL), and then Pd(OH)2 (10%, 15.0 mg) was added. The reaction
was carried out under a hydrogen atmosphere of 40 psi for 30 h. The mixture was filtered,
and the filtrate was concentrated under reduced pressure. The residue was purified using
column chromatography on gel LH20 (H2O: MeOH = 15:1, v/v) to afford 1-3 as white solids
(5.5 mg, 36% yield).

1H NMR (400 MHz, D2O) δ 6.05 (t, J = 53.6 Hz, 2H), 5.17 (d, J = 3.2 Hz, 1H), 4.95 (t,
J = 3.5 Hz, 2H), 4.43–4.28 (m, 4H), 4.18–4.12 (m, 1H), 4.05 (d, J = 3.3 Hz, 1H), 4.00–3.35
(m, 47H), 3.19 (t, J = 8.6 Hz, 1H), 2.90 (t, J = 7.5 Hz, 2H), 1.65–1.51 (m, 4H), 1.44–1.29 (m,
2H), 1.16 (d, J = 6.6 Hz, 3H), 1.13 (d, J = 6.6 Hz, 3H), 1.02 (d, J = 6.6 Hz, 3H). 13C NMR
(151 MHz, D2O) δ 166.38, 166.32, 166.21, 166.15, 166.04, 165.98, 158.31, 138.85, 110.76, 110.71,
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109.12, 109.07, 107.50, 107.47, 107.42, 103.70, 102.78, 102.75, 102.68, 102.54, 100.94, 100.18,
99.61, 99.49, 83.07, 82.53, 79.14, 77.08, 76.14, 75.92, 75.64, 75.63, 75.52, 75.30, 75.24, 75.20,
74.31, 73.66, 73.56, 73.50, 72.70, 72.62, 72.47, 71.17, 70.84, 70.64, 70.50, 69.95, 69.53, 69.23,
69.04, 68.94, 68.35, 68.29, 67.70, 67.63, 67.53, 62.27, 62.20, 61.71, 60.83, 60.48, 60.33, 57.00,
56.84, 47.44, 43.02, 40.11, 40.06, 28.91, 27.16, 22.84, 20.80, 16.22, 16.18, 16.00, 12.54, 11.28,
8.98. MALDI-TOF-MS: [M + Na]+ C63H105N3O43F4Na+ m/z calcd. 1690.60, found 1691.19;
[M + K]+ C63H105N3O43F4K+ m/z calcd. 1706.57, found 1707.16.

3.1.4. Synthesis of Compound 3-1

4 Å MS (400 mg) was added to a 10 mL quartz two-necked reaction flask, baked at
high temperature, and cooled under vacuum. Under Ar protection, compound 4 (20.0 mg,
17.6 μmol), Umemoto’s reagent (16.0 mg, 44. 1 μmol), Cu(OTf)2 (18.0 mg, 44.1 μmol), and
anhydrous CH2Cl2 (4 mL) were added. The reaction mixture was stirred for 15 min and then
cooled to −72 ◦C. The reaction flask was exposed to UV irradiation at −72 ◦C for 20 min.
After the disappearance of 4 detected by TLC, the removal of UV irradiation was followed
by the addition of a solution of compound 5 (15.4 mg, 14.7 μmol) and TTBP (6.6 mg,
26.4 μmol) in CH2Cl2 (0.5 mL) via syringe. The reaction mixture was stirred and slowly
warmed to room temperature for 1.5 h. The reaction was cooled to −72 ◦C. Umemoto’s
reagent (16.0 mg, 44.1 μmol) and Cu(OTf)2 (18.0 mg, 44.1 μmol) were added. The reaction
flask was exposed to UV irradiation at −72 ◦C for 20 min. After the disappearance of
the starting material detected by TLC, the removal of UV irradiation was followed by the
addition of a solution of compound 6 (16.0 mg, 13.2 μmol) and TTBP (6.6 mg, 26.4 μmol) in
CH2Cl2 (0.5 mL) via syringe. The reaction mixture was stirred and slowly warmed to room
temperature for 1.5 h, and then quenched by Et3N (0.1 mL). The mixture was filtered and
the filtrate was concentrated under reduced pressure. The crude product was purified by
column chromatography on silica gel (petroleum ether: ethyl acetate = 1:1, v/v) to afford
3-1 as a white solid (50.0 mg, 61% yield).

[α]25
D -10.3 (c 0.24, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.71 (d, J = 7.2 Hz, 1H), 7.62

(d, J = 6.9 Hz, 1H), 7.56-7.49 (m, 4H), 7.46 (t, J = 7.2 Hz, 1H), 7.35-7.08 (m, 71H), 7.03 (t,
J = 7.5 Hz, 2H), 6.82 (s, 3H), 5.66 (dd, J = 9.8, 9.1 Hz, 1H), 5.59 (dd, J = 10.0, 9.3 Hz, 1H), 5.40
(d, J = 8.2 Hz, 1H), 5.36 (d, J = 8.4 Hz, 1H), 5.16-5.12 (m, 4H), 5.03 (d, J = 11.6 Hz, 1H), 4.97
(d, J = 11.4 Hz, 1H), 4.84 (d, J = 11.4 Hz, 2H), 4.78–4.74 (m, 1H), 4.65–4.60 (m, 3H), 4.53–4.35
(m, 16H), 4.28 (d, J = 11.8 Hz, 1H), 4.21–4.11 (m, 9H), 3.98 (d, J = 11.8 Hz, 1H), 3.93–3.86 (m,
5H), 3.82–3.70 (m, 5H), 3.54-3.46 (m, 5H), 3.43-3.19 (m, 16H), 3.11 (m, 1H), 2.88 (d, J = 9.6 Hz,
1H), 2.78–2.74 (m, 1H), 2.65–2.60 (m, 1H), 2.48–2.44 (m, 1H), 2.42–2.10 (m, 12H), 1.67–1.66
(m, 9H), 1.55–1.43 (m, 4H), 1.26–1.21 (m, 2H). 13C NMR (151 MHz, CDCl3) δ 206.57, 206.38,
206.18, 171.62, 171.53, 171.04, 167.41, 167.38, 167.33, 167.05, 164.05, 156.65, 156.09, 139.35,
138.99, 138.97, 138.67, 138.49, 138.37, 138.29, 138.26, 137.95, 137.91, 137.85, 137.66, 136.81,
136.73, 133.54, 133.34, 133.23, 132.63, 131.22, 131.16, 131.08, 130.90, 129.69, 129.35, 128.51,
128.46, 128.43, 128.39, 128.35, 128.20, 128.18, 128.16, 128.12, 128.11, 128.06, 128.02, 127.99,
127.92, 127.86, 127.83, 127.80, 127.77, 127.72, 127.65, 127.60, 127.41, 127.38, 127.32, 127.30,
127.09, 126.94, 126.64, 126.35, 123.30, 123.20, 123.02, 122.85, 103.41, 102.27, 100.41, 100.31,
99.46, 99.27, 82.84, 82.19, 81.53, 80.69, 80.32, 78.52, 76.53, 76.27, 75.88, 75.29, 75.07, 74.96,
74.88, 74.83, 74.59, 74.48, 74.42, 74.37, 73.95, 73.92, 73.62, 73.42, 73.38, 73.36, 73.17, 73.13,
72.97, 72.82, 72.80, 72.32, 71.98, 71.76, 71.48, 70.33, 70.24, 69.57, 69.47, 68.25, 68.18, 67.98,
67.62, 67.45, 67.08, 55.05, 54.81, 50.47, 50.15, 47.10, 46.14, 37.75, 37.63, 37.62, 29.89, 29.30,
29.24, 27.82, 27.77, 23.29, 27.46, 23.25. HRMS (ESI): [M + 2NH4]2+ C185H199N5O42

2+ m/z
calcd. 1581.18, found 1581.19. The data are consistent with those reported previously [27].

3.1.5. Synthesis of Compound 3-2

Compound 3-1 (50.0 mg, 16 μmol) was dissolved in a solution of THF/MeOH
(v/v = 10: 1, 4.4 mL). H2NNH2·HOAc (22.0 mg, 240 μmol) was added. The mixture
was stirred at room temperature overnight. The mixture was diluted with CH2Cl2, washed
sequentially with water, and NaCl aq., and dried over anhydrous Na2SO4. The solution
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was filtered and the filtrate was concentrated under reduced pressure. The crude product
was purified by column chromatography on silica gel (petroleum ether: ethyl acetate:
CH2Cl2 = 1:1:0.25, v/v/v) to afford 3-2 as a white solid (41.5 mg, 90% yield).

[α]25
D −0.78 (c 0.44, CHCl3); 1H NMR (600 MHz, CDCl3) δ 7.76 (d, J = 7.6 Hz, 1H),

7.66–7.65 (m, 3H), 7.57–7.54 (m, 2H), 7.46 (t, J = 7.5 Hz, 1H), 7.38–7.08 (m, 74H), 7.03–7.00
(m, 4H), 6.91 (d, J = 7.6 Hz, 1H), 6.85–6.83 (m, 2H), 5.43 (dd, J = 9.0, 8.3 Hz, 1H), 5.31 (d,
J = 8.4 Hz, 1H), 5.28 (d, J = 8.5 Hz, 1H), 5.13 (d, J = 9.5 Hz, 2H), 5.01 (d, J = 11.6 Hz, 2H), 4.97
(d, J = 11.4 Hz, 1H), 4.84 (d, J = 10.4 Hz, 1H), 4.81 (d, J = 11.4 Hz, 1H), 4.76 (t, J = 11.7 Hz,
1H), 4.68 (d, J = 12.1 Hz, 1H), 4.64–4.50 (m, 7H), 4.47–4.36 (m, 8H), 4.29–4.08 (m, 14H),
4.03–4.01 (m, 2H), 3.93–3.86 (m, 5H), 3.82–3.73 (m, 6H), 3.65–3.63 (m, 1H), 3.60–3.36 (m, 11H),
3.32–3.17 (m, 10H), 3.12–3.10 (m, 1H), 2.91–2.89 (m, 1H), 2.62–2.61 (m, 1H), 1.55–1.42 (m,
4H), 1.30-1.21 (m, 2H). 13C NMR (151 MHz, CDCl3) δ 167.69, 167.65, 167.60, 167.28, 164.24,
156.64, 156.07, 139.38, 139.00, 138.67, 138.45, 138.39, 138.33, 138.28, 138.17, 138.06, 137.84,
137.79, 137.31, 137.23, 136.79, 136.70, 133.44, 133.33, 132.83, 131.42, 131.35, 131.12, 129.74,
129.34, 128.69, 128.53, 128.44, 128.36, 128.26, 128.20, 128.18, 128.15, 128.14, 128.11, 128.09,
128.04, 128.01, 127.92, 127.84, 127.80, 127.74, 127.72, 127.64, 127.62, 127.59, 127.52, 127.49,
127.45, 127.38, 127.29, 127.26, 127.07, 126.97, 126.90, 126.64, 126.38, 123.30, 122.98, 122.95,
122.59, 104.16, 103.39, 102.25, 101.64, 99.74, 99.42, 83.31, 82.83, 81.99, 81.95, 81.89, 81.50,
80.31, 78.60, 76.63, 75.90, 75.44, 75.27, 74.87, 74.80, 74.59, 74.55, 74.43, 73.97, 73.81, 73.46,
73.44, 73.41, 73.32, 73.09, 72.96, 72.83, 72.63, 72.44, 72.34, 71.13, 70.95, 69.53, 69.46, 69.18,
68.99, 68.89, 68.40, 68.36, 68.28, 67.58, 67.06, 56.40, 56.01, 50.46, 50.14, 47.09, 46.13, 29.31,
29.27, 29.22, 27.85, 27.44, 23.29, 23.24. HRMS (ESI): [M + 2NH4]2+ C170H181N5O36

2+ m/z
calcd. 1434.12, found 1434.13. The data are consistent with those reported previously [27].

3.1.6. Synthesis of Compound 2

4 Å MS (1.5 g) was baked at high temperature and cooled under vacuum, then was
added to a 25 mL quartz three-necked reaction flask. Under Ar protection, donor 7 (30.0 mg,
54.1 μmol) was added. Umemoto’s reagent (64.0 mg, 0.16 mmol) and Cu(OTf)2 (59.0 mg,
0.16 mmol) were dissolved or suspended in anhydrous CH2Cl2 (7.0 mL) under ultrasound
and then added via syringe. The reaction mixture was stirred for 5 min and then cooled
to −50 ◦C. The reaction flask was exposed to UV irradiation for 4 min. The removal of
UV irradiation was followed by the addition of a solution of the acceptor 3-2 (13.0 mg,
5.4 μmol) and TTBP (20.0 mg, 81.1 μmol) in CH2Cl2 (2.0 mL) via syringe. The reaction
mixture was stirred and slowly warmed to room temperature in 2.5 h, and then quenched
by Et3N (0.1 mL). The mixture was filtered and the filtrate was concentrated under reduced
pressure. The residue was purified by column chromatography on silica gel (petroleum
ether: ethyl acetate = 2:1, v/v) to afford 2 as a white solid (36.0 mg, 90% yield).

[α]25
D −5.21 (c 0.37, CHCl3); 1H NMR (600 MHz, CDCl3) δ 8.05 (d, J = 7.2 Hz, 2H), 7.83

(d, J = 7.5 Hz, 2H), 7.72 (t, J = 7.8 Hz, 5H), 7.62–7.57 (m, 4H), 7.54–7.43 (m, 9H), 7.36–7.03 (m,
96H), 7.00–6.94 (m, 5H), 6.83–6.82 (m, 2H), 6.76–6.70 (m, 4H), 6.54 (d, J = 7.0 Hz, 2H), 6.45 (d,
J = 7.5 Hz, 2H), 5.70 (d, J = 2.3 Hz, 1H), 5.67 (d, J = 3.8 Hz, 1H), 5.64–5.63 (m, 2H), 5.29 (dd,
J = 8.7, 8.0 Hz, 1H), 5.19 (d, J = 8.5 Hz, 1H), 5.13 (d, J = 6.5 Hz, 2H), 5.07-5.00 (m, 4H), 4.95 (dd,
J = 13.2, 6.5 Hz, 1H), 4.85–4.48 (m, 28H), 4.45–4.28 (m, 10H), 4.25–4.05 (m, 15H), 4.03–3.94
(m, 6H), 3.91–3.88 (m, 2H), 3.84–3.69 (m, 7H), 3.57–3.19 (m, 23H), 3.11 (d, J = 9.5 Hz, 2H),
2.86–2.84 (m, 1H), 1.54–1.44 (m, 4H), 1.27 (d, J = 6.5 Hz, 3H), 1.11 (d, J = 6.5 Hz, 3H), 0.98 (d,
J = 6.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ 168.33, 168.31,166.73, 166.69, 166.52, 165.91,
163.92, 156.66, 156.10, 139.36, 138.99, 138.69, 138.44, 138.41, 138.32, 138.23, 138.15, 138.09,
138.05, 137.99, 137.91, 137.88, 137.83, 137.61, 137.54, 137.33, 136.84, 136.75, 133.56, 133.07,
132.88, 132.44, 132.32, 131.68, 131.04, 130.53, 130.25, 130.20, 129.96, 129.94, 129.86, 129.74,
129.72, 129.48, 129.39, 128.55, 128.53, 128.47, 128.43, 128.38, 128.35, 128.33, 128.21, 128.20,
128.15, 128.12, 128.06, 128.02, 127.99, 127.94, 127.87, 127.86, 127.82, 127.78, 127.77, 127.74,
127.69, 127.67, 127.64, 127.60, 127.54, 127.50, 127.46, 127.43, 127.37, 127.32, 127.29, 127.27,
127.24, 127.18, 127.13, 127.00, 126.99, 126.92, 126.90, 126.86, 126.70, 126.22, 126.14, 123.26,
103.45, 102.59, 100.12, 99.93, 99.91, 99.59, 98.41, 98.20, 97.92, 83.90, 82.86, 81.81, 81.54, 80.05,
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78.30, 77.42, 76.68, 76.06, 75.95, 75.81, 75.37, 74.98, 74.85, 74.62, 74.21, 74.11, 73.92, 73.72,
73.65, 73.52, 73.32, 73.23, 73.15, 73.12, 72.91, 72.87, 72.84, 72.76, 72.58, 72.50, 72.47, 71.98,
71.75, 71.71, 71.60, 71.56, 71.48, 71.23, 71.17, 71.08, 71.01, 69.63, 69.49, 68.21, 68.02, 67.74,
67.61, 67.59, 67.09, 65.27, 65.23, 65.22, 56.93, 56.76, 50.50, 50.19, 47.12, 46.16, 29.33, 27.88,
27.48, 23.31, 15.94, 15.85, 15.43. HRMS (ESI): [M + 2NH4]2+ C251H259N5O51

2+ m/z calcd.
2079.39, found 2079.39. The data are consistent with those reported previously [27].

3.1.7. Synthesis of CRM197 Glycoconjugates

Compound 8 (20 mg) was dissolved in DMF (150 μL) in a micro-centrifuge tube,
and then triethylamine (8–10 μL) was added. The color of the solution turned yellow.
Nonasaccharide (3 mg) was dissolved in DMF (150 μL) in a micro-centrifuge tube, and
then it was slowly added to the solution of compound 8. The micro-centrifuge tube was
washed for dissolving the nonasaccharide with DMF (100 μL), and then it was also added
to the reaction mixture and mixed well. The reaction mixture was stirred for 4 h at room
temperature. The reaction solution was transferred to a micro-thick-walled reaction vial,
and then it was concentrated under reduced pressure and further dried under vacuum.
After that, the residue was dissolved in water, and it was washed with CH2Cl2. The
aqueous phase was evaporated at room temperature. The residue was dissolved in 0.01
M PBS buffer (600 μL, pH 7.6), and a 0.01 M PBS solution of protein CRM197 (400 μL,
10 mg/mL) was added. Then, the solution was rotated at room temperature without
mechanical stirring for 24 h. After that, the solution was centrifuged (4 ◦C, 12,000 g) with an
ultrafiltration centrifuge tube (Millipore®, 0.5 mL, 30 kD) for 5 min and washed three times
with ultrapure water. The remaining samples in the ultrafiltration centrifuge tube were
diluted and taken out to obtain an aqueous solution containing CRM197 glycoconjugates.

3.1.8. Synthesis of BSA Glycoconjugates

Compound 8 (10 mg) was dissolved in DMF (100 μL) in a micro-centrifuge tube,
and then triethylamine (8–10 μL) was added. The color of the solution turned yellow.
Nonasaccharide (1.5 mg) was dissolved in DMF (60 μL) in a micro-centrifuge tube, and
then it was slowly added to the solution of compound 8. The micro-centrifuge tube was
washed for dissolving the nonasaccharide with DMF (60 μL), and then it was also added
to the reaction mixture and mixed well. The reaction mixture was stirred for 4 h at room
temperature. The reaction solution was transferred to a micro-thick-walled reaction vial,
and then it was concentrated under reduced pressure and further dried under vacuum.
After that, the residue was dissolved in water, and it was washed with CH2Cl2. The
aqueous phase was evaporated at room temperature. The residue was dissolved in 0.01 M
PBS buffer (300 μL, pH 7.6), and a 0.01 M PBS solution of protein BSA (200 μL, 10 mg/mL)
was added. Then, the solution was rotated at room temperature without mechanical stirring
for 24 h. After that, the solution was centrifuged (4 ◦C, 12,000 g) with an ultrafiltration
centrifuge tube (Millipore®, 0.5 mL, 30 kD) for 5 min, and it was washed three times with
ultrapure water. The remaining samples in the ultrafiltration centrifuge tube were diluted
and taken out to obtain an aqueous solution containing BSA glycoconjugates.

3.2. Immunization of Mice

Groups of six mice (female pathogen-free BALB/c, age 6–8 weeks, Number, SCXKjing
2016-0010, from the Department of Laboratory Animal Science, Peking University Health
Science Center) were immunized four times at a two-week interval with unmodified
KH-1-CRM197 or modified glycoconjugates (KH-1-DF-CRM197 and KH-1-TF-CRM197)
(each containing 2 μg of carbohydrate in PBS, which was the diluent of the mother liquor
mentioned in Table 1). Each vaccination was conducted through a subcutaneous (s.c.)
injection with a mixture of the adjuvant (first with Freund’s complete adjuvant and then
Freund’s incomplete adjuvant, Sigma). The mice were bled via the tail vein 1 day before the
first vaccination, 13 days after the third vaccination, and 14 days after the fourth vaccination.
Blood was clotted to obtain sera, which were stored at −80 ◦C. On day 56, the mice were
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euthanized for a series of analyses described below. The animals used in this study were
well cared for, and the experiments were approved by the Peking University Health Science
Center (LA2017096).

3.3. Serological Assays

The antigen-specific antibody titers of the sera were assessed using ELISA. An ELISA
plate was coated with 100 μL of KH-1-BSA (including 0.02 μg of carbohydrate) overnight
at 4 ◦C (0.1 M bicarbonate buffer, pH = 9.6). After being washed three times with PBST
(0.05% Tween-20 in PBS), micro-wells were blocked with 3% BSA (200 μL/well). The
original serum was serially diluted with 1% BSA. After the plate was washed, the serially
diluted sera were added to the micro-wells (100 μL/well) and incubated for 1 h at 37 ◦C.
For the IgG subclass assay, diluted sera (1:1000, from 13 days after the third vaccination)
were added instead. Then, the plate was washed and incubated with a 1:5000 dilution of
horseradish-peroxidase-conjugated goat anti-mouse IgG, IgG1, IgG2a, IgG2b, IgG3, or IgM
(Southern Biotechnology Associates, Inc., Birmingham, AL, USA) for 1 h at 37 ◦C. Finally,
the o-phenylenediamine (OPD) substrate was added to the plate in the dark for 15 min; the
reaction was terminated by 1 M H2SO4 and then read at 490 nm. The antibody titer was
defined as the highest dilution showing an absorbance of 0.1, after subtracting background.
Meanwhile, the anti-modified-KH-1 antibody titers (sera from 14 days after the fourth
vaccination) were determined using ELISA, with the plate coated by the corresponding
modified KH-1-BSA conjugates instead.

3.4. Flow Cytometry

The binding of antisera to MCF-7 human breast cancer cells that highly expressed
native KH-1 was tested through flow cytometry. Firstly, MCF-7 cells (5 × 105 cells/well)
were washed in PBS with a 3% fetal bovine serum and incubated with a test serum (25 μL,
finally diluted 1/20, from preimmunization and 14 days after the fourth vaccination) for
30 min on ice. Then, a goat anti-mouse IgG antibody labeled with AF405 (100 μL, diluted
1/500) was added and incubated at room temperature for 30 min. The MFI of the stained
cells was analyzed using a FACScan (Becton Dickinson).

3.5. Complement-Dependent Cytotoxicity (CDC) Assay

CDC was assayed on MCF-7 cells that highly expressed the KH-1 antigen with a non-
radioactive cytotoxicity assay kit (Promega). MCF-7 cells (25 μL, 1 × 104 cells/well) were
seeded into 96-well plates (Corning). Diluted sera (from preimmunization and 14 days after
the fourth vaccination) were added and incubated at 37 ◦C for 2 h (the final concentration
of sera was 1:20). After washing the cells twice, a rabbit complement (1:20) was added to
the cells and incubated at 37 ◦C for another 4 h. After centrifugation, the cell supernatants
(50 μL/well) were isolated and transferred to another 96-well plate. LDH assay reagents
(50 μL/well) were added and incubated at room temperature protected from light for
30 min, and then a stop solution (1 M H2SO4, 50 μL/well) was added to each well of the
plate. The absorptions of these plates were read at 490 nm wavelength using a microplate
reader. The assays were performed in triplicate. The percentage of cell lysis was calculated
according to the following formula:

Cell lysis(%) =
Experimental − Target Spontaneous

Target Maxium − Target Spontaneous
× 100% (1)

4. Conclusions

In conclusion, a native KH-1 antigen and two fluorine-modified KH-1 antigens were
designed and synthesized, and the antigens were conjugated with the CRM197 protein
for vaccination. The results showed that fluoro-modifications on the KH-1 antigen, espe-
cially KH-1-TF, significantly enhanced the immunogenicity of the KH-1 antigen. KH-1-TF-
CRM197 elicited higher titers of anti-KH-1 IgG and IgM antibodies than the unmodified
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KH-1-CRM197. The IgG antibody elicited by KH-1-TF-CRM197 showed a stronger CDC ef-
fect than that of KH-1-CRM197 to KH-1-positive tumor cells. Moreover, KH-1-TF-CRM197
elicited a mixed Th1/Th2 response, which is helpful for eliminating tumor cells. These
results are encouraging because they lay a foundation for improving the efficacy of KH-1
conjugate and prove the feasibility of the fluorine modification strategy for the develop-
ment of carbohydrate-based antitumor vaccines, thus holding potential for effective cancer
immunotherapy.
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Abstract: Herein, we present a mild strategy for deprotecting cyclic sulfamidates via the Kukhtin–
Ramirez reaction to access amino sugars. The method features the removal of the sulfonic group of
cyclic sulfamidates, which occurs through an N-H insertion reaction that implicates the Kukhtin–
Ramirez adducts, followed by a base-promoted reductive N-S bond cleavage. The mild reaction
conditions of the protocol enable the formation of amino alcohols including analogs that bear multiple
functional groups.

Keywords: amino alcohols; 3-aminosugars; sulfamidates; deprotection; Kukhtin–Ramirez reaction

1. Introduction

Amino alcohols are important skeletons which are widely distributed in pharmaceuti-
cals and biologically active natural products (Figure 1a) [1–3]. Amino alcohols also play im-
portant roles in organic synthesis as synthons, ligands, auxiliaries, and chiral catalysts [4–8].
This significance has inspired tremendous efforts to devise elegant synthetic methods for the
construction of amino alcohols [9–15]. Among them, the utility of sulfamate esters [16–21]
as precursors of amino groups to form cyclic sulfamidate [22–25] via substitution [26,27],
condensation [28–30], C-H amination [31–34], C-H aziridination [35], etc. [36–38], has been
well established. This has emerged as one of the most prominent methods to produce amino
alcohols, due to the ready availability of the materials, the high efficiency of transformations,
as well as the well-controlled regioselectivity and stereoselectivity (Figure 1b).

3-Amino deoxy sugars represent a special type of amino alcohols found in many
carbohydrate-based antibiotics [39,40]. This strategy has also been incorporated into
our study to prepare various 3-amino deoxy sugars (Figure 1c) [41–43]. However, the
subsequent removal of the SO2 group of the cyclic sulfamidate to deliver free amino
alcohols presented a notable challenge. Conventional deprotection methods employ strong
reducing reagents such as LiAlH4, AlH3, and so on [30,44]. Apparently, the functional group
tolerance is largely hampered by these conditions, wherein esters, ketones, aldehydes, and
so on must be avoided altogether. Another common deprotection method is hydrolysis
under acidic or alkaline conditions, but epimerization is always encountered for secondary
alcohols [26,45]. To address these limitations and, more importantly, to gain expedite access
to diversified 3-amino sugars, we have developed a new deprotection method for the SO2
group of sulfamidates under mild conditions.
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Figure 1. Representative drugs containing amino alcohol motifs and established approaches to
synthesizing amino alcohols.

2. Results and Discussion

Our reaction design was inspired by a three-decade-old reaction known as the Kukhtin–
Ramirez reaction, which was independently discovered by Kukhtin [46] and Ramirez [47,48].
In this reaction, the redox condensation of a 1,2-dicarbonyl compound with a trivalent
phosphorus derivative produces a pentacoordinate dioxaphospholene Ia, which exists in
equilibrium with a tetracoordinate oxyphosphonium enolate Ib (Scheme 1a). Due to their
unique properties, these species that are known as the Kukhtin–Ramirez adducts have
been well explored in X-H insertion [49–52], reductive addition [53], cycloaddition [54–56],
etc. [57–60]. Very recently, Fier et al. described an ingenious solution to degrade sec-
ondary sulfonamides into the corresponding sulfinates by virtue of the Kukhtin–Ramirez
adducts [61]. This chemistry involves the addition of sulfonamides onto the Kukhtin–
Ramirez adducts to form an N-H insertion intermediate II, which undergoes further
degradation through a base-promoted reductive cleavage of the N-S bond (Scheme 1b).
This unprecedented example of the cleavage of a strong sulfonamide S-N bond led us to
envision a similar protocol that might be amenable to cleave the sulfamidate S-N bond
to deliver an intermediate (V) containing both sulfinate and imine functionalities. The
corresponding amino alcohol would be revealed upon hydrolysis (Scheme 1c).

With this idea in mind, our investigation commenced with the deprotection of dis-
accharide 1a as the model reaction. The requisite cyclic sulfamidate 1a used in this study
was prepared with the application of the corresponding glycals as starting materials [43].
Initially, disaccharide 1a was subjected to the Kukhtin–Ramirez intermediate formed from
ethyl benzoylformate and tris(dimethylamino)phosphorus (Table 1, entry 1). To our delight,
the N-H insertion reaction proceeded smoothly to generate N-sulfonyl phenylglycine ester
3a in 95% yield, which set the stage for the deprotection reaction. Subsequently, BTMG
was added into the system as a base to facilitate the S-N bond cleavage (Table 1, entry 2).
As expected, the S-N bond was efficiently cleaved with the removal of the SO2 group, but
imino ester 4a was obtained in 79% yield instead of the target free amino alcohols 2a. This
indicated the occurrence of intramolecular esterification prior to the hydrolysis. To avoid
this competing reaction, the second step was carried out in an aqueous solution of THF
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(THF:H2O, 1:1). Following this modification, the desired free amino sugar 2a was obtained
in 88% yield. Other than BTMG, DBU and KOH could also yield the target product in
86% and 80% yields, respectively. However, weak bases such as K2CO3 and Et3N lead
to dramatic decreases in yield. Interestingly, the basic anion exchange resin Ambersep®

900 (OH) could cleave the S-N bond effectively. This could simplify the product isolation,
although the yield of 2a would be slightly compromised. Considering the product isolation
convenience and the price of the reagent (especially in large-scale preparations), DBU was
selected as the base. In principle, the 1,2-dicarbonyl entity could be fully recovered, but
the ethyl benzoylformate used in this reaction was hydrolyzed under the strong basic
conditions. Several other 1,2-dicarbonyl reagents [62–64] were subsequently examined to
circumvent this process. Unfortunately, none of the examined reagents could promote the
preceding N-H insertion reaction (see the SI for the screening of 1,2-dicarbonyl compounds).

Scheme 1. Application of Kukhtin–Ramirez reaction [61].

Table 1. Reaction development.
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Table 1. Cont.

Entry Variation from Standard Conditions Yield a

1 Step 1 only 3a, 95%
2 Without H2O 4a, 79%
3 Standard conditions 2a, 88%
4 DBU instead of BTMG 2a, 86%
5 KOH instead of BTMG 2a, 80%
6 K2CO3 instead of BTMG 2a, 16%
7 Et3N instead of BTMG 2a, trace

8 Ambersep® 900 (OH) instead of
BTMG

2a, 80%

a Yield of isolated product.

With the optimized conditions in place, we then surveyed the scope and limitations of
the method, especially in attaining our ultimate goal to prepare 3-aminosugars (Scheme 2).
After examining a series of 3-aminosugars, it could be concluded that: (1) The glycosidic
bonds (including both O- and C-analogs) were left intact and the optical purities of the
α- and β-glycosidic bonds were not eroded at all. (2) All D- and L-sugars of the 3,5-cis or
3,5-trans configuration could undertake the transformation smoothly to produce the cis
amino sugars in good yields. (3) Acid-labile groups such as benzylidine acetals (2b, 2i), iso-
propylidene ketals (2c, 2d), and other ketals (2f) as well as alkenes (2e) were well tolerated.
(4) Functional groups that are generally sensitive to reductive conditions such as esters
(2e), ketones (2m), and iodine (2i) endured the established conditions. However, it is worth
mentioning that the ester group was hydrolyzed under the strong basic conditions, with
the exception of an α,β-unsaturated ester that could furnish 2e in good yield. (5) The latent
glycosyl donors SPTB ((S-2-(2-propylthio)benzyl, 2b) and OPTB (O-2-(2-propylthio)benzyl,
2c) featured in the interrupted Pummer reaction mediated (IPRm) glycosylations were well
compatible [65–69], and could be transformed into the corresponding active SPSB/OPSB
glycosyl donors via oxidation, indicating the potential for the further elongation of the
sugar chain.

 

Scheme 2. Substrate scope a. a Yield of isolated product. b c = 0.05 M.
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To verify the general synthetic utility of this protocol, we sought to merge the well-
defined alcohol-induced amination reactions [31–34] with this deprotection protocol to mod-
ify naturally occurring or biologically important alcohols by introducing amino groups at
nearby positions (Scheme 3). As an example, cholesterol was subjected to in-situ-generated
sulfamoyl chloride [16,18], followed by Rh-catalyzed C-H amination conditions [32]. This
sequence produced the five-membered cyclic sulfamidate 6a in 38% yield. Subsequently,
the application of the optimized deprotection conditions gave rise to the β-amino alcohol
analog of cholesterol 7a in 70% yield. The implementation of a similar protocol for the
synthetic modification of indole-3-propanol also successfully introduced the amino group
at the γ-position. To further showcase the applicability, a 1 mmol scale reaction of 6b was
performed under the optimized conditions. The desired amino alcohol 7b was obtained in
a comparable yield (82%).

Scheme 3. Amino alcohol synthesis through cyclic sulfamidate.

3. Experimental Section

3.1. General

All the commercially available chemicals were purchased from Alfa, Innochem, and
Adamas and used without further purification. The solvents for the reactions were dried
on an Innovative Technologies Pure Solv400 solvent purifier. All the reactions were moni-
tored using thin-layer chromatography over silica-gel-coated TLC plates (Yantai Chemical
Industry Research Institute). The spots on the TLC were visualized by warming 10%
H2SO4-(10% H2SO4 in ethanol) or 10% phosphomolybdic-acid (10% phosphomolybdic acid
in ethanol) -sprayed plates on a hot plate. Column chromatography was performed using
silica gel (Qingdao Marine Chemical Inc., Qingdao, China). NMR spectra were recorded
with a Bruker AM-400 spectrometer (400 MHz) or Bruker Ascend TM-600 spectrometer
(600 MHz). The 1H and 13C NMR chemical shifts were referenced against the solvent or
solvent impurity peaks for CDCl3 at δH 7.24 and δC 77.23, for CD2Cl2 at δH 5.32 and δC
53.80, and for DMSO-d6 at δH 2.50 and δC 39.52 ppm, respectively. Optical rotations were
measured at 25 ◦C with a Rudolph Autopol IV automatic polarimeter using a quartz cell
with a 2 mL capacity and a 1 dm path length. Concentrations (c) are given in g/100 mL.
High-resolution mass spectra were recorded with a Bruker micrOTOF II spectrometer using
electrospray ionization (ESI). The copies of 1H and 13C NMR spectra of the new compounds
are provided in the Supplementary Material.

3.2. Procedures for Compound 3a and 4a

3.2.1. Procedures for Compound 3a

Ethyl 2-((3aS,4S,6R,7aS)-4-methyl-2,2-dioxido-6-(((2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-
6-methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydropyrano [4,3-d][1,2,3]oxathiazol-1(4H)-
yl)-2-phenylacsetate (3a).
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To a solution of 1a (20.0 mg, 0.031 mmol) in THF (0.31 mL, C = 0.1 M), Ph(CO)CO2Et
(5.3 μL, 0.034 mmol) and P(NMe2)3 (6.7 μL, 0.037 mmol) were added sequentially. After
stirring for 45 min at room temperature, the mixture was concentrated and purified using
silica gel chromatography to obtain 3a (23.8 mg, 95%) as a colorless syrup. The major
isomer: Rf = 0.71 (petroleum ether-EtOAc 2:1). [α]25

D −19.6 (c, 1.34 in CHCl3). The readings
for 1H NMR spectra (400 MHz, CDCl3) were δ 7.37–7.25 (m, 18H, Ar-H), 7.14 (dd, J = 7.6,
2.8 Hz, 2H, Ar-H), 5.28 (s, 1H, CH), 4.98–4.95 (m, 2H, PhCH2, H-4′), 4.78 (d, J = 11.2 Hz,
3H, PhCH2), 4.66 (d, J = 12.0 Hz, 1H, PhCH2), 4.53 (d, J = 3.6 Hz, 2H, H-1, H-1′), 4.36–4.21
(m, 4H, CH2, PhCH2, H-3′), 4.02 (dq, J = 6.4, 1.6 Hz, 1H, H-5′), 3.93 (t, J = 9.2 Hz, 1H, H-3),
3.66 (d, J = 11.6 Hz, 1H, H-6a), 3.61 (dd, J = 10.4, 5.2 Hz, 1H, H-5), 3.46 (dd, J = 9.6, 3.6 Hz,
1H, H-2), 3.30 (dd, J = 10.8, 5.6 Hz, 1H, H-6b), 3.26–3.21 (m, 4H, H-4, OMe), 1.77–1.69
(m, 1H, H-2′a), 1.29–1.25 (m, 6H, H-6′, Me), and 1.05 (dd, J = 13.2, 6.4 Hz, 1H, H-2′b).
The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ 170.8, 138.9, 138.3, 133.6,
129.4, 129.3, 128.7, 128.6, 128.3, 128.2, 128.2, 128.0, 127.9, 127.9, 98.0, 96.8, 82.3, 81.5, 80.3,
78.1, 76.0, 75.2, 73.6, 70.1, 66.8, 62.7, 62.2, 61.2, 55.1, 53.0, 32.4, 16.8, and 14.2. The HRMS
calculation for C44H51NO12S was [M + Na]+: 840.3024, found: 840.3041. The minor isomer:
Rf = 0.58 (petroleum ether-EtOAc 2:1). [α]25

D −43.8 (c, 1.17 in CHCl3). The readings for the
1H NMR spectra (400 MHz, CDCl3) were δ 7.44–7.42 (m, 2H, Ar-H), 7.36–7.26 (m, 16H,
Ar-H), 7.21–7.18 (m, 2H, Ar-H), 5.15 (s, 1H, CH), 4.97 (d, J = 10.8 Hz, 1H, PhCH2), 4.82 (d,
J = 10.8 Hz, 1H, PhCH2), 4.80–4.75 (m, 3H, PhCH2, H-1′), 4.65 (d, J = 12.4 Hz, 1H, PhCH2),
4.51 (d, J = 3.6 Hz, 1H, H-1), 4.41 (d, J = 11.2 Hz, PhCH2), 4.26 (dd, J = 4.0, 1.2 Hz, 1H, H-4′),
4.23–4.12 (m, 2H, CH2), 3.92 (t, J = 9.2 Hz, 1H, H-3), 3.86 (qd, J = 6.4, 1.6 Hz, 1H, H-5′), 3.76
(ddd, J = 11.2, 6.4, 4.4 Hz, 1H, H-3′), 3.68 (dd, J = 10.4, 0.8 Hz, 1H, H-6a), 3.61 (dd, J = 10.4,
5.6 Hz, 1H, H-5), 3.41 (dd, J = 9.6, 3.2 Hz, 1H, H-2), 3.38 (dd, J = 10.8, 6.0 Hz, 1H, H-6b),
3.26 (t, J = 9.2 Hz, 1H, H-4), 3.23 (s, 3H, OMe), 2.23–2.16 (m, 1H, H-2′a), 1.98 (dd, J = 14.0,
6.4 Hz, 1H, H-2′b), and 1.22–1.18 (m, 6H, H-6′, Me). The readings for the 13C NMR spectra
(100 MHz, CDCl3) were δ 168.9, 138.9, 138.3, 138.2, 133.3, 129.9, 129.3, 129.1, 128.7, 128.7,
128.6, 128.3, 128.2, 128.1, 128.0, 127.9, 98.0, 96.8, 82.3, 80.3, 80.2, 78.0, 76.0, 75.3, 73.5, 70.1,
66.6, 64.0, 62.6, 62.3, 55.2, 54.3, 30.8, 16.8, and 14.1. The HRMS calculation for C44H51NO12S
was [M + Na]+: 840.3024, found: 840.3051.

3.2.2. Procedures for Compound 4a

(4aS,5S,7R,8aS)-5-methyl-2-phenyl-7-(((2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-
methoxytetrahydro-2H-pyran-2-yl)methoxy)-4a,7,8,8a-tetrahydropyrano [3,4-b][1,4]oxazin-
3(5H)-one (4a).

To a solution of 1a (20.0 mg, 0.031 mmol) in THF (0.31 mL, C = 0.1 M), Ph(CO)CO2Et
(5.3 μL, 0.034 mmol) and P(NMe2)3 (6.7 μL, 0.037 mmol) were added sequentially. After
stirring for 45 min at room temperature, BTMG was added, and the mixture was stirred for
4 h at 65 ◦C. The mixture was concentrated and purified using silica gel chromatography
to obtain 4a (17.0 mg, 79%) as a white solid. Rf = 0.61 (petroleum ether-EtOAc 2:1), m.p.
159–160 ◦C. [α]25

D −128.3 (c, 1.36 in CHCl3). The readings for the 1H NMR spectra (400 MHz,
CDCl3) were δ 7.95–7.82 (m, 2H, Ar-H), 7.47–7.26 (m, 18H, Ar-H), 5.00 (d, J = 11.2 Hz, 1H,
PhCH2), 4.90 (d, J = 11.2 Hz, 1H, PhCH2), 4.84–4.77 (m, 3H, PhCH2, H-1), 4.66 (d, J = 12.0 Hz,
1H, PhCH2), 4.58 (d, J = 3.6 Hz, 1H, H-1′), 4.56 (d, J = 11.2 Hz, PhCH2), 4.52 (ddd, J = 10.8,
4.8, 3.2 Hz, 1H, H-3′), 4.29 (d, J = 1.6 Hz, 1H, H-4′), 4.07 (q, J = 6.4 Hz, 1H, H-5′), 4.01 (t,
J = 9.2 Hz, 1H, H-3), 3.85 (dd, J = 10.8, 1.6 Hz, 1H, H-6a), 3.76 (ddd, J = 10.0, 4.8, 1.2 Hz,
1H, H-5), 3.55 (dd, J = 10.8, 5.2 Hz, 1H, H-6b), 3.52–3.46 (m, 2H, H-2, H-4), 3.38 (s, 3H,
OMe), 2.15 (dd, J = 13.2, 4.8 Hz, 1H, H-2′a), 1.42 (td, J = 12.8, 3.2 Hz, 1H, H-2′b), and 1.33
(d, J = 6.4 Hz, 3H, H-6′). The readings for the 13C NMR spectra (100 MHz, CDCl3) were
δ 158.8, 155.9, 138.9, 138.4, 138.4, 134.3, 131.4, 129.0, 128.7, 128.6, 128.5, 128.3, 128.2, 128.1,
127.8, 98.2, 96.7, 82.4, 80.3, 78.0, 75.9, 75.3, 75.0, 73.6, 70.2, 66.6, 63.6, 55.3, 51.5, 30.7, and 15.9.
The HRMS calculation for C42H45NO9 [M + Na]+: 730.2987, found: 730.2989.
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3.3. General Procedure for Deprotection and Characterization of the Products

To a solution of the substrate (1.0 equiv) in THF (C = 0.1 M), Ph(CO)CO2Et(1.1 equiv)
and P(NMe2)3 (1.2 equiv) were added sequentially. After stirring for 45 min at room
temperature, DBU (3.0 equiv relative to the starting substrate) and H2O (the amount
of water was equal to that of the THF) were added sequentially, and the mixture was
stirred for 4 h at 65 ◦C. The mixture was extracted with CH2Cl2 after removing the THF
by concentration. The organic layer was washed with saturated NaHCO3 and brine,
dried over Na2SO4, and concentrated in vacuo. The residue was purified with column
chromatography on silica gel (dichloromethane-methanol gradient elution, with 0.5% or
1% NH3·H2O) to obtain the desired product.

(2S,3S,4S,6R)-4-amino-2-methyl-6-(((2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-
methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydro-2H-pyran-3-ol (2a).

According to the General Procedure, 1a (20.0 mg, 0.031 mmol) was used to obtain
2a as a white solid in 86% yield. Rf = 0.43 (CH2Cl2-MeOH 10:1), m.p. 181–182 ◦C. [α]25

D
−29.6 (c, 0.45 in CHCl3).The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ
7.27–7.24 (m, 4H, Ar-H), 7.23–7.14 (m, 11H, Ar-H), 4.89 (d, J = 10.8 Hz, 1H, PhCH2), 4.78 (d,
J = 11.2 Hz, 1H, PhCH2), 4.71 (d, J = 10.8 Hz, 1H, PhCH2), 4.69 (d, J = 12.0 Hz, 1H, PhCH2),
4.64 (br s, 1H, H-1′), 4.56 (d, J = 12.0 Hz, PhCH2), 4.48 (d, J = 3.6 Hz, 1H, H-1), 4.44 (d,
J = 11.2 Hz, 1H, PhCH2), 3.89 (t, J = 9.2 Hz, 1H, H-3), 3.77 (q, J = 6.4 Hz, 1H, H-5′), 3.72 (dd,
J = 10.8, 1.6 Hz, 1H, H-6a), 3.65 (ddd, J = 10.0, 4.8, 1.2 Hz, 1H, H-5), 3.42–3.37 (m, 3H, H-2,
H-4, H-6b), 3.28–3.25 (m, 4H, H-4′, OMe), 3.15–3.08 (m, 1H, H-3′), 1.52 (dd, J = 9.2, 2.4 Hz,
2H, H-2′a, H-2′b), and 1.11 (d, J = 6.8 Hz, 3H, H-6′). The readings for the 13C NMR spectra
(100 MHz, CDCl3) were δ 138.9, 138.4, 138.4, 128.7, 128.6, 128.3, 128.2, 128.1, 128.0, 127.9,
98.1, 97.6, 82.3, 80.2, 78.1, 76.0, 75.2, 73.5, 71.1, 70.2, 66.3, 66.0, 55.3, 46.4, 32.8, and 17.1. The
HRMS calculation for C36H45NO9 was [M + Na]+: 658.2987, found: 658.3006.

(2S,3S,4S,6S)-4-amino-6-(((2R,4aR,6S,7R,8S,8aR)-8-(benzyloxy)-6-((2-(isopropylthio)
benzyl)thio)-2-phenylhexahydropyrano [3,2-d][1,3]dioxin-7-yl)oxy)-2-methyltetrahydro-
2H-pyran-3-ol (2b).

According to the General Procedure, 1b (20.0 mg, 0.027 mmol) was used to obtain 2b

as a white solid in 87% yield. Rf = 0.13 (CH2Cl2-MeOH 15:1), m.p. 57–58 ◦C. [α]25
D −121.5 (c,

0.61 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 7.46–7.41
(m, 3H, Ar-H), 7.36–7.34 (m, 3H, Ar-H), 7.30–7.25 (m, 6H, Ar-H), 7.21–7.14 (m, 2H, Ar-H),
5.54 (s, 1H, PhCHO2), 5.35 (d, J = 3.2 Hz, 1H, H-1′), 4.93 (d, J = 11.2 Hz, 1H, PhCH2), 4.60 (d,
J = 11.2 Hz, 1H, PhCH2), 4.36–4.31 (m, 3H, H-1), 4.14 (d, J = 13.2 Hz, 1H, PhCH2S), 4.01 (d,
J = 13.2 Hz, PhCH2S), 3.78–3.66 (m, 4H), 3.40–3.33 (m, 3H), 3.03 (d, J = 10.8 Hz, 1H), 1.61
(dd, J = 13.2, 4.0 Hz, 1H, H-2′a), 1.46–1.40 (m, 1H, H-2′b), 1.28–1.23 (m, 6H, (CH3)2CH), and
1.18 (d, J = 6.8 Hz, 3H, H-6′). The readings for the 13C NMR spectra (100 MHz, CDCl3) were
δ 139.7, 138.1, 137.3, 135.5, 132.8, 130.0, 129.0, 128.5, 128.3, 128.0, 127.8, 127.7, 126.8, 126.0,
101.2, 98.4, 84.1, 84.0, 81.8, 75.1, 71.2, 70.0, 68.8, 66.9, 46.3, 38.8, 33.1, 29.8, 23.3, 23.1, and 16.8.
The HRMS calculation for C36H45NO7S2 was [M + H]+: 668.2710, found: 668.2688.

(2S,3S,4S,6S)-4-amino-6-(((3aR,4R,6S,7S,7aR)-4-((2-(isopropylthio)benzyl)oxy)-2,2,6-
trimethyltetrahydro-4H-[1,3]dioxolo [4,5-c]pyran-7-yl)oxy)-2-methyltetrahydro-2H-pyran-
3-ol (2c).

According to the General Procedure, 1c (20.0 mg, 0.036 mmol) was used to obtain 2c

as a colorless syrup in 86% yield. Rf = 0.30 (CH2Cl2-MeOH 10:1). [α]25
D −93.9 (c, 1.20 in

CHCl3).The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 7.43 (dd, J = 8.0,
1.6 Hz, 1H, Ar-H), 7.39 (dd, J = 7.2, 1.6 Hz, 1H, Ar-H), 7.27–7.24 (m, 1H, Ar-H), 7.23–7.19
(m, 1H, Ar-H), 5.45 (d, J = 2.4 Hz, 1H, H-1′), 5.07 (s, 1H, H-1), 4.85 (d, J = 12.0 Hz, 1H,
PhCH2), 4.62 (d, J = 11.6 Hz, 1H, PhCH2), 4.19–4.15 (m, 1H), 4.12 (d, J = 5.2 Hz, 1H), 3.88
(q, J = 6.8 Hz, H-5′), 3.78–3.71 (m, 1H), 3.52 (dd, J = 10.0, 7.2 Hz, 1H, H-4), 3.40 (br s, 1H),
3.38–3.31 (m, 1H), 3.16 (br s, 1H), 1.73–1.61 (m, 4H, H-2′a, H-2′b, NH2), 1.52 (s, 3H, Me),
1.31 (s, 3H, Me), and 1.28–1.19 (m, 12H, H-6, H-6′, (CH3)2CH),. The readings for the 13C
NMR spectra (100 MHz, CDCl3) were δ 138.8, 135.4, 132.8, 129.5, 128.5, 127.1, 109.5, 96.8,
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95.6, 79.2, 76.5, 76.4, 71.4, 67.8, 66.5, 64.7, 46.5, 38.9, 33.1, 28.1, 26.7, 23.4, 23.3, 18.7, 18.2, and
17.2. The HRMS calculation for C25H39NO7S was [M + H]+: 498.2520, found: 498.2541.

(2S,3S,4S,6R)-4-amino-2-methyl-6-(((3aR,5R,5aS,8aS,8bR)-2,2,7,7-tetramethyltetrahydro-
5H-bis([1,3]dioxolo)[4,5-b:4′,5’-d]pyran-5-yl)methoxy)tetrahydro-2H-pyran-3-ol (2d).

According to the General Procedure, 1d (15.5 mg, 0.034 mmol) was used to obtain 2d

as a colorless syrup in 92% yield. Rf = 0.33 (CH2Cl2-MeOH 10:1). [α]25
D −99.5 (c, 1.17 in

CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 5.51 (d, J = 5.2 Hz,
1H, H-1), 4.88 (d, J = 2.8 Hz, 1H, H-1′), 4.58 (dd, J = 7.6, 2.4 Hz, 1H), 4.29 (dd, J = 5.2, 2.4 Hz,
1H), 4.21 (dd, J = 8.0, 1.6 Hz, 1H), 3.97–3.90 (m, 2H), 3.79 (dd, J = 10.0, 6.0 Hz, 1H), 3.54 (dd,
J = 10.0, 6.8 Hz, 1H), 3.38 (d, J = 2.4 Hz, 1H), 3.21 (d, J = 8.8 Hz, 1H), 1.72–1.59 (m, 4H, H-2′a,
H-2′b, NH2), 1.51 (s, 3H, Me), 1.42 (s, 3H, Me), 1.31 (s, 3H, Me), 1.30 (s, 3H, Me), and 1.23
(d, J = 6.4 Hz, 3H, H-6′). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ
109.5, 108.7, 97.3, 96.5, 71.5, 71.4, 70.9, 70.8, 67.0, 66.1, 65.6, 46.6, 33.0, 26.3, 26.2, 25.2, 24.8,
and 17.2. The HRMS calculation for C18H31NO8 was [M + H]+: 390.2122, found: 390.2138.

Ethyl (E)-3-(3-(((2S,4S,5S,6S)-4-amino-5-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)
oxy)phenyl)acrylate (2e).

According to the General Procedure, 1e (12.0 mg, 0.031 mmol) was used to obtain 2e

as a colorless syrup in 74% yield. Rf= 0.23 (CH2Cl2-MeOH 10:1). [α]25
D −110.9 (c, 0.60 in

CHCl3).The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 7.62 (d, J = 16.0 Hz,
1H, CH = CH), 7.27 (t, J = 7.6 Hz, 1H, Ar-H), 7.20 (br s, 1H, Ar-H), 7.14 (d, J = 7.6 Hz, 1H,
Ar-H), 7.07 (dd, J = 8.4, 1.6 Hz, 1H, Ar-H), 6.39 (d, J = 16.0 Hz, 1H, CH = CH), 5.60 (br s, 1H,
H-1), 4.24 (q, J = 7.2 Hz, 2H, CH2), 3.96 (q, J = 6.4 Hz, 1H, H-5), 3.48–3.44 (m, 2H, H-3, H-4),
1.86 (dd, J = 8.8, 2.4 Hz, 2H, H-2a, H-2b), 1.32 (t, J = 7.2 Hz, 3H, Me), and 1.22 (d, J = 6.8 Hz,
3H, H-6). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ 167.2, 157.5,
144.6, 136.1, 130.1, 121.9, 118.9, 118.4, 115.8, 96.1, 71.0, 67.2, 60.7, 46.4, 32.8, 17.2, and 14.5.
The HRMS calculation for C17H23NO5 was [M + H]+: 322.1649, found: 322.1676.

(2S,3S,4S,6R)-4-amino-2-methyl-6-(((4S,5’R,6aR,6bS,8aS,8bR,9S,10R,11aS,12aS,12bS) -
5’,6a,8a,9-tetramethyl-1,3,3’,4,4’,5,5’,6,6a,6b,6’,7,8,8a,8b,9,11a,12,12a,12b-icosahydrospiro
[naphtho[2’,1’:4,5]indeno [2,1-b]furan-10,2’-pyran]-4-yl)oxy)tetrahydro-2H-pyran-3-ol (2f).

According to the General Procedure, 1f (20.0 mg, 0.033 mmol) was used to obtain 2f as
a white solid in 76% yield. Rf= 0.32 (CH2Cl2-MeOH 10:1), m.p. 243–244 ◦C. [α]25

D −154.8
(c, 1.09 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 5.31
(d, J = 5.2 Hz, 1H, C = CH), 5.00 (d, J = 3.2 Hz, 1H, H-1), 4.38 (q, J = 7.2 Hz, 1H), 3.94 (q,
J = 6.4 Hz, 1H, H-5), 3.47–3.32 (m, 4H), 3.24 (d, J = 10.4 Hz, 1H), 2.32 (ddd, J = 13.2, 4.4, 1.6
Hz, 1H), 2.15 (td, J = 12.4, 2.4 Hz, 1H), 2.02–1.92 (m, 2H), 1.85–1.48 (m, 18H), 1.46–1.38 (m,
2H), 1.30–1.25 (m, 1H), 1.22 (d, J = 6.8 Hz, 3H, H-6), 1.17 (dd, J = 12.4, 4.4 Hz, 1H), 1.13–1.05
(m, 2H), 1.00 (s, 3H, Me), 0.96–0.89 (m, 4H), and 0.78–0.75 (m, 6H, Me). The readings for the
13C NMR spectra (100 MHz, CDCl3) were δ 140.9, 121.7, 109.5, 95.4, 81.0, 76.3, 71.5, 67.1,
66.1, 62.4, 56.7, 50.3, 46.6, 41.8, 40.5, 40.0, 38.9, 37.6, 37.1, 33.6, 32.3, 32.1, 31.7, 31.6, 30.5,
29.7, 29.0, 21.1, 19.6, 17.3, 17.2, 16.5, and 14.7. The HRMS calculation for C33H53NO5 was
[M + H]+: 544.3997, found: 544.4011.

(2S,3S,4S,6S)-4-amino-2-methyl-6-(((2R ,3R ,5R,6S)-3,4,5-tris(benzyloxy)-6-
methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydro-2H-pyran-3-ol (2g).

According to the General Procedure, 1g (20.0 mg, 0.031 mmol) was used to obtain
2g as a white solid in 72% yield. Rf = 0.13 (CH2Cl2-MeOH 15:1). The readings for the
1H NMR spectra (600 MHz, CDCl3) were δ 7.31–7.18 (m, 15H, Ar-H), 4.91 (d, J = 11.4 Hz,
1H, PhCH2), 4.79 (d, J =10.8 Hz, 1H, PhCH2), 4.78 (d, J = 10.8 Hz, 1H, PhCH2), 4.73 (d,
J = 12.0 Hz, 1H, PhCH2), 4.66 (d, J = 10.8 Hz, 1H, PhCH2), 4.60 (d, J = 12.6 Hz, 1H, PhCH2),
4.56 (d, J = 3.6 Hz, 1H, H-1), 4.40 (dd, J = 9.6, 1.8 Hz, 1H, H-1’), 4.10 (dd, J = 11.4, 3.6 Hz,
1H, H-6a), 3.92 (t, J = 9.6 Hz, 1H, H-3), 3.68–3.61 (m, 2H, H-5, H-6b), 3.54 (t, J = 9.6 Hz, 1H,
H-4), 3.47 (dd, J = 9.6, 3.6 Hz, 1H, H-2), 3.42 (q, J = 6.6 Hz, 1H, H-5’), 3.33 (d, J = 1.8 Hz, 1H,
H-4’), 3.30 (s, 3H, OMe), 2.97 (brs, 3H, NH2, OH), 2.92–2.87 (m, 1H, H-3’), 1.85–1.78 (m, 1H,
H-2’a), 1.51–1.43 (m, 1H, H-2’b), and 1.19 (d, J = 6.6 Hz, 3H, H-6’). The readings for the 13C
NMR spectra (150 MHz, CDCl3) were δ 139.0, 138.6, 138.4, 128.6, 128.6, 128.5, 128.3, 128.2,
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128.1, 128.0, 127.9, 127.7, 100.4, 98.3, 82.2, 80.1, 77.8, 75.9, 75.2, 73.6, 71.9, 70.1, 70.1, 66.9, 55.3,
50.6, 34.4, and 17.1.

(2S,3R,4R,6S)-4-amino-6-(((2R,3R,4S,5R,6S)-4,5-bis(benzyloxy)-2-((benzyloxy)methyl)-
6-methoxytetrahydro-2H-pran-3-yl)oxy)-2-methyltetrahydro-2H-pyran-3-ol (2h).

According to the General Procedure, 1h (21.0 mg, 0.032 mmol) was used to obtain
2h as a colorless syrup in 62% yield. Rf = 0.58 (CH2Cl2-MeOH 10:1). [α]25

D −15.0 (c, 0.56
in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 7.35–7.25 (m,
15H, Ar-H), 5.25 (d, J = 3.2 Hz, 1H, H-1’), 4.77 (d, J = 11.6 Hz, 2H, PhCH2), 4.69 (m, 2H,
PhCH2, H-1), 4.65 (d, J = 11.6 Hz, 1H, PhCH2), 4.56 (d, J = 11.6 Hz, 1H, PhCH2), 4.65 (d,
J = 11.6 Hz, 1H, PhCH2), 4.06 (d, J = 1.2 Hz, 1H, H-4), 3.92 (t, J = 10.0 Hz, 1H), 3.84 (qd,
J = 10.0, 2.8 Hz, 2H), 3.61–3.56 (m, 3H), 3.38 (s, 3H, OMe), 3.06 (dd, J = 9.2, 4.4 Hz, 1H),
3.00 (m, 1H), 2.06–2.03 (m, 1H, H-2’a), 1.79 (dt, J = 14.4, 4.4 Hz, 1H, H-2’b), and 1.18 (d,
J = 6.0 Hz, 3H, H-6’). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ 138.6,
138.5, 138.1, 128.7, 128.6, 128.6, 128.4, 128.0, 128.0, 127.8, 127.7, 99.0, 98.7, 78.9, 75.8, 74.8,
73.8, 73.5, 73.4, 71.0, 70.1, 69.6, 65.2, 55.6, 47.5, 36.4, and 18.2. The HRMS calculation for
C34H43NO8 was [M + H]+: 594.3061, found: 594.3078.

(2R,3R,4R,6R)-4-amino-6-(((2S,6S,7R,8R,8aS)-7-iodo-6-methoxy-2-phenylhexahydropyrano
[3,2-d][1,3]dioxin-8-yl)oxy)-2-methyltetrahydro-2-pyran-3-ol (2i).

According to the General Procedure, 1i (19.0 mg, 0.033 mmol) was used to obtain 2i as
a white solid in 79% yield. Rf = 0.36 (CH2Cl2-MeOH 10:1), m.p. 89–90 ◦C. [α]25

D +22.8 (c,
1.48 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 7.43–7.39
(m, 2H, Ar-H), 7.37–7.30 (m, 3H, Ar-H), 5.57 (s, 1H, PhCHO2), 5.18 (d, J = 3.2 Hz, 1H, H-1’),
5.05 (s, 1H, H-1), 4.36 (d, J = 4.4 Hz, 1H, H-2), 4.25 (dd, J = 9.6, 4.0 Hz, 1H, H-6a), 4.02–3.95
(m, 2H, H-4, H-5′), 3.90 (td, J = 10.0, 4.0 Hz, 1H, H-5), 3.84 (t, J = 10.0 Hz, 1H, H-6b), 3.48
(dd, J = 9.6, 4.4 Hz, 1H, H-3), 3.45 (br s, 1H, H-4’), 3.36 (s, 3H, OMe), 3.30 (ddd, J = 12.0, 4.8,
2.8 Hz, 1H, H-3’), 1.74 (dd, J = 13.2, 4.8 Hz, 1H, H-2’a), 1.65 (td, J = 12.4, 3.6 Hz, 1H, H-2’b),
and 1.25 (d, J = 6.8 Hz, 3H, H-6’). The readings for the 13C NMR spectra (100 MHz, CDCl3)
were δ 137.5, 129.2, 128.4, 126.2, 104.0, 101.8, 99.3, 80.8, 71.6, 70.9, 68.9, 67.4, 64.8, 55.3,
46.5, 35.2, 32.6, and 17.2. The HRMS calculation for C20H28INO7 was [M + H]+: 522.0983,
found: 522.0996.

(2R,3R,4R,6S)-4-amino-6-(((3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-
methylheptan-2-yl)-2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]
phenanthren-3-yl)oxy)-2-methyltetrahydro-2H-pyran-3-ol (2j).

According to the General Procedure, 1j (24.0 mg, 0.042 mmol) was used to obtain 2j as
a white solid in 81% yield. Rf = 0.26 (CH2Cl2-MeOH 10:1), m.p. 185–186 ◦C. [α]25

D +54.0
(c, 1.62 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 5.32 (d,
J = 4.8 Hz, 1H, C = CH), 4.99 (d, J = 3.2 Hz, 1H, H-1), 3.96 (q, J = 6.4 Hz, 1H, H-5), 3.44 (m,
1H,), 3.39 (d, J = 2.4 Hz, 1H, H-4), 3.25 (ddd, J = 11.6, 4.4, 2.8 Hz, 1H, H-3), 2.32–2.21 (m, 2H),
2.00–1.92 (m, 2H), 1.84–1.77 (m, 4H), 1.71–1.63 (m, 2H), 1.61–1.37 (m, 4H), 1.51–1.36 (m, 5H),
1.36–1.28 (m, 3H), 1.23 (d, J = 6.4 Hz, 4H, H-6), 1.20–0.99 (m, 8H), 0.98–0.92 (m, 5H), 0.89
(d, J = 6.4 Hz, 3H, Me), 0.85 (d, J = 1.6 Hz, 3H, Me), 0.83 (d, J =1.6 Hz, 3H, Me), and 0.65 (s,
3H, Me). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ 141.2, 121.9, 95.2,
76.3, 71.4, 66.1, 57.0, 56.4, 50.4, 46.6, 42.6, 40.4, 40.0, 39.7, 37.3, 37.0, 36.4, 36.0, 33.6, 32.2, 32.1,
28.4, 28.2, 28.1, 24.5, 24.1, 23.0, 22.8, 21.3, 19.6, 18.9, 17.2, and 12.1. The HRMS calculation
for C33H57NO3 was [M + H]+: 516.4411, found: 516.4422.

(2S,3S,4S,6S)-4-amino-6-(4-methoxynaphthalen-1-yl)-2-methyltetrahydro-2H-pyran-3-
ol (2k).

According to the General Procedure, 1k (20.0 mg, 0.057 mmol) was used to obtain
2k as a white solid in 78% yield. Rf = 0.29 (CH2Cl2-MeOH 10:1), m.p. 112–113 ◦C. [α]25

D
−86.6 (c, 0.56 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were
δ 8.28 (d, J = 8.0 Hz, 1H, Ar-H), 7.98 (d, J = 8.4 Hz, 1H, Ar-H), 7.53–7.43 (m, 3H, Ar-H),
6.76 (d, J = 8.0 Hz, 1H, Ar-H), 5.00 (d, J = 10.4 Hz, 1H, H-1), 3.97 (s, 3H, OMe), 3.82 (q,
J = 6.4 Hz, 1H, H-5), 3.52 (br s, 1H, H-4), 3.18 (d, J = 10.4 Hz, 1H, H-3), 1.96–1.84 (m, 2H,
H-2a, H-2b), and 1.39 (d, J = 6.4 Hz, 3H, H-6). The readings for the 13C NMR spectra
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(100 MHz, CDCl3) were δ 155.5, 131.8, 129.3, 126.8, 126.0, 125.1, 123.6, 123.3, 122.8, 103.3,
75.7, 75.6, 71.5, 55.7, 52.2, 35.7, and 17.9. The HRMS calculation for C17H21NO3 was [M +
H]+: 288.1594, found: 288.1597.

(2S,3S,4S,6S)-4-amino-6-(6-hydroxy-2,3,4-trimethoxyphenyl)-2-methyltetrahydro-2H-
pyran-3-ol (2l).

According to the General Procedure, 1l (20.0 mg, 0.053 mmol) was used to obtain 2l as
a white solid in 77% yield. Rf = 0.24 (CH2Cl2-MeOH 10:1), m.p. 178–179 ◦C. [α]25

D −71.0
(c, 0.67 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 6.23 (s,
1H, Ar-H), 4.90 (dd, J = 11.6, 2.8 Hz, 1H, H-1), 3.86 (s, 3H, OMe), 3.78 (s, 3H, OMe), 3.74 (s,
3H, OMe), 3.65 (q, J = 6.4 Hz, 1H, H-5), 3.45 (d, J = 2.4 Hz, 1H, H-4), 3.16 (d, J = 10.4 Hz,
1H, H-3), 1.89 (q, J = 12.0 Hz, 1H, H-2a), 1.61 (dq, J = 13.2, 3.2 Hz, 1H, H-2b), and 1.36 (d,
J = 6.4 Hz, 3H, H-6). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ 153.7,
152.4, 150.1, 135.1, 111.5, 97.3, 75.3, 73.6, 69.8, 61.5, 61.1, 56.1, 50.7, 33.9, and 17.8. The HRMS
calculation for C15H23NO6 was [M + H]+: 314.1598, found: 314.1625.

5-((2S,4S,5S,6S)-4-amino-5-hydroxy-6-methyltetrahydro-2H-pyran-2-yl)-9-hydroxy-8-
methoxy-3,4-dihydroanthracen-1(2H)-one (2m).

According to the General Procedure, 1m (15.0 mg, 0.035 mmol) was used to obtain
2m as a yellow solid in 91% yield. Rf = 0.27 (CH2Cl2-MeOH 10:1), m.p. 166–167 ◦C. [α]25

D
−154.0 (c, 0.82 in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were
δ 7.66 (d, J = 8.4 Hz, 1H, Ar-H), 7.11 (s, 1H, Ar-H), 6.77 (d, J = 8.4 Hz, 1H, Ar-H), 4.87 (d,
J = 10.4 Hz, 1H, H-1), 3.98 (s, 3H, OMe), 3.80 (q, J = 6.4 Hz, 1H, H-5), 3.52 (d, J = 2.0 Hz, 1H,
H-4), 3.18 (dt, J = 11.6, 3.6 Hz, 1H, H-3), 2.99 (t, J = 6.0 Hz, 2H, CH2), 2.74 (t, J = 6.4 Hz, 2H,
CH2), 2.13–2.06 (m, 2H, CH2), 1.91 (dd, J = 13.2, 2.4 Hz, 1H, H-2a), 1.81–1.72 (m, 3H, H-2b,
NH2), and 1.39 (d, J = 6.8 Hz, 3H, H-6). The readings for the 13C NMR spectra (100 MHz,
CDCl3) were δ 204.8, 166.5, 159.9, 139.5, 137.3, 129.1, 128.6, 115.5, 112.0, 111.8, 105.3, 75.7,
75.4, 71.4, 56.4, 52.1, 39.2, 35.6, 31.0, 23.0, and 17.9. The HRMS calculation for C21H25NO5
was [M + H]+: 372.1805, found: 372.1790.

(3S,4R,8S,9S,10R,13R,14S,17R)-4-amino-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-
2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-ol (7a).

To a solution of 6a (23.0 mg, 0.050 mmol, 1.0 equiv) in THF (0.5 mL), Ph(CO)CO2Et
(0.055 mmol, 1.1 equiv) and P(NMe2)3 (0.060 mmol, 1.2 equiv) were added sequentially.
After stirring for 45 min at room temperature, DBU (0.200 mmol, 4.0 equiv) and H2O
(0.5 mL) were added sequentially, and the mixture was stirred for 4 h at 65 ◦C. The mixture
was extracted with CH2Cl2 after removing the THF by concentration. The organic layer
was washed with saturated NaHCO3 and brine, dried over Na2SO4, and concentrated
in vacuo. The crude residue was purified using column chromatography on silica gel
(dichloromethane-methanol gradient elution, with 1% NH3·H2O) to obtain 7a as a white
solid in 70% yield. Rf = 0.40 (CH2Cl2-MeOH 10:1), m.p. 158–159°C. [α]25

D −41.3 (c, 0.76
in CHCl3). The readings for the 1H NMR spectra (400 MHz, CDCl3) were δ 5.54 (s, 1H,
C = CH), 3.52–3.46 (m, 2H), 2.42 (br s, 3H, OH, NH2), 2.06–1.96 (m, 2H), 1.84–1.72 (m, 3H),
1.65–1.50 (m, 4H), 1.42–1.23 (m, 8H), 1.13–1.03 (m, 12H), 0.89 (d, J = 6.4 Hz, 3H, Me), 0.85 (d,
J = 1.6 Hz, 3H, Me), 0.83 (d, J = 1.6 Hz, 3H, Me), and 0.65 (s, 3H, Me). The readings for the
13C NMR spectra (100 MHz, CDCl3) were δ 127.2, 71.5, 57.3, 56.3, 50.5, 42.5, 39.9, 39.7, 36.8,
36.4, 36.3, 36.0, 32.4, 32.1, 28.4, 28.2, 25.9, 24.5, 24.1, 23.0, 22.8, 21.9, 20.7, 18.9, and 12.1. The
HRMS calculation for C27H47NO was [M + H]+: 402.3730, found: 402.3717.

tert-butyl 3-(1-amino-3-hydroxypropyl)-1H-indole-1-carboxylate (7b).
To a solution of 6b (20.0 mg, 0.079 mmol, 1.0 equiv) in THF (0.79 mL), Ph(CO)CO2Et

(0.158 mmol, 2.0 equiv) and P(NMe2)3 (0.166 mmol, 2.1 equiv) were added sequentially.
After stirring for 45 min at room temperature, DBU (0.474 mmol, 6.0 equiv) and H2O
(0.79 mL) were added sequentially, and the mixture was stirred for 4 h at 65 ◦C. The mixture
was extracted with CH2Cl2 after removing the THF by concentration. The organic layer
was washed with saturated NaHCO3 and brine, dried over Na2SO4, and concentrated
in vacuo. The crude residue was purified using column chromatography on silica gel
(dichloromethane-methanol gradient elution, with 1% NH3·H2O) to obtain 7b as a yellow
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oil in 87% yield. According to the above procedure, 6b (352.4 mg, 1.0 mmol) was used to
obtain 7b as a yellow oil in 82% yield. Rf = 0.25 (CH2Cl2-MeOH 10:1). The readings for the
1H NMR spectra (400 MHz, CDCl3) were δ 8.12 (d, J = 7.2 Hz, 1H, Ar-H), 7.54 (d, J = 8.4 Hz,
2H, Ar-H, C = CH), 7.30 (t, J = 7.2 Hz, 1H, Ar-H), 7.21 (t, J = 7.2 Hz, 1H, Ar-H), 4.47 (dd,
J = 7.6, 4.0 Hz, 1H), 3.84 (t, J = 5.2 Hz, 2H), 3.18 (s, 3H, OH, NH2), 2.10–1.98 (m, 2H), and
1.64 (s, 9H, (CH3)3C). The readings for the 13C NMR spectra (100 MHz, CDCl3) were δ
149.9, 136.0, 128.7, 124.9, 122.8, 122.0, 119.2, 115.8, 84.1, 62.2, 48.9, 37.8, and 28.4. The HRMS
calculation for C16H22N2O3 was [M + H]+: 291.1703, found: 291.1691.

4. Conclusions

In conclusion, the investigation described above has led to the development of a
practical method to smoothly convert cyclic sulfamidates into amino alcohols under mild
conditions. This highly efficient deprotection method is initiated with the Kukhtin–Ramirez
reaction. It exhibited operational simplicity, which provided a solution to the deprotection
problem encountered in our synthesis of rare amino sugar. In addition, this approach
allows the construction of valuable building blocks and structurally complex compounds
containing amino alcohol motifs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/molecules28010182/s1: synthesis of compounds 1a–1m, 6a–6b,
and 1,2-dicarbonyl reagents (S3–S5); Table S1: screening of 1,2-dicarbonyl compounds; 1H NMR
spectra for 6a–6b and S3–S5 [70,71]; 1H and 13C NMR spectra for compounds 2a–2m, 3a, and 4a; 2D
HSQC and COSY NMR spectra for compounds 2a, 3a, and 4a.
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Abstract: Therapeutic proteins have unique advantages over small-molecule drugs in the treatment
of various diseases, such as higher target specificity, stronger pharmacological efficacy and relatively
low side effects. These advantages make them increasingly valued in drug development and clinical
practice. However, although highly valued, the intrinsic limitations in their physical, chemical and
pharmacological properties often restrict their wider applications. As one of the most important
post-translational modifications, glycosylation has been shown to exert positive effects on many
properties of proteins, including molecular stability, and pharmacodynamic and pharmacokinetic
characteristics. Glycoengineering, which involves changing the glycosylation patterns of proteins, is
therefore expected to be an effective means of overcoming the problems of therapeutic proteins. In
this review, we summarize recent efforts and advances in the glycoengineering of erythropoietin and
IgG monoclonal antibodies, with the goals of illustrating the importance of this strategy in improving
the performance of therapeutic proteins and providing a brief overview of how glycoengineering is
applied to protein-based drugs.

Keywords: glycosylation; proteins; erythropoietin; monoclonal antibodies

1. Introduction

According to the central dogma, the genetic information carried on DNA is transcribed
to RNA and then translated to protein, with protein generally considered the functional
end product in the process. However, it has been demonstrated that this process is actually
far more complex than what is initially described by the central dogma. The number of
expressed proteins could be orders of magnitude greater than the number of protein-coding
genes, due to alternative splicings, variable promoter usage, post-translational modifica-
tions (PTMs), and other regulatory mechanisms. Among these mechanisms, PTMs are
important contributors to the vast diversity of proteomes and can lead to an exponential in-
crease in the complexity of the proteome, relative to that of the transcriptome or genome. A
wide range of PTMs, including phosphorylation, glycosylation, ubiquitination, acetylation,
and methylation, have been identified [1] (Figure 1). Of these, glycosylation is the most
common and complex PTM on secreted proteins. It is estimated that about 85% of secreted
proteins are glycosylated [2].

Protein glycosylation occurs mainly in the endoplasmic reticulum (ER) and the
Golgi apparatus, where glycosyl donors are covalently linked to target glycosyl accep-
tors (such as proteins and lipids) through enzyme-catalyzed processes involving approx-
imately 200 glycosyltransferases [3]. There are two main types of protein glycosylation:
N-linked glycosylation (N-glycosylation) and O-linked glycosylation (O-glycosylation). In
N-glycosylation, the glycans are covalently attached to the side-chain nitrogen (N) atoms
of the Asn residues in the N-X-S/T sequons, where X is any amino acid except proline. In
O-glycosylation, the side-chain oxygen (O) atoms of the Ser/Thr residues are used as the
connection points for the glycans.

Molecules 2022, 27, 8859. https://doi.org/10.3390/molecules27248859 https://www.mdpi.com/journal/molecules31
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Figure 1. Central dogma of molecular biology and different forms of post-translational modifications.
Abbreviations: Gal, galactose; Man, mannose; GlcNAc, N-acetylglucosamine; Neu5Ac, sialic acid;
Fuc, fucose.

Unlike the synthesis of DNA, RNA and protein, glycosylation is not a template-driven
process. It is regulated by many different factors, such as the relative accessibility of
potential glycosylation sites and the availability of activated glycosyl donors and glyco-
syltransferases [4]. Due to the lack of tight control of the process of glycan biosynthesis,
glycoproteins secreted from cells usually exist as complex mixtures of up to a hundred
different glycosylated protein isoforms (glycoforms), which differ in their glycosylation
sites and/or glycan structures [5,6]. The compositions of glycoform mixtures can vary
significantly depending on the cell types and expression conditions [5,6]. Different glyco-
forms have different biological properties and functions [7,8]. It thus appears quite possible
to develop new therapeutic proteins, or to improve the efficacy of existing protein-based
drugs, by changing the glycosylation patterns of proteins (glycoengineering).

Therapeutic proteins as macromolecules have favorable characteristics, such as higher
specificity, better efficacy and lower side effects, compared to the small-molecule drugs
that have been used clinically for centuries. This is why they are now widely accepted
and administered to patients with cancer or other life-threatening diseases [9]. However,
due to their complex structures and large sizes, therapeutic proteins also have unfavorable
characteristics, such as limited solubility, stability [10] and biological properties, which
could lead to less desirable outcomes in clinical use, and ineffective or even harmful
treatments. Substantial efforts have been devoted to minimizing these problems [11]. With
a continuously increasing number of tools available for manipulating glycosylation sites
and glycan structures (glycosylation patterns), glycoengineering has become an attractive
strategy for achieving such a goal [12,13].

Previous glycoengineering efforts have demonstrated the feasibility of this strategy [14].
However, the number of successful applications has so far been limited, due to insufficient
understanding of the structure–function relationship of protein glycosylation, and a lack of
reliable scientific theories to guide the glycoengineering design process. To date, the most
well-known examples of glycoengineering are erythropoietin (EPO) and immunoglobulin
G (IgG) antibodies. In this review, we will summarize and discuss current knowledge about
the glycoengineering of these two types of representative therapeutic proteins, with the
goals of providing a brief overview of the studies undertaken and the current status of this
research area, and of facilitating the future application of glycoengineering to develop more
successful protein-based drugs. In addition to these two representative examples, there
are many coagulation factors, cytokines, and hormone-based therapeutic proteins whose
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properties have been reported to be affected by glycosylation. A detailed description of
these reported findings is beyond the scope of this mini review, and the interested reader is
referred to the excellent recent review articles for more comprehensive information [14–18].

2. Erythropoietin

Human erythropoietin (HuEPO) is a cytokine. It is mainly secreted by renal interstitial
cells, but a small amount can also be synthesized by hepatocytes (Figure 2A). Its expression
is regulated by the blood oxygen level and controlled by the hypoxia-inducible transcription
factor-1 (HIF-1) [19,20]. HuEPO was first isolated and purified by Goldwasser et al. in 1977
from the urine of patients with aplastic anemia [21]. Subsequent studies found that the
HuEPO gene encodes a protein precursor of 193 amino acids. Cleavage of a 27-amino-acid
signal peptide from the N-terminus of this precursor yields a protein of 166 amino acids [22]
(Figure 2B). The C-terminal arginine residue is proteolytically removed prior to secretion,
resulting in a mature protein of 165 amino acids.

Figure 2. The production, function and structure of EPO. (A) A schematic view of the feedback loop
mechanism of EPO production and function. (B) The amino acid sequence and glycan structures of
different EPO variants.

HuEPO consists of four α-helices and contains two disulfide bonds, one between
Cys7 and Cys161, and the other between Cys29 and Cys33. Natural HuEPO is a heavily
glycosylated protein. It has a much higher molecular weight (about 30 kDa) than the
unglycosylated one (about 18 kDa), with the glycan moiety comprising approximately 40%
of its total molecular weight. HuEPO has three N-glycosylation sites at Asn24, Asn38 and
Asn83, and one O-glycosylation site at Ser126 [23]. Characterization of the glycosylation of
HuEPO revealed that the three N-glycans on this protein typically have highly sialylated
bi-, tri- or tetra-antennary structures, and the O-glycan has a mucin-core-1-type structure.
The same as most other glycoproteins, HuEPO isolated from human urine always exists as
heterogeneous mixtures of glycoforms. Different glycoforms have been demonstrated to
have different properties and functions. For example, it was found that HuEPO glycoforms
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treated with sialidase, which catalyzes the removal of the terminal sialic acid residues from
glycoproteins, had no in vivo erythropoietic activity [24].

It was not possible to obtain sufficient amounts of HuEPO from human urine to meet
the clinical needs of patients. In order to address this gap, in 1985, Jacobs and Lin success-
fully cloned and expressed the gene encoding HuEPO [25,26]. This achievement made
it possible to produce recombinant human erythropoietin (rHuEPO) in Chinese hamster
ovary cells on a manufacturing scale. In 1989, rHuEPO was approved by the US Food
and Drug Administration (FDA) for clinical use under the trade names Epogen®/Procrit®

and Eprex®. Since then, rHuEPO has become one of the most successful glycoprotein
drugs. It is now widely employed for the treatment of anemia of various causes, such as
renal anemia and tumor-related anemia. This application has changed the way of treating
patients with end-stage renal disease on chronic hemodialysis, where blood transfusion
treatment used to be the only means of survival. The administration of rHuEPO not only
improves hemoglobin levels and anemia symptoms, but also strongly stimulates bone
marrow erythroid progenitor cells to increase the number of mature red blood cells [27]
(Figure 2A).

As a typical therapeutic protein, rHuEPO shares the same disadvantages as other
protein-based drugs. For example, it must be administered by injection and, because
of a relatively short half-life, multiple injections are required to maintain an effective
therapeutic level, which frequently leads to low quality of life for patients [28]. One of the
main parameters responsible for the short half-life of EPO is believed to be the rate of body
clearance. At present, the exact pathway via which EPO is removed from the circulation has
not been fully elucidated. It is generally speculated that this mainly occurs in the liver and
kidneys, and is mediated by receptors, such as the EPO receptor (EPOR), on the cell surface.
Previous findings suggest that the interaction between EPO and EPOR promotes the cellular
uptake and degradation of rHuEPO through endocytosis, and that the disappearance rate
of rHuEPO is directly related to the number of EPORs: if the total number of EPORs in
chemotherapy patients is low, the EPO clearance rate is also low [29]. Studies have also
shown that EPO glycoforms lacking sialic acid could be recognized and rapidly cleared by
asialoglycoprotein receptors (ASGPR) on the surface of hepatocytes [30]. However, more
than 90% of glycans in rHuEPO are fully sialylated, so the ASGPR-mediated process may
be the major mechanism for the clearance of rHuEPO, only after sialic acid is removed from
the serum by sialidase [31].

To improve the compliance of anemia patients, novel EPO derivatives with extended
in vivo half-lives have long been the focus of research in the field of medicine. Inspired
by the observation that the molecular size of glycans, and the number of sialic acids, have
a significant effect on the clearance rate of proteins, a glycoengineered long-lasting EPO
derivative, darbepoetin alfa (trade name Aranesp®), was developed and launched by
Amgen in 2001. Compared to natural human EPO, darbepoetin alfa has two additional
N-linked glycans at positions 30 and 88 (Figure 2B) [32]. This change increases its half-life
in the circulation by a factor of 3, and reduces the frequency of its administration to once
every 1 or 2 weeks [33]. The improvement in the properties of darbepoetin alfa makes it
a very successful therapeutic agent. In 2021, the global sales of Aranesp® reached USD
1.5 billion [34].

The enhanced and prolonged biological effects of darbepoetin alfa are apparently due
to a greater resistance to degradation and not due to a higher binding affinity for EPOR. Its
binding affinity to EPOR is actually lower than that of rHuEPO, which is likely to be the
result of the increased glycan density and sialic acid content. The large size of the glycans,
together with their dynamic properties, may have the capability of sterically hindering the
interactions between darbepoetin alfa and EPOR. At the same time, the increased charges
carried by the additional sialic acid residues may also have a negative effect on the binding
to EPOR [35]. Overall, the combined effects of these two factors may act to partially reduce
EPOR-binding-mediated endocytosis, and thus increase the half-life of darbepoetin alfa.
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The additional two sialylated N-linked glycans at Asn30 and Asn88 increase the
size of darbepoetin alfa. This increase is believed to contribute to the improvement in
the pharmacokinetics of the drug, which is likely to be related to the renal clearance of
proteins (which occurs primarily through glomerular filtration). The glomerular filtration
rate decreases as the size of the protein increases, and the molecular-weight threshold
limiting the glomerular filtration is approximately 40 Å [36]. When the size of a protein is
small, it can readily pass through the glomerular filtration barrier under normal conditions,
exhibiting a rapid clearance from the circulation. When the size approaches 40 kDa, the
glomerular filtration rate drops significantly. The introduction of two additional N-glycans
changes the molecular weight of darbepoetin alfa by approximately 10 kDa, to about
40 kDa, which is a 22% increase compared to rHuEPO. At the same time, the N-glycans
can occupy a large space, further increasing the overall size of darbepoetin alfa. Its larger
size is apparently effective in reducing the glomerular filtration rate. The circulation time
of darbepoetin alfa is extended from 8 h to about 25 h [37].

Glycoengineering as a strategy to increase protein size with a view to reducing the
glomerular filtration rate also has some limitations. First of all, if the protein is too small,
the addition of a large amount of glycans is required to make it possible to extend the size of
the protein to the level approaching the glomerular filtration threshold. Such modification
could significantly affect the interaction between the protein and its targets, by mechanisms
such as the steric blocking of binding sites. Second, the effect of the added glycans on the
glomerular filtration rate depends on many factors, including the glycosylation site and
the glycan orientation. In order to achieve an optimal effect, the properties and functions
of a series of glycoforms, with many different glycosylation patterns, should be analyzed
and compared. The preparation of these glycoforms could be time-consuming and costly.
Third, if the protein size exceeds 40 kDa, further increasing its size by glycoengineering is
unlikely to contribute much to the prolongation of the circulation time.

Protein size change alone is not sufficient to fully explain the significantly prolonged
clearance time of darbepoetin alfa. Studies also suggest that the clearance time may be
closely related to the level of sialylation [38]. The terminal sialic acid residues of circulating
glycoproteins can protect them against clearance by ASGPR, thus leading to longer serum
half-lives. Darbepoetin alfa contains 5 N-linked glycans and up to 22 sialic acids. In
addition to increasing the size of this therapeutic protein, the highly sialylated glycans
also contribute to suppressing the binding of ASGPR, thereby inhibiting the endocytosis
mediated by ASGPR and subsequent degradation by lysosomal proteases. Another type
of receptor that is involved in the elimination of glycoproteins is the mannose receptor
(ManR) [39]. It can recognize glycans with mannose as their terminal residues. Again,
terminal sialylation can minimize the binding of ManR and prolong the action of proteins.

3. Monoclonal Antibodies

rhuEPO is a relatively small protein, with a molecular weight of about 30 kDa. Its
biological activity can be increased by introducing additional N-linked glycosylation sites
onto the protein surface to prolong its circulation in the blood. However, such a glycoengi-
neering strategy is not equally useful for large therapeutic proteins, such as monoclonal
antibodies (mAbs), which have an average molecular weight of approximately 150 kDa.
Therefore, the glycoengineering studies in the area of mAbs are not focused on extending
the circulation time by introducing new glycans onto their surface, but rather on fine-tuning
the structures of glycans that are naturally found on mAbs. Accordingly, the primary task
in the glycoengineering of therapeutic antibodies is to gain a better understanding of the
correlation between glycan structure and function.

It is well known that the immune system consists of a variety of cells, organs, and
pro- and anti-inflammatory mediators throughout the body. These components form
complex networks that interact with and modulate each other through cascades and posi-
tive and negative feedback mechanisms to maintain normal inflammation and immunity.
Exogenous or endogenous stresses may disrupt this delicate balance, leading to the de-
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velopment of various immunological diseases. Traditionally, these diseases are treated by
the administration of non-specific immunosuppressive and immunomodulatory agents,
such as glucocorticoids, to regulate immune response. Although effective, such treatment
may induce side effects due to the non-specific nature of the agents. In order to prevent
the side effects and reach the desired treatment results, in recent years, more specific
immunomodulatory therapies, such as mAbs, have been developed [40].

Antibodies play a central role in the function of the human immune system. They
can bind to a variety of soluble antigens and block the antigens from binding to receptors
on human cells (Figure 3A). They are also able to induce malignant or infected cell death
through complement-dependent cytotoxicity (CDC), antibody-dependent cellular cyto-
toxicity (ADCC), and phagocytosis [41,42]. There are five different classes of antibodies
that have been identified in humans: immunoglobulins G (IgG), IgM, IgA, IgE, and IgD.
They share the same basic four-chain structure, but have different heavy chains (Figure 3B).
IgG has the functions of recognizing, neutralizing and eliminating threats, and is the most
abundant immunoglobulin in human serum. It accounts for about 75% of the total human
immunoglobulin, and most therapeutic antibodies are of the IgG class. Adalimumab (trade
name Humira®), the world’s first fully human therapeutic mAb, is based on the IgG1
isotype. It was approved by the FDA in 2002 for the treatment of rheumatoid arthritis (RA),
and its sales reached USD 22 billion in 2021 [43].

Figure 3. Structure, function and glycosylation of antibodies. (A) Schematic representation of the
biological functions of antibodies; (B) a representative three-dimensional structure of IgG (PDB ID:
1IGY); (C) the N-glycan structures found on the IgG antibodies.

IgG antibodies are composed of two light chains and two heavy chains, which are
arranged into two Fab (fragment antigen binding) regions and one Fc (fragment crystalliz-
able) region (Figure 3B). The Fc region is mainly responsible for interacting with various
receptors and complement proteins [44]. It is composed of the second and third constant
domains of the heavy chains (CH2 and CH3). The Fc region of IgG bears a highly conserved
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N-glycosylation site at Asn297, within the CH2 domain, that is essential for Fc-receptor-
mediated activity [45]. The same as is observed in most glycoproteins; glycosylation at
Asn297 is also highly heterogeneous, with more than 30 different glycan structures detected
in the serum IgG. The glycans that are covalently linked to the Asn297 residue contain
a common heptaglycan biantennary core structure (G0, four GlcNAc and three mannose
residues). The core structure can be further extended differently by fucosylation (G0F),
galactosylation of one or two arms (G1, G2), and addition of terminal sialic acids in the
presence of galactose (G1S1, G2S2) (Figure 3C). The extended structures can differ greatly
in their percentages. For example, in the consistency evaluation of 381 batches of recom-
binant adalimumab manufactured by AbbVie from 2000 to 2013, it was found that the
terminally ungalactosylated N-glycans (G0F + G0F-GlcNAc), terminally galactosylated
N-glycans (G1F + G2F), and terminally mannosylated N-glycans (M5 + M6) accounted for
74.28% ± 1.75, 18.45% ± 1.80 and 7.29% ± 0.76 of the total glycans attached to the Asn297
residue, respectively [46].

It is generally believed that the diverse N-glycan structures could confer different
biological effects to therapeutic antibodies. These effects may be beneficial for the treatment
of diseases by improving the therapeutic properties, or may adversely affect the biological
functions [47]. For example, it was found that altered IgG glycosylation patterns in mice and
humans were often accompanied by autoimmune diseases, such as rheumatoid arthritis,
especially when the structures of the glycans lack the terminal sialic acid and galactose
residues (G0). At the same time, it is also known that intravenous immunoglobulin (IVIG), a
purified IgG fraction obtained from healthy donors, has anti-inflammatory properties, and
that high-dose IVIG can be used for the treatment of autoimmune neutropenia in childhood
and autoimmune hemolytic anemia [48]. In 2006, Ravetch and coworkers showed that the
distinct properties (pro-inflammatory versus anti-inflammatory properties) observed for
IgG antibodies are likely to be the result of the differential sialylation of the N-linked glycan
at Asn297 in the Fc domain [49]. Conformational studies revealed that glycosylation may
be essential for the binding of IgG Fc to Fcγ receptors by stabilizing the conformation of
the heavy chains [50,51]. In addition to altering the pro- and anti-inflammatory activities of
antibodies, the glycosylation of IgG Fc at Asn297 also has a profound influence on ADCC,
which could be triggered by the binding of the Fc domain to the receptor FcγRIIIa. In a
study assessing the effect of fucosylation on the properties of the Rituximab biosimilar
Truxima, the results showed that the binding affinity of Fc to FcγRIIIa, and the ADCC
activity, tend to negatively correlate with the level of core fucosylation [52].

IgG can also be glycosylated in two Fab regions. The Fab is composed of two constant
domains (CH1 and CL), as well as variable heavy (VH) and light (VL) domains. About
15–25% of the IgG antibodies in human serum are N-glycosylated in the variable do-
mains [53]. Similar to the structures of glycans present on the Fc region, the majority of
the N-linked glycans found on the Fab regions are also of the complex biantennary type.
The most striking difference between the glycosylation of the Fc and Fab domains lies in
the extension of the core heptaglycan. The percentages of bisecting GlcNAc and terminal
galactose and sialic acid are higher in Fab glycans, while the percentages of core fucose are
lower. Overall, the Fab glycans are more complex and heterogeneous than the Fc glycans.

Results from previous studies have provided initial evidence that N-glycans can
influence many properties of Fab. For example, it was found that the N-linked glycosylation,
introduced by somatic hypermutation (SHM) in the VH/VL regions of the autoantibodies
isolated from patients with rheumatoid arthritis, could modulate the binding of Fab to the
antigen citrullinated histone (cit-H2B) [54]. In another example, the antigen binding was
tested using several anti-adalimumab and anti-infliximab antibody mutants, in which the
naturally occurring Fab glycans were removed. The results showed that although some Fab
N-glycans have no measurable effect on antigen binding, the presence of some Fab glycans,
especially those in anti-adalimumab antibodies, could lead to higher binding affinity to
their antigens [55]. Different mechanisms may account for the effect of Fab glycosylation

37



Molecules 2022, 27, 8859

on their binding affinity to different antigens, including the steric hindrance effect caused
by the bulky glycans and the charge–charge interaction caused by the terminal sialic acids.

Fab N-glycans can also play a role in increasing the stability of antibodies. In a
study comparing the differences between the thermostability of anti-adalimumab and
anti-infliximab antibodies with naturally acquired Fab glycans and mutants without Fab
glycans, three out of five tested mutants showed lower melting temperatures [56]. Studies
have also suggested Fab N-glycosylation may affect the aggregation propensity, solubility
and in vivo half-life of mAbs [57,58]. However, these conclusions are presently based
on a limited body of evidence and further research is needed to define the effects of
these glycans.

4. Conclusions

As one of the most widely occurring and complex post-translational modifications,
glycosylation has recently attracted great attention, especially in the field of therapeutic
proteins, because of its capability to simultaneously improve multiple properties [59,60].
Theoretically, it is possible to maximize the performance of therapeutic proteins by op-
timizing their glycosylation patterns (glycosylation sites and glycan structures) through
glycoengineering. The validity of this hypothesis has been demonstrated by the develop-
ment of Darbepoetin alfa and IgG. However, similar successful examples are very rare,
especially in the area of therapeutic antibody discovery and development. This situation is
mainly due to the lack of deep knowledge of the structure function of antibody glycosyla-
tion, and the lack of reliable and simple glycoengineering tools. In order to address these
problems, more research efforts should be devoted to gaining a better understanding of
antibody glycosylation and to continuing to develop protein glycoengineering technology.
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Abstract: Cancer incidence and mortality are rapidly increasing worldwide; therefore, effective
therapies are required in the current scenario of increasing cancer cases. Polysaccharides are a family
of natural polymers that hold unique physicochemical and biological properties, and they have
become the focus of current antitumour drug research owing to their significant antitumour effects.
In addition to the direct antitumour activity of some natural polysaccharides, their structures offer
versatility in synthesizing multifunctional nanocomposites, which could be chemically modified
to achieve high stability and bioavailability for delivering therapeutics into tumor tissues. This
review aims to highlight recent advances in natural polysaccharides and polysaccharide-based
nanomedicines for cancer therapy.
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1. Introduction

In the coming years, cancer is expected to become the main cause of death and the
most important obstacle to extending life expectancy in the world. Lung cancer is the most
common cancer and the leading cause of cancer death (18.4% of total cancer deaths), closely
followed by colorectal cancer (9.2%), stomach cancer (8.2%), and liver cancer (8.2%) [1].
There are three common cancer therapeutics, including surgery, radiation therapy, and
chemotherapy, as well as other emerging therapies, such as molecular targeted therapy.
However, the serious side effects and drug resistance of chemotherapy and other treatments
are becoming major obstacles in current cancer research. Hence, it is very important to
develop a new type of anticancer agent with ideal antitumour activity and extremely
low toxicity.

Polysaccharides are carbohydrates that participate in almost all aspects of organisms
and play various important biological functions [2]. Polysaccharides consist of 10 or more
monosaccharides linked together by glycosidic bonds, which can be linear or contain
branched chains. Importantly, monosaccharide composition, molecular weight (MW), and
polysaccharide attachment affect its structure, and its structure further affects its properties
and functional mechanisms [3]. According to their source, polysaccharides can be classified
into natural polysaccharides and semisynthetic polysaccharides. Natural polysaccharides
are distributed in many organisms. Then, the natural polysaccharide is further chemically
or enzymatically modified to obtain semisynthetic polysaccharides. So far, researchers have
found that polysaccharides have a wide range of biological effects, including anticancer,
antibiotic, antioxidant, anticoagulant, and immuno-stimulation activities.

The antitumor effect of polysaccharides was first discovered by Nauts et al. in 1946,
which can effectively relieve the symptoms of cancer patients [4]. Ample evidence in-
dicated that polysaccharides can inhibit tumors through direct anticancer activity, such
as inducing apoptosis of tumor cells and inhibiting migration (Table 1). In addition,
the structure of polysaccharides provides versatility for the synthesis of multi-functional
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nanocomposites, which can achieve high stability and bioavailability through chemical
modification, thus delivering therapeutic drugs to tumor tissues [5]. This review used
keywords (anticancer/polysaccharides/drug delivery systems/nanomedicines) to search
in PubMed and Web of Science databases, and selected qualified high-level papers for
systematic sorting and summary. In this paper, we aim to systematically summarize the
research findings in the past decade, and the different structures of anticancer polysaccha-
rides from different sources and polysaccharide-based nanomedicines for cancer treatment
are reviewed, which provides theoretical support for the design and development of
polysaccharide preparations.

Table 1. Performance and structural features of natural anticancer polysaccharides.

Natural Polysaccharides Performances Structural Features

Polysaccharides from plants Target Twist/AKR1C2/NF-1 pathway acidic protein–polysaccharide
Polysaccharides from animals Antiangiogenic properties GlcN-GlcA or GlcN-IdoA

Polysaccharides from fungi Inhibiting JAK2/STAT3 signaling pathway β-(1→3) glucose linkages

2. Polysaccharides from Plants

2.1. Panax ginseng C. A. Meyer Polysaccharides

Panax ginseng C. A. Meyer (P. ginseng) is a precious medicine that has been used
for thousands of years, also known as ginseng [6]. Ginseng is composed of multiple
active components, including ginsenosides and polysaccharides. Studies have proven that
polysaccharides are one of the most important components in P. ginseng and participate in
immunomodulation, antitumour, and antidiabetic activities [7].

P. ginseng polysaccharide contains starch-like glucans and pectin [8]. Pectin is a plant-
derived neutral polysaccharide with abundant resources for its amounts and categories.
Many types of pectin polysaccharides are associated with anticancer activity. Pectin, with
Panax ginseng C. A. Meyer Polysaccharidesvery complex structure, typically contains
galacturonic acid (GalA), galactose (Gal), arabinose (Ara), and rhamnose (Rha) residues [9].
Pectin could be divided into five types: homogalacturonan (HG), type I rhamnogalac-
turonans (RG-I), type II rhamnogalacturonans (RG-II), xylagalgalacturonan (XGA), and
Apio galgalacturonan (AGA), based on the different structural characteristics [10]. HG
is characterized by α-(1→4)-D-GalA repeat units as the backbone [11], whereas RG-I is
composed of Ara, galactans, and L-fucose (L-fuc) in the sidechains [12]. RG-II and XGA are
both derivatives of HG [10]. The components of P. ginseng pectin include HG and RG-I, as
well as GalA, Gal, Ara, and Rha [13].

To date, many kinds of pectin have been isolated and identified from ginseng, and
some of them have been identified as having antitumour activity, as described in Table 2.

Table 2. Ginseng polysaccharides with antitumour activity.

Compound Structure Features MW Antitumor Mechanism Ref.

PGPW1 97.4% carbohydrate and 1.2% uronic acid ~3.5 × 105 Da Not been elucidated [14,15]

PGP2a Acidic protein–polysaccharide ~3.2 × 104 Da Target Twist/AKR1C2/NF-1 pathway [16]

RG-I RG-I and side chains AG-I ~6 × 104 Da Bound to galectin-3 [17]

MCGP-1 The ratio of Rha/GalA is 0.82 1.649 × 105 Da Might be related to the Ara residues linked to
the surface of the polysaccharide [18]

MCGP-2 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.644 × 105 Da The same mechanism as MCGP-1 [18]

MCGP-3 The characteristic compositions of RG-I pectin 1.572 × 105 Da
The same mechanism as MCGP-1 and contains

disaccharide [-(1, 4)-α-D-GalAp-(1, 2.
-α-L-Rhap-]

[18]

MCGP-4 The characteristic compositions of RG-I pectin 1.673 × 105 Da The same mechanism as MCGP-1 [18]

MCGP-5 The ratio of Rha/GalA is 0.24 1.600 × 105 Da The same mechanism as MCGP-1 [18]

MCGP-6 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.592 × 105 Da The same mechanism as MCGP-1 [18]

MCGP-7 Mainly composed of GalA, Ara, Gal, Rha, and Glc 1.520 × 105 Da The same mechanism as MCGP-1 [18]
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2.2. Portulaca oleracea L. Polysaccharides

P. oleracea L., a traditional Chinese herbal medicine, is known as MaChiXian in Chi-
nese and purslane in English. It exhibits a range of biological activities, such as anti-
inflammatory, antioxidant, and antiaging [29–32]. P. oleracea L. polysaccharides (POL-P)
are major bioactive components of purslane with antitumour activity. Zhou et al. purified
a homogeneous POL-P, which contains Gal, Ara, Man, and Glc. Then, they evaluated
an animal model transplanted with sacroma 180 and found that it had pronounced an-
titumour effects [33]. Another POL-P, named POL-P3b, inhibits cancer cell growth, and
the mechanism involves triggering DNA damage and inducing apoptosis [34]. Further
research also showed that POL-P3b inhibits the proliferation of HeLa cells, and the pos-
sible antitumor mechanism is through downregulating the TLR4 downstream signaling
pathway and inducing cell apoptosis [35]. In addition, POL-P3b could also decrease the
growth of cervical carcinoma, suggesting the antitumour mechanism via stimulating the
TLR4/PI3K/AKTNF-κB signaling pathway [36].

In addition to direct antitumour effects, Lee et al. go deeply into the immune-
enhancing characteristics of POL-P. The preliminary results showed that POL-P increased
the viability of CY-treated splenocytes because of CY-induced immunosuppression [37].
POL-P also enhances the immune efficiency of the breast cancer dendritic cell vaccine [38].
Ding et al. found that POL-P can improve lipopolysaccharide-induced inflammation and
barrier dysfunction of the porcine intestinal epithelium monolayer [39].

Ginseng polysaccharide could also significantly inhibit the growth of Lewis lung
carcinoma tumor [19]. In addition, one selenium-modified polysaccharide, sGP, has been
reported. The experimental results indicate that sGP enhances apoptosis in HL-60 cells,
demonstrating that chemical modification methods to obtain high contents of selenium
polysaccharides could be developed as a novel antitumour therapy [20].

2.3. Angelica Sinensis (Oliv.) Diels Polysaccharides

The root of A. sinensis, known as Danggui, is a celebrated Chinese medicinal herb [21].
A. sinensis possesses a wide range of pharmacological activities, including hematopoiesis,
immunomodulation, antioxidant, and anticancer activities [22–25]. Polysaccharides are the
most important active constituents in Danggui, and numerous A. sinensis polysaccharides
(ASPs) have been identified. The majority of ASPs contain GalA, Gal, Ara, Rha, mannose
(Man), and glucose (Glc) with various molar ratios. Wei et al. also proved that APSs could
induce apoptosis in cancer cells via regulation of the JAK/STAT of the transcription path-
way [26]. Key kinases in the JAK/STAT and PI3K/AKT pathways were also downregulated
by ASPs’ stimulation in another study [27]. ASPs have also been utilized in drug delivery
systems. Wang et al. prepared doxorubicin (DOX)-loaded nanoparticles and proved that it
can inhibit the growth of HepG2 multicellular spheres [28].

2.4. Lycium barbarum L. Polysaccharides

L. barbarum, known as wolfberry in China, is a herbal medicine [40]. Polysaccharides
are one of the most investigated, as they are considered to be mainly responsible for
different biological effects among all L. barbarum components [41]. Zhao et al. extracted
polysaccharides from Chinese wolfberry fruits and proved that it could induce MCF-7 cell
apoptosis. Cao et al. isolated and characterized another polysaccharide, named CF1, with
an MW of 1540.10 ± 48.78 kDa. Their results showed that CF1 also exhibited effective cell
growth inhibition in vitro [42]. Then, Cao et al. conducted further research and exploration.
Eventually, they found that the antitumour mechanism of CF1 was associated with the
PI3K/AKT pathway [43].

2.5. Ginkgo biloba Polysaccharides

G. biloba, known as yinxing in China, is a traditional Chinese herb. Polysaccharides are
bioactive compounds isolated from G. biloba, with a wide variety of physiological functions
such as antitumor activity. Kong et al. reported a selenium (Se)-containing polysaccharide

43



Molecules 2022, 27, 8083

purified from the leaves of G. biloba, and proved that it induced human bladder cancer T24
cell apoptosis through a mitochondria-dependent pathway [44].

2.6. Seeds’ Polysaccharides

Seeds are one of the important sources of plant polysaccharides and accumulated
evidence has demonstrated that these polysaccharides show superior anticancer activity, as
described in Table 3.

Table 3. Seeds’ polysaccharides with anticancer activity.

Plants Species Types of Carcinoma Cell Lines Ref.

Peony seeds Pc-3/HCT-116/MCF-7/Hela [45]
Chenopodium quinoa seeds SMMC 7721/MCF-7 [46]
Psidium guajava L. seeds MCF-7 [47]

2.7. Citrus Polysaccharides

Citrus pectin is a neutral polysaccharide isolated from the pulp and peel of citrus
fruits, which consists of HG and RG-I [48]. Modified citrus pectin (MCP) is a nonbranched
polysaccharide and is high in Gal extracted from citrus pectin by enzymatic hydrolysis, high
temperature, and high pH [49]. The shorter and nonbranched MCP could recognize and
bind tightly with galectin-3 [50], whose overexpression was related to a variety of malignant
tumors [51]. The combination mechanism of MCP and galectin-3 is that the former can
recognize galectin-3 on the surface of cancer cells and then inhibit tumor metastasis [49,50].
However, citrus pectin from a neutral resource is unable to interact with galectin-3 owing
to its limited solubility in water.

It has been reported that MCP inhibits myeloma/prostate cancer/bladder tumor [52]/
gastrointestinal cancer [53] via interaction with galectin-3. Conti et al. found that MCP
is a potential sensitizer targeting galectin-3 for prostate cancer radiotherapy [54]. Fabi
et al. demonstrated that MCP fractions with different molecular sizes can have different
effects on the development of malignant tumors [55]. In addition, pectic from Aegle
marmelos L. could potentially inhibit skin cancer [56]. Additionally, pectin polysaccharides
extracted from tomato, papaya, or olive have been reported to possess the activity of
inhibiting galactose lectin-3. The pectin polysaccharide fraction from papaya pulp and
olive showed inhibitory effects on colon cancer [57] and bladder cancer [58], respectively,
through interactions with galectin-3.

2.8. Marine Algae Polysaccharides

Marine algae are one of the richest resources in the ocean, and contain a variety of
active components, such as peptides and polysaccharides [59]. According to the thallus
color, marine algae are usually divided into red seaweed, brown seaweed, and green
seaweed. Marine algal polysaccharide (MAP) is a unique polysaccharide, which is differ-
ent from land plant polysaccharides in composition, substitution, and linkage [60]. The
major MAP contains carrageenan of red algae, fucoidan and laminarans of brown algae,
and ulvan of green algae, comprising monosaccharide subunits such as Gal, Ara, Glc,
Man, fucose, xylose, glucuronic acid (GlcA), mannuronic acid (ManA), and iduronic acid
(IdoA) [61,62] (Figure 1).

According to a previous study, polysaccharides fractionated from brown seaweed
Sargassum (S.) show superior anticancer activity. For example, a study showed that
sulfated polysaccharides could inhibit proliferation in A549 cells via induced mitochondria-
mediated intrinsic apoptosis and cell cycle arrest [63]. Rajendran et al. obtained polysaccha-
ride fractions (SWP1) from S. wightii and found that it showed a dose-dependent manner
inhibition of proliferation and migration of cancer cells. Further research reveals that the
mechanism of SWP1 inducing apoptosis in cancer cells is via cutting the mitochondrial
membrane and damaging the nucleus, as well as increasing caspase 3/9 activity [64].
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Fucoidan, a sulfated polysaccharide rich in fucose, has antitumour activities [65]. The ex-
perimental results of Kang et al. also prove that fucoidan possesses anti-proliferation of B16
melanoma cell [66]. Alginate oligosaccharide was prepared from alginate sodium using al-
ginate lyase and can reduce tumor size by improving the antioxidant and anti-inflammatory
capacities of patients [67]. The red seaweed sulfated polysaccharide from Acanthophora
spicifera (Vahl) Borgeson exhibited apoptotic effects in lung cancer cells [68]. In addi-
tion, polysaccharides isolated from two microalgae sources showed certain ant-hepatoma
activity in vitro mainly through the induction of apoptosis [69,70].
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Figure 1. The major MAP in red seaweed (A), brown seaweed (B), and green seaweed (C).

2.9. Other Plant Sources of Polysaccharides
2.9.1. Polysaccharides with Anti-Lung Cancer Activity

Ni et al. successfully separated HRWP-A, a natural pectin, from Hippophae rham-
noides berries. HRWP-A effectively inhibits the growth of lung cancer in vivo and pro-
motes NK cell activity and CTL mechanism by enhancing lymphocyte proliferation and
macrophage activity [71]. HCA4S1 was separated from Houttuynia cordata, and bioactivity
tests suggested that it exerts anticancer action via inducing cell cycle arrest and apoptosis
on lung cancer cells [72]. Additionally, Glehnia littoralis polysaccharide effectively inhibits
the proliferation and migration of A549 cell lines and induces cell apoptosis [73]. Lee et al.
showed that the bioactive polysaccharides from Achyranthes bidentata exhibit potential
anti-metastasis effects with the mechanisms of blocking the epithelial-to-mesenchymal
transition process [74].

2.9.2. Polysaccharides with Anti-Pancreatic Cancer Activity

Lonicera japonica and Lycium ruthenicum pectin have certain inhibitory effects on pan-
creatic cancer in vitro. LJ-02–1 is an RG-I polysaccharide, and bioactivity tests suggested
that it might inhibit BxPC-3 and PANC-1 cell growth [75]. LRP3-S1 could also inhibit the
growth of pancreatic cancer cells via downregulating the protein expression of p-FAK and
p-p38 MAP kinase [76].

2.9.3. Polysaccharides with Anticancer Activity

In addition to lung cancer and pancreatic cancer, polysaccharides from other species of
plants have also been reported for the use of other malignant tumors, as shown in Table 4.
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Table 4. Polysaccharides from other species of plants with antitumour activity.

Plants Species Structure Features Types of Carcinoma Cell Lines Ref.

Broccoli Comprised of Ara, Gal, and Rha with a molar ratio of 5.3:0.8:1.0 HepG2, Siha cervical, MDA-MB-231 [77]

Gleoestereum incarnatum Composed of Gal, Glc, xylose, and Man at molar ratios of
1:4.25:1.14:1.85 HepG2 [78]

Zizyphus jujuba cv.Muzao Presence of RG-I domains and typical pectic polysaccharides, with
homogalacturonan (methyl and acetyl esterified) HepG2 [79]

Taxus chinensis var.mairei fruits S180 [80]

Huperzia serrata Composed of Gal, Glc, Ara, Rha, Man, GalA, and so on Skov3 and A2780 [81]

Dandelion α-type polysaccharides, consisted of Glc, Gal, Ara, arabinose
rhamnose, and GlcA HepG2 [82,83]

Dendrobium nobile Lindl Composed of Gal, Glc, Ara, Rha, Man, and so on Sarcoma 180 [84]

3. Polysaccharides from Animals

3.1. Polysaccharides from Mammals

Glycosaminoglycans (GAGs) are natural linear polydisperse heteropolysaccharides
distributed in both vertebrates and invertebrates, with molecular weights up to
several million Dalton [85]. Evidence obtained from glycobiology studies suggests that
GAGs can recognize and interact with numerous proteins, and thus possess extensive
biological functions [86]. GAGs are one class of glycostructures of the extracellular matrix
(ECM). There are four classes of GAGs, each according to the constitution of the repeating
disaccharide units, which consist of heparin (HP)/heparan sulfate (HS), hyaluronan (HA),
chondroitin sulfate (CS)/dermatan sulfate (DS), and keratan sulfate (KS) (Figure 2) [85,87].
Except for HA, other compounds contain O-sulfonation, N-acetylation, and N-sulfonation
modifications, and this polyanionic character allows GAGs to bind to positively charged
moieties, including plasma proteins, growth factors, and so on [87]. These molecules
are a kind of ubiquitous molecule with extensive biological functions and, of course,
they are also widely used as therapeutics, for example, HP is an anticoagulant, while
CS is generally used to treat osteoarthritis [88]. In addition, further understanding of
GAG’s structure–function relationships has also led to the discovery of novel pharmaceu-
ticals for the possible treatment of serious diseases, such as antitumor agents. In light of
GAGs related to tumorigenesis, its application in drug development has been the focus of
two main directions: (I) using GAGs as the target of therapeutic strategies and (II) utilizing
the specificity and excellent physical and chemical properties of GAGs to deliver targeted
cancer drugs [89].

Figure 2. Four classes of mammalian GAGs and their potential sulfation sites. (A) (HP)/heparan sul-
fate (HS), (B) Hyaluronan (HA), (C) Chondroitin sulfate (CS)/Dermatan sulfate (DS), and (D) Keratan
sulfate (KS).

3.1.1. Heparin/Heparan Sulfate

HP has been used as an anticoagulant for more than 80 years, and it is a true biologic
and can be purified from bovine lung or porcine mucosa. The anticoagulant activity of HP
is mostly owing to the action of a precise pentasaccharide sequence that acts in accordance
with antithrombin-III (AT-III), a serine protease inhibitor [90]. As an important member
of the linear GAG family, HP and HS are composed of sulfated disaccharide repeating
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units of either GlcA- or IdoA-linked glucosamine (GlcN) residues (Figure 2A). HP is, on
the whole, more highly sulfated than HS. Depending on the sources and molecular weight
differences, HP is classified into the following three classes: (I) unfractionated heparin
(UFH), extracted from many animal sources, with an MW of approximately 14,000 Da;
(II) low molecular weight heparin (LMWH), prepared from UFH, with a MW of approx-
imately 3500~6000 Da; and (III) ultralow molecular weight (ULMWH), generally refer-
ring to the chemically synthesized pentasaccharide fondaparinux sodium, with the trade
name Arixtra.

HP, including UFH and LMWH, is used in the treatment of cancer-associated venous
thromboembolism (VTE), and LMWH is recommended as the nursing standard for the
treatment of established VTE [91–93]. Preclinical data support that coagulation inhibition
greatly limits tumor metastasis in some experimental models, and it has been demon-
strated that LMWH can effectively inhibit metastasis of solid malignant tumors [94]. In
addition to anticoagulant activity, HP may possess direct anticancer benefits because of
its antiangiogenic properties [95]. The antiangiogenesis mechanism is that HP binds to
vascular endothelial growth factor (VEGF) and then inhibits the phosphorylation of VEGF
receptor (VEGFR) [96]. Furthermore, HP is an inhibitor of heparanase, which is overex-
pressed in tumors, and heparin can bind with P-selectin to significantly inhibit tumor
cell adhesion [97,98]. As natural resourced polysaccharides, HP are often described as
nonimmunogenic and nontoxic, driving the desire to employ them in nanoformulations for
cancer management. Because of the above factors, HP plays an important role in cancer
treatment, as shown in Table 5.

Table 5. Application of HP in antitumour therapy.

Compound HP Combination Types Anticancer Mechanisms Types of Cancer Ref.

LHT HP–drug conjugate Antiangiogenic properties Pancreatic cancer cells-bearing mice [99]

Oral LMWH conjugate (LHTD4) HP–drug conjugate Antiangiogenic properties A549 lung cancer cells [100]

Tinzaparin, a LMWH HP fragments Reverses the cisplatin resistance in
A2780cis cells A2780cis cells [101]

Deoxycholic acid conjugatedHP
fragments (HFD) HP–drug conjugate Inhibiting VEGF165 SCC7 cells [102]

LMWH-Suramin HP–drug conjugate Inhibiting VEGF165 SCC7-bearing mouse model [103]

HP-suramin/PEGylated protamine HP–drug conjugate Antiangiogenic properties SCC7-bearing mouse model [104]

HP-functionalized Pluronic
nanoparticles Polymeric nanoparticles Antiangiogenic properties and drug

combination Gastric cancers [105]

Heparin/polyethyleneglycol (PEG)
hydrogel Nanogels Antiangiogenic properties and drug

combination Breast cancer [106]

LMWH-poloxamer Nanogels
Enhancing the efficacies, minimizing

the side effects ofdalteparin, and
exhibiting a good thermosensitivity

Xenograft S180 sarcoma tumor [107]

HP-containing cryogel microcarriers Polyelectrolyte complex
nanoparticles

Reversible strong electrostatic
interaction Metastatic breast cancer [108]

HP-Folate-Tat-Taxol Polyelectrolyte complex
nanoparticles

Negatively charged nanoparticles
may cause lower toxic effect Breastcancer cells [109]

LMWH–quercetin conjugate HP–drug conjugate Antiangiogenic properties MCF-7 tumor cells [110]

HP-Poloxamer HP-coated inorganic nanoparticles Antiangiogenic properties and drug
combination HeLa cells [111]

Heparosan-cystamine-vitamin E
succinate Nanogels Increase tumor selectivity and

improve the therapeutic effect MGC80-3 tumor cells [112]

LMWH-TOS Polyelectrolyte complex
nanoparticles

Antiangiogenic properties and drug
combination 4T1 solid tumor model [113]

HP–folate–retinoic acid
bioconjugates

Polyelectrolyte complex
nanoparticles Drug combination HeLa cells [114]

HP-reduced graphene oxide
nanocomposites

Polyelectrolyte complex
nanoparticles

Combinational chemotherapy and
photothermal therapy MCF-7 and A549cells [115]

PEGylated HP-based nanomedicines Polyelectrolyte complex
nanoparticles Photodynamic therapy 4T1 cells [116]
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3.1.2. Hyaluronan

HA normally exists in the form of long-chain nonsulfated polysaccharides, which are
the main component of the ECM in cells [117]. The repeated disaccharide unit of HA is
composed of GlcA β (1→3) GlcNAc, and each disaccharide unit passes through a β (1→4)
glycosidic bond (Figure 2B). Native HA, extracted from many animal sources, is present
as a linear polymer with an average molecular weight of approximately 106~107 Da [118].
Likewise, HA with strong hydrophilicity could form a very viscous gel that helps to
maintain tissue integrity [119]. In addition to being a structural part of tissues, HA is
the ligand of the cluster of differentiation (CD) protein CD44 receptor [118]. CD44 is a
complex transmembrane receptor protein that is overexpressed by many tumor types [117].
Hence, specific ligation with HA-CD44 enables HA-based drug delivery (containing HA–
drug conjugates, nanogels, polymeric nanoparticles, and HA-coated organic and inorganic
nanoparticles) to target diseased cells that express these receptors (Figure 3). In addition,
HA combined with drugs or drug carriers could solve some solubility problems [118].

Figure 3. Mechanism of action of HA-based drug delivery targeting CD44.

To date, HA has been widely used in anticancer drug delivery, either associating HA
with drugs to form conjugates or producing hydrogels, for the local delivery of various
drugs, including antitumoral agents, owing to its biocompatibility, biodegradability, nontox-
icity, nonimmunogenicity, and as a ligand of CD44. The application of these nanoparticles
in various cancer therapies is shown in Table 6.
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Table 6. Application of HA in antitumour therapy.

Compound HA Combination Types Anticancer Mechanisms Types of Cancer Ref.

Carbon
nanotubes-Chitosan

(CHI)-HA-DOX
Polymeric nanoparticles CD44-targeted, hydrophilic HeLa cells [120]

HA-DOX-afatinib-CaP Polymeric nanoparticles CD44-targeted,
high-densitycarboxyl groups A549 lung cancer cells [121]

HA-Curcumin (Cur) Nanogels CD44-targeted A549 lung cancer cells [122]

HA-Sinulariolide Polymeric nanoparticles CD44-targeted A549 lung cancer cells [123]

HA-Cur-prodrug-CaP Polymeric nanoparticles CD44-targeted MB-MDA-231 mouse
model [124]

HA-cystamin-pyrenyl-
Ir(III) Polymeric nanoparticles CD44-targeted, hydrophilic A549 tumor-bearing mice [125]

HA-DOX-cisplatin Nanogels CD44-targeted A2780 cell lines [126]

HA-keratin-DOX Nanogels
CD44-targeted, negative

charge and good
hydrophilicity

4T1 and B16 cells [127]

HA-Pemetrexed HA–drug conjugate

CD44-targeted, as a
prognostic marker in

malignant pleural
mesothelioma

Malignant
pleuralmesothelioma

model
[128]

HA-fluvastatin-
encapsulating

liposomes
Polymeric nanoparticles CD44-targeted, hydrophilic

barrier

Breast cancer stem
cellxenografted mouse

model
[129]

HA-coated
silica/hydroxyapatite-

DOX

HA-coated inorganic
nanoparticles CD44-targeted 4T1 tumor-bearing mice [130]

HA-sclareol/poly-lactic-
co-glycolic

acid

HA-coated inorganic
nanoparticles CD44-targeted, hydrophilic MCF-7 and MDA-MB468

cell lines [131]

HA-coated camptothecin HA-coated inorganic
nanoparticles CD44-targeted MDA-MB-231 cells [132]

HA and poly-(N-ε-
carbobenzyloxy-L-

lysine)
Polymeric nanoparticles CD44-targeted HepG2 tumor-bearing

mice [133]

Ursolic acid-loadedin a
poly-L-lysine coat and

HA

HA-coated organic
nanoparticles CD44-targeted SCC-7 xenograft tumor

model [134]

folic acid- and
dopamine-decorated HA

HA-coated organic
nanoparticles CD44-targeted B16 melanoma model [135]

HA-Cu2−XS HA-coated organic
nanoparticles

CD44-targeted,
biocompatibility

CT26.WT cells-bearing
mice [136]

HA Conjugated
ZincProtoporphyrin

HA conjugated
cincprotoporphyrin CD44-targeted C26 colon cancer cells [137]

Irinotecan-loaded
self-agglomerating HA Polymeric nanoparticles CD44-targeted H23 non-small-cell lung

cancer cells [138]

HA-
SuperparamagneticIron

Oxide

Polyelectrolyte complex
nanoparticles CD44-targeted U87MG cells [139]
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3.1.3. Chondroitin Sulfate/Dermatan Sulfate

The repeated disaccharide unit of CS is comprised of GlcA β (1→3) GlcNAc, and each
disaccharide unit passes through a β (1→4) glycosidic bond (Figure 2C). CS can be divided
into five types according to their different modification types and sulfonation forms, as
shown in Table 7 [87,139]. After rare C5 isomerization of CS GlcA into IdoA, a special type
CS-B of CS, DS, is produced (Figure 2C). As with other GAGs, CS is a special anionic acid
polysaccharide with high biocompatibility and specificity, and is a promising drug carrier
for cancer treatment.

Table 7. Types of CS.

CS Types Major Disaccharide Unit Other Disaccharide Unit

CS-A GlcA-GalNAc4S GlcA-GalNAc/GlcA2S-GalNAc
CS-B(DS) IdoA-GalNAc4S IdoA2S-GalNAc4S/GlcA3S-GalNAc

CS-C GlcA-GalNAc6S IdoA-GalNAc4S6S/GlcA3S-GalNAc4S
CS-D GlcA2S-GalNAc6S IdoA2S-GalNAc4S6S/GlcA3S-GalNAc4S6S
CS-E GlcA-GalNAc4S6S IdoA2S-GalNAc/GlcA3S-GalNAc6S

Curcumin-loaded CS/chitosan nanoparticles inhibited the apoptosis of lung cancer
cells, whereas loading CS/chitosan hydrogel with curcumin exhibited cytotoxicity-inducing
effects in HeLa, HT29, and PC3 cancer cells [140,141]. Curcumin-loaded zein and CS self-
assembled nanoparticles also exhibited anti neoplastic activity on HepG2, MCF-7, and
HeLa cells [142]. In colorectal cancer cells, folate-targeted nanostructured chitosan/CS
complex carriers, CS–chitosan nanoparticle carriers encapsulating black rice anthocyanins,
and CS-based smart hydrogels could heighten the delivery of antitumor drugs to tumor
cells [143–146].

Similar to HA, CS has a great targeting ability for the cluster CD44, which is over-
expressed in particular cancer cells [147]. Therefore, the surface functionalization of CS-
endowed nanoparticles has been successfully used for the treatment of colon cancer [148].
Moreover, a codelivery vector including CS loaded with small interfering RNA and pa-
clitaxel has been proven to have a mighty targeting effect towards CD44-overexpressing
cancer cells [149]. CS-based multi-walled carbon nanotubes can precisely target CD44
receptors overexpressed on triple-negative breast cancer specific cells [150]. In addition,
combined application of CS with doxorubicin or quercetin (chemicalsensitizer) can enhance
chemical photodynamic therapy and overcome multidrug resistance [151,152].

3.1.4. Keratan Sulfate

KS is localized in the ECM of different tissues, has a relatively small molecular
weight, and ranges from 5 to 30 repeating disaccharide subunits. KS is composed of
Galβ(1→4)GlcNAc, and each disaccharide unit passes through a β (1→3) glycosidic bond.
It is different from other GAGs because its uronic acid moiety is partially replaced by
neutral Gal units (Figure 2D) [87]. As a class of GAGs, the potential of KS in the delivery of
anticancer drugs needs to be further developed.

3.2. Polysaccharides Derived from Marine Animals
3.2.1. Chondroitin Sulfate from Sturgeon and Cartilage

As mentioned earlier, CS is a natural polymer and is widely distributed in the cartilage
and bone of animals. Herein, a sturgeon (Acipenser)-derived CS significantly inhibits tumor
progression of HCT-116 mice model by inhibiting proliferation and inducing apoptosis [153].
Moreover, a novel CS-E exhibits dose-dependent antimetastatic activity [154].

3.2.2. Sulfated Polysaccharides from Sea Cucumber

Sulfated polysaccharides are one of the main components of sea cucumber, which
have a wide range of biological activities. Ermakova et al. isolated sulfated fucans and
proved that it exhibits anticancer activity against the cancer cell lines [155].
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3.2.3. Polysaccharides from Common Cockles

Research by Pye et al. shows that the sulfated polysaccharide has antiproliferative
activity on chronic myeloid leukemia and relapsing acute lymphoblastic leukemia cell lines.
They identified that sulfated polysaccharides are a unique marine-derived HP/HS-like
polysaccharide [156].

4. Polysaccharides from Fungi

4.1. Lentinan

Lentinan (LNT), a neutral polysaccharide extracted from Lentinus edodes, has been
widely used in Asia. LNT is a kind of β-(1→3)-D-glucan and its repeating unit is shown in
Figure 4. The primary structure of LNT consists of two lateral β-(1→6) glucose branches
on five β-(1→3) glucose linkages [157].

Figure 4. The repeating unit of the LNT structure.

The antitumour activity of LNT and its synergistic effect with various chemicals
or other therapies have been extensively studied. Wu et al. reported that LNT can ef-
fectively delay the development of lung adenocarcinoma by upregulating miR-216a-5p
and inhibiting the JAK2/STAT3 signaling pathway (Figure 5) [158]. LNT as an adjuvant
has been prepared into lentinan calcium carbonate (LNT-CaCO3) microspheres and has
potential use as a vaccine delivery system [159]. Chen et al. used LNT as a modifier
to synthesize stable and efficient selenium nanoparticles (SeNPs), which can effectively
inhibit the growth of solid tumors [160]. Additionally, LNT-coated selenium nanoparti-
cles (SeNPs@LNT) could restore the dysfunctional immune cells in the malignant pleural
perfusion microenvironment [161].

Figure 5. The mechanism action of the Lentinan.
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4.2. Ganoderma lucidum Polysaccharide

Ganoderma lucidum (G. lucidum) is one of the most famous folk medicines in China [162].
Most G. lucidum polysaccharides (GLPs) are β-glucans with an MW distribution of
103–106 Da. Ding et al. reported a neutral polysaccharide, GLSA50-1B, with a (1→6)
(1→4)-β-D-glucan (Figure 6A) [163]. Fang et al. identified a branched β-D-(1→3)-glucan,
named PSGL-I-1A (Figure 6B) [164]. WGLP, a water-soluble polysaccharide, was ob-
tained from spores of Ganoderma lucidum (Fr.) Karst and its repeating unit is shown in
Figure 6C [165].

Figure 6. The structures of GLPs. (A) GLSA50-1B, (B) PSGL-I-1A, (C) WGLP.

Crude polysaccharides from G. lucidum work with dacarbazine to inhibit the growth
of melanoma tumors [166]. A fucoxylomannan from G. lucidum showed effective antiprolif-
erative effects [167]. Ding et al reported that WGLP can significantly inhibit the growth
of tumor in vivo at a certain concentration without drug-related toxicity [165]. The water-
soluble polysaccharide WSG is effective against lung cancer and tongue cancer [168,169].
In addition, Lin et al. found that the combination of WSG and cisplatin can inhibit cell
activity and induce apoptosis [169]. The application of GLPs on gold nanocomposites
can be activated effectively for dendritic cells and T lymphocytes in breast cancer-bearing
mouse models and inhibit the growth and metastasis of tumors [170]. In addition, GLP-
conjugated bismuth sulfide nanoparticles can effectively assist tumor radiotherapy via
radiosensitization and dendritic cell activation [171].

5. Conclusions

It is predicted that the global number of cancer patients will reach 34 million in 2070,
with a doubling of the incidence of all cancers combined relative to 2020 [172]. More and
more evidence shows that polysaccharides have great anticancer potential. Polysaccharides
are a class of biological macromolecules produced by plants, animals, and fungi, which have
received extensive attention in recent years owning to their high therapeutic efficacy and
low toxicity. Some polysaccharides isolated from the leaves, seeds, roots, and bark of plants
show a certain direct anticancer effect, with mechanisms involved in regulating multiple
proteins or signal transduction pathways. Besides, the unique structure diversities and
physiochemical properties of polysaccharides lay the foundation for developing various
nanocarriers. Drug delivery methods based on polysaccharides nanomaterials help to
achieve targeted delivery of immunotherapeutic agents to immune cell subtypes and
effectively improve the therapeutic effect of drug carriers. In addition, the degradation
products of polysaccharides are normal monosaccharides in vivo and can be recycled by
cells without accumulation in the tissue.
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In a word, this article reviews the latest progress of polysaccharides and polysaccharide-
based nanomaterials and their applications in cancer immunotherapy. The anticancer
properties of polysaccharides are mainly mediated through two ways: (I) direct cytotoxicity
and (II) as a targeted nano carrier platform, which carries traditional anticancer drugs.
Although there are still many unsolved problems in this field, the clinical value and broad
application prospects of anticancer polysaccharides make them an important direction of
new drug development.
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Abstract: 2-deoxythiosugars are more stable than 2-deoxysugars occurring broadly in bioactive
natural products and pharmaceutical agents. An effective and direct methodology to stereoselectively
synthesize α-2-deoxythioglycosides catalyzed by AgOTf has been developed. Various alkyl thiols
and thiophenols were explored and the desired products were formed in good yields with excellent
α-selectivity. This method was further applied to the syntheses of S-linked disaccharides and late-
stage 2-deoxyglycosylation of estrogen, L-menthol, and zingerone thiols successfully.

Keywords: 2-deoxythioglycosides; glycosylation; silver triflate; stereoselective synthesis; glycals

1. Introduction

2-deoxysugars occur broadly in bioactive natural products and pharmaceutical
agents [1–3]. They have been applied as clinical drugs in treating various diseases, includ-
ing heart failure, cancers, and bacterial and viral infections [4–7]. However, the glycosidic
bond of 2-deoxysugar is easily hydrolyzed by enzymes or acids, resulting in a short half-life
in vivo, which limits its application in drug development [8,9]. As sulfur is in the same
group as oxygen, it is often used as a bioisostere to replace oxygen atoms in medicinal
chemistry, indicating a longer half-life and better biological activity [10–13]. Stereoselec-
tive synthesis of 2-deoxythiosugar is quite challenging because there is no C2-group to
direct the anomeric selectivity through the neighboring participation effect. Many efforts
have been made to develop the strategies of 2-deoxythioglycosylation. Conventionally,
2-deoxysugar synthesis studies could be performed with saturated glycosyl donors, the
high stereoselectivity of which relied on a specific structure of a well-assembled glycosyl
donor [14,15]. On the other hand, unsaturated glycosyl donors (glycals) could be ap-
plied directly to construct 2-deoxysugars stereoselectively [16,17]. Toste and coworkers
developed an effective synthesis of 2-deoxyglycosides from glycal donors mediated by
a catalytic Re(V)-oxo complex [18]. Recently, Wan′s group successfully achieved access
to α-1,1′-2-deoxy thioglycosides stereoselectively catalyzed by ReOCl3(SMe2)(OPPh3) as
shown in Scheme 1a [19]. With the development of organocatalysis, Kancharla’s group
utilized a bulky pyridinium salt 2,4,6-tri-tert-butylpyridine-hydrochloric acid (TTBPy·HCl)
to catalyze the reaction between glycals and thiols giving 2-deoxy-β-galactosides with an
α/β ratio from 3.8:1 to β only (Scheme 1b) [20]. However, rhenium catalysts are quite
expensive and the synthesis of organocatalysts is tedious. Therefore, the stereoselective
synthesis of 2-deoxythioglycosides is still highly challenging. In view of our long-standing
interest in exploring 3,4-O-carbonate-glycal donors [21–27], herein, we report an effec-
tive and stereoselective 2-deoxythioglycosylation catalyzed by the commercially available
catalyst silver trifluoromethanesulfonate (AgOTf) as shown in Scheme 1c. The target
α-2-deoxythiosugars were able to be obtained in good yields with high stereoselectivity
under mild conditions.
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Scheme 1. Synthesis of 2-deoxythioglycosides from glycal donors.

2. Results

First, 3,4-O-carbonate galactal 1a was adopted as a glycosyl donor and p-methylthiophenol
2a was adopted as a glycosyl acceptor to optimize the conditions for 2-deoxythioglycosylation
(Table 1). Initially, Cu(OTf)2 was examined as the catalyst, giving 2-deoxysugar 3a in a yield
of 32% with high α-selectivity (α/β > 20:1) in dichloromethane (entry 1). Then, various
Lewis acids were screened (entries 2–8). For example, Hg(OTf)2 could increase the yield to
59% (entry 2), while Yb(OTf)3 decreased the yield to 30% (entry 3). Fe(OTf)3 was also able
to catalyze this reaction to give the desired product in a 64% yield (entry 4). There was no
reaction when Ni(OTf)2 and Dy(OTf)3 were examined (entries 5, 7). AgOTf could increase
the yield to 80% (entry 8), which was the best catalyst for this reaction. Then various
solvents were examined, including toluene, THF, MeCN, dimethyl carbonate (DMC), and
diethyl carbonate (DEC) (entries 9–15). The yield was lower (43%) in toluene (entry 9),
while no reaction was observed in THF (entry 10), acetonitrile (entry 11), DMF (entry 14),
and DMSO (entry 15). The green solvent (DMC, entry 12) was applied, and the yield
decreased to 57%, while DEC (entry 13) was also attempted to proceed with the reaction,
but only a 33% yield was observed. Therefore, the condition was finalized as Ag(OTf) as
the catalyst in DCM at room temperature.

With the optimized condition in hand, the substrate scope was first explored using
thiophenols (Scheme 2). The aryl 2-deoxythioglycosides (3a-3c) were obtained using
p-, m- and o-thiocresols as acceptors in yields of 80–82% and with an α/β ratio from
15:1 to > 20:1 determined by 1H NMR. Fortunately, the crystal of 3c was obtained and the
configuration was confirmed as α-2-deoxy-D-galactoside by single-crystal X-ray diffraction.
3,4-Dimethylthiophenol also worked well giving 3d in an 82% yield and with a ratio of
α/β = 20:1. Besides methyl substitution thiophenols, 4-methoxythiophenol reacted with
3,4-O-carbonate-D-galactal 1a to form 3e in a 73% yield with a ratio of α/β > 20:1. The
bulkier substitute group on the phenyl ring also tolerated this method well. For example,
4-tert-butylthiophenol was applied to generate 3f in an 81% yield and with an α/β ratio of
18:1. Thiophenol 2-deoxysugar 3g was obtained stereoselectively (α/β > 20:1) in an 80%
yield. When thiophenols were substituted by electron-withdrawing groups, the desired
products (3h-3j) could still be formed in good yields but stereoselectivity decreased slightly.
The 2-deoxythiosugar 3h was formed in a yield of 75% with a ratio of α:β = 11:1 using
4-bromothiophenol as the acceptor. 2-Bromothiophenol and 4-fluorothiophenol were
examined and gave target products in a 71–74% yield at the ratios of α:β = 15:1 and
α:β = 12:1, respectively.
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Table 1. Condition optimization for the 2-deoxythioglycosylation a.

Entry Catalyst Solvent Yield (%) b

1 Cu(OTf)2 DCM 32
2 Hg(OTf)2 DCM 59
3 Yb(OTf)3 DCM 30
4 Fe(OTf)3 DCM 64
5 Ni(OTf)2 DCM N.R.
6 Sc(OTf)3 DCM 50
7 Dy(OTf)3 DCM N.R.
8 AgOTf DCM 80
9 AgOTf toluene 43
10 AgOTf THF N.R.
11 AgOTf MeCN N.R.
12 AgOTf DMC 57
13 AgOTf DEC 33
14 AgOTf DMF N.R.
15 AgOTf DMSO N.R.

a Unless otherwise specified, all reactions were carried out with 0.1 mmol of 1a, 0.11 mmol of 2a, and 10 mol%
catalyst in 2 mL solvent, at room temperature for 24 h under N2 atmosphere. b Isolated yield, α/β > 20:1 by 1H
NMR. N.R. = No Reaction.

Scheme 2. Substrate scope of aryl 2-deoxythioglycosides.
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Besides the substrate study of the thiophenol acceptors, the alkyl thiols were also
employed to synthesize 2-deoxythioglycosides, including S-linked disaccharides. As shown
in Scheme 3, two primary thiols ethyl and n-octyl mercaptan were utilized to react with
glycal 1a to form 2-deoxythiosugars 5a and 5b in high yields (78–86%) with excellent
stereoselectivity (α/β > 20:1). When n-butyl, iso-butyl, and sec-butyl mercaptan were
employed, the corresponding α-2-deoxythioglycosides 5c-5e were all able to be generated
in high yields (>80%). It is worth noting that the bulky tert-butyl mercaptan could also be
well compatible with this method and gave 5f in an 80% yield with exclusive α-selectivity,
indicating that the strategy was less affected by steric hindrance. Benzyl mercaptan was
applied to form the 2-deoxythiogalactoside 5g in a yield of 82% with a ratio of α/β > 20:1.
Methyl thioglycolate was also applied as a glycosyl acceptor and the desired product 5h

was obtained in an 80% yield. Encouraged by these observations, we continued to study
the synthesis of S-linked α-disaccharides. For example, 5i was achieved successfully from
3,4-O-carbonate-galactal 1 and 1,2:5,6-di-O-isopropylidene-α-D-allofuranose in a yield of
67% with exclusive α-selectivity. The α,β-1,1′-2-deoxythioglycosides 5j was obtained from
glycal 1 and 1-thio-β-D-glucose tetraacetate in a yield of 69% with excellent stereoselectivity
(α/β > 20:1).

Scheme 3. Substrate scope of alkyl 2-deoxythioglycosides.

These successes stimulated us to further apply this 2-deoxythioglycosylation method-
ology to the modification of bioactive natural products (In the Supplementary Materials).
Estrogen is a female sex hormone, one of the three main endogenous estrogens, which
plays a vital role in human life and is also used as a medicine in clinical treatment [28–30].
S-Linked estrone 2-deoxygalactoside 7a was successfully achieved by AgOTf at room
temperature with a 78% yield and excellent α-selectivity (Scheme 4). L-Menthol is the
main component of peppermint and also demonstrates analgesic, antibacterial, and anti-
inflammatory effects [31]. L-Menthol-2-deoxythioglycoside 7b was generated in a 60%
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yield with high α-selectivity. Zingerone extracted from ginger indicates antioxidant, anti-
inflammatory and anti-cancer, and antibacterial bioactivity [32–34], and it was also con-
verted to be a thiol to react with glycal 1a giving 2-deoxythiosugar 7c in a 72% yield with a
ratio of α/β > 20:1.

Scheme 4. Late-stage 2-deoxythioglycosylation of natural product thiols.

Based on the results and literature research, a possible mechanism of AgOTf-catalyzed
2-deoxythioglycosylation was proposed as shown in Scheme 5. Silver triflate coordinated
with the double bond of glycal from the bottom face to form intermediate A because of
the steric effect [35,36]. After the pronation of the reactive olefin, the oxocarbenium ion
B would be generated [1,4,37]. Alkylthio anion (RS-) would attack the anomeric position
from the bottom face to yield α-2-deoxythioglycosides because the 3,4-O-carbonate ring
would block the upper face.

Scheme 5. Proposed mechanism.

3. Conclusions

In conclusion, we have developed an effective strategy to synthesize 2-deoxythioglycosides
using 3,4-O-carbonate glycal donors catalyzed by silver triflate in mild conditions. This
reaction could tolerate various alkyl thiols and thiophenols, all the target products were
obtained in moderate to good yields with excellent α-selectivity. S-Linked disaccharides and
late-stage functionalization of natural product thiols were achieved successfully as well. The
results of this study suggest that this method may be a promising alternative way to access
the 2-deoxythioglycosides applied in natural product synthesis and drug development.
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4. Materials and Methods

General Procedure. The 3,4-O-carbonate glycal donor (0.100 mmol) and thiol reagent
(0.110 mmol) were added to anhydrous dichloromethane (2.00 mL) in a Schlenk tube,
followed by adding silver triflate (0.01 mmol) under N2 atmosphere. The reaction mixture
was stirred at room temperature and monitored by TLC. Then, aqueous sodium bicarbonate
was added to quench the reaction, extracted with dichloromethane, washed by aqueous
sodium bicarbonate and dried by sodium sulfate. The organic layer was collected and
removed under reduced pressure to afford a crude product which was purified by silica gel
flash chromatography with a gradient solvent system (petroleum ether/ethyl acetate as
eluent) to yield 2-deoxythioglycosides.

4-Methylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-
ranoside (3a). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 42.7 mg, yield 80%; 1H NMR (400 MHz, CDCl3) δ 7.73–7.63 (m, 4H, Ar-H),
7.47–7.39 (m, 6H, Ar-H), 7.33–7.27 (m, 2H, Ar-H), 7.01–7.03 (m, 2H, Ar-H), 5.45 (dd, J = 9.8,
6.5 Hz, 1H, H-1), 5.05 (ddd, J = 8.8, 4.4, 2.0 Hz, 1H, H-3), 4.90 (dd, J = 8.6, 1.6 Hz, 1H, H-4),
4.16 (ddd, J = 7.7, 6.0, 1.6 Hz, 1H, H-5), 3.84 (dd, J = 10.2, 7.6 Hz, 1H, H-6), 3.77 (dd, J = 10.2,
6.2 Hz, 1H, H-6’), 2.64 (ddd, J = 15.8, 6.5, 3.5 Hz, 1H, H-2), 2.29 (s, 3H, PhCH3), 1.88 (ddd,
J = 15.9, 9.8, 3.0 Hz, 1H, H-2’), 1.06 (s, 9H, Si-tBu). 13C NMR (100 MHz, CDCl3) δ 154.2,
138.4, 135.7, 135.6, 133.2, 133.1, 132.8, 130.1, 130.0, 129.9, 129.4, 128.0, 80.8, 73.5, 72.4, 68.5,
61.6, 28.9, 26.9, 21.3, 19.4. HRMS (ESI) m/z: calcd. for C30H34O5SSiNa+ (M + Na)+ 557.1788,
found 557.1786; [α]25

D = +45.7 (c = 1.0, CHCl3).
3-Methylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-

ranoside (3b). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving col-
orless oil 43.8 mg, yield 82%; 1H NMR (400 MHz, CDCl3) δ 7.69 (ddd, J = 8.0, 5.2, 1.6 Hz, 4H,
Ar-H), 7.58–7.34 (m, 6H, Ar-H), 7.27–7.20 (m, 2H, Ar-H), 7.19–7.03 (m, 2H, Ar-H), 5.56 (dd,
J = 9.8, 6.5 Hz, 1H, H-1), 5.08 (ddd, J = 8.4, 4.0, 2.0 Hz, 1H, H-3), 4.93 (dd, J = 8.6, 1.6 Hz, 1H,
H-4), 4.19 (ddd, J = 7.7, 6.0, 1.6 Hz, 1H, H-5), 3.87 (dd, J = 10.2, 7.7 Hz, 1H, H-6), 3.80 (dd,
J = 10.2, 6.1 Hz, 1H, H-6’), 2.68 (ddd, J = 15.8, 6.5, 3.5 Hz, 1H, H-2), 2.27 (s, 3H, PhCH3),
1.92 (ddd, J = 15.9, 9.8, 3.0 Hz, 1H, H-2’), 1.08 (s, 9H, Si-tBu). 13C NMR (100 MHz, CDCl3)
δ 154.2, 138.9, 135.7, 135.6, 133.2, 133.1, 132.9, 132.8, 130.1, 130.0, 129.3, 128.9, 128.9, 128.0,
80.5, 73.4, 72.4, 68.6, 61.5, 29.0, 26.9, 21.4, 19.4. HRMS (ESI) m/z: calcd. for C30H34O5SSiNa+

(M + Na)+ 557.1788, found 557.1790; [α]25
D = +62.2 (c = 1.0, CHCl3).

2-Methylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-
ranoside (3c). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
white solid 43.2 mg, yield 81%; m. p.: 155.7–157.1 ◦C. 1H NMR (400 MHz, CDCl3) δ 7.64–
7.67 (m, 4H, Ar-H), 7.73–7.45 (m, 7H, Ar-H), 7.20–7.09 (m, 2H, Ar-H), 7.03–7.07 (m, 1H,
Ar-H), 5.53 (dd, J = 9.8, 6.4 Hz, 1H, H-1), 5.07 (ddd, J = 8.6, 4.2, 2.0 Hz, 1H, H-3), 4.93 (dd,
J = 8.7, 1.6 Hz, 1H, H-4), 4.17 (ddd, J = 8.0, 6.0, 1.7 Hz, 1H, H-5), 3.83 (dd, J = 10.1, 8.0 Hz,
1H, H-6), 3.75 (dd, J = 10.1, 6.0 Hz, 1H, H-6’), 2.67 (ddd, J = 15.8, 6.5, 3.5 Hz, 1H, H-2),
2.33(s, 3H, PhCH3), 1.96 (ddd, J = 15.9, 9.8, 2.9 Hz, 1H, H-2’), 1.04 (s, 9H, Si-tBu). 13C NMR
(100 MHz, CDCl3) δ 154.2, 139.4, 135.7, 135.6, 133.2, 132.8, 132.8, 130.3, 130.1, 130.0, 128.0,
128.0, 126.8, 79.8, 73.4, 72.4, 68.6, 61.4, 29.2, 26.9, 20.9, 19.4. HRMS (ESI) m/z: calcd. for
C30H34O5SSiNa+ (M + Na)+ 557.1788, found 557.1793; [α]25

D = +43.2 (c = 1.0, CHCl3)
2,4-Methoxylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-D-galacto-

pyranoside (3d). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 44.9 mg, yield 82%; 1H NMR (400 MHz, CDCl3) δ 7.77–7.64 (m, 4H, Ar-H),
7.52–7.40 (m, 6H, Ar-H), 7.31–7.33 (m, 1H, Ar-H), 7.03–6.99 (m, 1H, Ar-H), 6.85–6.88 (m,
1H, Ar-H), 5.45 (dd, J = 9.8, 6.4 Hz, 1H, H-1), 5.13–5.03 (m, 1H, H-3), 4.96 (dd, J = 8.6,
1.6 Hz, 1H, H-4), 4.18 (ddd, J = 7.8, 5.8, 1.6 Hz, 1H, H-5), 3.86 (dd, J = 10.1, 8.2 Hz, 1H, H-6),
3.76 (dd, J = 10.0, 5.9 Hz, 1H, H-6’), 2.68 (ddd, J = 15.8, 6.4, 3.5 Hz, 1H, H-2), 2.33 (s, 3H,
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PhCH3), 2.28 (s, 3H, PhCH3), 1.96 (ddd, J = 15.9, 9.9, 2.9 Hz, 1H, H-2’), 1.08 (s, 9H, Si-tBu).
13C NMR (100 MHz, CDCl3) δ 154.3, 140.0, 138.5, 135.7, 135.6, 134.0, 133.2, 132.8, 131.3,
130.1, 130.0, 128.7, 128.0, 127.5, 80.2, 73.4, 72.4, 68.4, 61.4, 29.1, 26.9, 21.2, 21.0, 19.4. HRMS
(ESI) m/z: calcd. for C31H36O5SSiNa+ (M + Na)+ 571.1945, found 571.1941; [α]25

D = +68.4
(c = 1.0, CHCl3).

4-Methoxylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galact-
opyranside (3e). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 40.1 mg, yield 73%; 1H NMR (400 MHz, CDCl3) δ 7.69–7.72 (m, 4H, Ar-H),
7.41–7.48 (m, 6H, Ar-H), 7.35–7.38 (m, 2H, Ar-H), 6.74–6.76 (m, 2H, Ar-H), 5.38 (dd, J = 9.8,
6.4 Hz, 1H, H-1), 5.06 (ddd J = 8.6, 4.4, 2.2Hz, 1H, H-3), 4.91 (dd, J = 8.6, 1.6 Hz, 1H, H-4),
4.18 (ddd, J = 7.7, 6.1, 1.6 Hz, 1H, H-5), 3.87 (dd, J = 10.3, 7.5 Hz, 1H, H-6), 3.80 (dd, J = 9.4,
5.3 Hz, 1H, H-6’), 3.77 (s, 3H, PhOCH3), 2.65 (ddd, J = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.89 (ddd,
J = 15.8, 9.8, 3.0 Hz, 1H, H-2’), 1.10 (s, 9H, Si-tBu).13C NMR (100 MHz, CDCl3) δ 160.2, 154.2,
135.7, 135.7, 135.6, 133.2, 132.8, 130.1, 130.0, 128.0, 123.3, 114.7, 81.2, 73.5, 72.5, 68.5, 61.7,
55.4, 28.9, 27.0, 19.4. HRMS (ESI) m/z: calcd. for C30H34O6SSiNa+ (M + Na)+ 573.1738,
found 573.1739; [α]25

D = +90.6 (c = 1.0, CHCl3).
4-tert-Butylphenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galact-

opyranoside (3f). The title compound was prepared according to the general procedure
of 2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 46.7 mg, yield 81%; 1H NMR (400 MHz, CDCl3) δ 7.69–7.72 (m, 4H, Ar-H),
7.52–7.38 (m, 6H, Ar-H), 7.41–7.34 (m, 2H, Ar-H), 7.30–7.22 (m, 2H, Ar-H), 5.51 (dd, J = 9.7,
6.5 Hz, 1H, H-1), 5.07 (ddd, J = 8.6, 4.2, 2.2 Hz, 1H, H-3), 4.92 (dd, J = 8.7, 1.7 Hz, 1H, H-4),
4.22 (ddd, J = 7.6, 6.2, 1.6 Hz, 1H, H-5), 3.88 (dd, J = 10.2, 7.5 Hz, 1H, H-6), 3.82 (dd, J = 10.2,
6.2 Hz, 1H, H-6’), 2.67 (ddd, J = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.91 (ddd, J = 15.9, 9.8, 3.0 Hz,
1H, H-2’), 1.29 (s, 9H, C-tBu), 1.09 (s, 9H, Si-tBu).13C NMR (100 MHz, CDCl3) δ 154.2, 151.4,
135.7, 135.6, 133.2, 132.8, 132.6, 130.1, 130.0, 129.6, 128.0, 126.2, 80.7, 73.5, 72.4, 68.5, 61.6,
34.7, 31.3, 29.0, 26.9, 19.4. HRMS (ESI) m/z: calcd. for C33H40O5SSiNa+ (M + Na)+ 599.2258,
found 599.2259; [α]25

D = +104.8 (c = 1.0, CHCl3).
Phenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside

(3g). The title compound was prepared according to the general procedure of 2-deoxythiogl-
ycosides synthesis and purified by flash column chromatography giving colorless oil
41.6 mg, yield 80%; 1H NMR (400 MHz, CDCl3) δ 7.70 (ddd, J = 8.0, 4.0, 1.7 Hz, 4H,
Ar-H), 7.53–7.34 (m, 8H, Ar-H), 7.27–7.21 (m, 3H, Ar-H), 5.57 (dd, J = 9.7, 6.5 Hz, 1H, H-1),
5.08 (ddd, J = 8.4, 4.0, 2.4 Hz, 1H, H-3), 4.92 (dd, J = 8.6, 1.6 Hz, 1H, H-4), 4.20 (ddd, J = 7.6,
6.2, 1.7 Hz, 1H, H-5), 3.87 (dd, J = 10.2, 7.5 Hz, 1H, H-6), 3.81 (dd, J = 10.3, 6.2 Hz, 1H, H-6’),
2.69 (ddd, J = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.92 (ddd, J = 15.8, 9.8, 3.0 Hz, 1H, H-2’), 1.08 (s,
9H, Si-tBu).13C NMR (100 MHz, CDCl3) δ 154.2, 135.7, 135.6, 133.4, 133.2, 132.8, 132.3, 130.1,
130.0, 129.1, 128.0, 80.5, 73.4, 72.4, 68.6, 61.6, 29.0, 26.9, 19.4. HRMS (ESI) m/z: calcd. for
C29H32O5SSiNa+ (M + Na)+ 543.1632, found 543.1642; [α]25

D = +67.9 (c = 1.0, CHCl3).
4-Bromophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-

ranoside (3h). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 46.0 mg, yield 75%; 1H NMR (400 MHz, CDCl3) δ 7.66–7.70 (m, 4H, Ar-H),
7.51–7.39 (m, 6H, Ar-H), 7.36–7.20 (m, 3H, Ar-H), 7.29 (d, J = 2.4 Hz, 1H, Ar-H), 5.54 (dd,
J = 9.8, 6.5 Hz, 1H, H-1), 5.07 (ddd, J = 8.6, 4.4, 2.2 Hz, 1H, H-3), 4.90 (dd, J = 8.6, 1.7 Hz,
1H, H-4), 4.15–4.19 (m, 1H, H-5), 3.87 (dd, J = 10.4, 7.1 Hz, 1H, H-6), 3.79 (dd, J = 10.3, 6.3
Hz, 1H, H-6’), 2.69 (ddd, J = 15.9, 6.5, 3.5 Hz, 1H, H-2), 1.89 (ddd, J = 15.9, 9.9, 3.0 Hz, 1H,
H-2’), 1.07 (s, 9H, Si-tBu).13C NMR (100 MHz, CDCl3) δ 154.1, 135.7, 135.6, 133.7, 133.6,
133.1, 132.8, 132.6, 132.3, 132.2, 130.1, 130.0, 128.0, 122.3, 80.5, 73.4, 72.3, 68.8, 61.6, 28.8, 26.9,
19.4. HRMS (ESI) m/z: calcd. for C29H31BrO5SSiNa+ (M + Na)+ 621.0737, found 621.0734;
[α]25

D = +45.6 (c = 1.0, CHCl3).
2-Bromophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-

ranoside (3i). The title compound was prepared according to the general procedure of
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2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 43.5 mg, yield 71%; 1H NMR (400 MHz, CDCl3) δ 7.64–7.69 (m, 4H, Ar-H),
7.55 (ddd, J = 7.9, 2.5, 1.5 Hz, 2H, Ar-H), 7.50–7.35 (m, 6H, Ar-H), 7.17–7.20 (m,1H, Ar-H),
7.06–7.11 (m, 1H, Ar-H), 5.71 (dd, J = 9.8, 6.5 Hz, 1H, H-1), 5.12 (ddd, J = 8.6, 4.0, 2.2 Hz, 1H,
H-3), 4.95 (dd, J = 8.6, 1.6 Hz, 1H, H-4), 4.21 (ddd, J = 7.8, 6.3, 1.7 Hz, 1H, H-5), 3.85 (dd,
J = 10.2, 7.5 Hz, 1H, H-6), 3.79 (dd, J = 10.2, 6.3 Hz, 1H, H-6’), 2.74 (ddd, J = 15.9, 6.6, 3.5 Hz,
1H, H-2), 1.98 (ddd, J = 15.8, 9.8, 2.9 Hz, 1H, H-2’), 1.04 (s, 9H, Si-tBu).13C NMR (100 MHz,
CDCl3) δ 154.2, 135.7, 135.6, 135.2, 133.1, 132.8, 132.0, 130.1, 130.0, 128.6, 128.20, 128.0, 125.2,
79.3, 76.8, 72.3, 68.9, 61.3, 28.6, 26.9, 19.3. HRMS (ESI) m/z: calcd. for C29H31BrO5SSiNa+

(M + Na)+ 621.0737, found 621.0735; [α]25
D = +82.4 (c = 1.0, CHCl3).

4-Fluorophenyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopy-
ranoside (3j). The title compound was prepared according to the general procedure of
2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 39.8 mg, yield 74%; 1H NMR (400 MHz, CDCl3) δ 7.79–7.67 (m, 4H, Ar-H),
7.56–7.40 (m, 8H, Ar-H), 6.90–6.93 (m, 2H, Ar-H), 5.46 (dd, J = 9.9, 6.5 Hz, 1H, H-1),
5.07 (ddd, J = 8.6, 4.2, 2.0 Hz, 1H, H-3), 4.90 (dd, J = 8.7, 1.6 Hz, 1H, H-4), 4.16–4.20 (m,
1H, H-5), 3.87 (dd, J = 10.4, 7.2 Hz, 1H, H-6), 3.80 (dd, J = 10.3, 6.3 Hz, 1H, H-6’), 2.68
(ddd, J = 15.9, 6.5, 3.4 Hz, 1H, H-2), 1.89 (ddd, J = 15.8, 9.8, 2.9 Hz, 1H, H-2’), 1.09 (s, 9H,
Si-tBu).13C NMR (100 MHz, CDCl3) δ 163.0 (d, J = 246.7 Hz), 154.1, 135.7, 135.6, 135.1 (d,
J = 8.2 Hz), 133.1, 132.8, 130.1, 130.0, 128.0, 116.2 (d, J = 21.6 Hz), 81.0, 73.4, 72.4, 68.7, 61.7,
28.8, 26.9, 19.4. HRMS (ESI) m/z: calcd. for C29H31FO5SSiNa+ (M + Na)+ 561.1538, found
561.1541; [α]25

D = +86.3 (c = 1.0, CHCl3).
Ethyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside (5a).

The title compound was prepared according to the general procedure of 2-deoxythioglycosides
synthesis and purified by flash column chromatography giving colorless oil 40.6 mg, yield
86%; 1H NMR (400 MHz, CDCl3) δ 7.67–7.71 (m, 4H, Ar-H), 7.60–7.36 (m, 6H, Ar-H),
5.39 (dd, J = 9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, J = 8.4, 4.8, 2.4 Hz, 1H, H-3), 4.86 (dd, J = 8.5,
1.7 Hz, 1H, H-4), 4.23–4.01 (m, 1H, H-5), 3.85 (dd, J = 10.3, 7.3 Hz, 1H, H-6), 3.78 (dd,
J = 10.3, 6.4 Hz, 1H, H-6’), 2.67–2.75 (m, 1H, H-2), 2.63–2.49 (m, 2H, CH2CH3), 1.79 (ddd,
J = 15.8, 9.3, 3.2 Hz, 1H, H-2’), 1.24 (dd, J = 13.4, 6.7 Hz, 3H, CH2CH3), 1.08 (s, 9H, Si-tBu).
13C NMR (100 MHz, CDCl3) δ 154.4, 135.7, 135.6, 133.2, 132.9, 130.1, 130.0, 128.0, 127.9, 76.7,
73.7, 72.5, 68.0, 61.7, 29.2, 26.9, 24.7, 19.3, 15.0. HRMS (ESI) m/z: calcd. For C25H32O5SsiNa+

(M + Na)+ 495.1632, found 495.1634; [α]25
D = +54.2 (c = 1.0, CHCl3).

Octyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside (5b).
The title compound was prepared according to the general procedure of 2-deoxythioglycosides
synthesis and purified by flash column chromatography giving colorless oil 43.3 mg, yield
78%; 1H NMR (400 MHz, CDCl3) δ 7.68–7.72 (m, 4H, Ar-H), 7.40–7.50 (m, 6H, Ar-H), 5.35
(dd, J = 9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, J = 8.4, 4.5, 2.3 Hz, 1H, H-3), 4.87 (dd, J = 8.5, 1.7 Hz,
1H, H-4), 4.13 (ddd, J = 7.4, 6.9, 1.6 Hz, 1H, H-5), 3.85 (dd, J = 10.2, 7.3 Hz, 1H, H-6), 3.78 (dd,
J = 10.2, 6.4 Hz, 1H, H-6’), 2.68 (ddd, J = 12.9, 8.1, 6.6 Hz, 1H, H-2), 2.57–2.41 (m, 2H), 1.79
(ddd, J = 15.8, 9.3, 3.1 Hz, 1H, H-2’), 1.59–1.51 (m, 2H, CH2), 1.41–1.12 (m, 10H, CH2), 1.08
(s, 9H, Si-tBu), 0.89 (dd, J = 7.6, 5.7 Hz, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 154.4,
135.7, 135.6, 133.2, 132.9, 130.1, 130.0, 128.0, 127.9, 77.1, 73.7, 72.5, 67.9, 61.7, 31.9, 30.7, 29.9,
29.3, 29.2, 29.2, 29.0, 26.9, 22.8, 19.3, 14.2. HRMS (ESI) m/z: calcd. for C31H44O5SSiNa+

(M + Na)+ 579.2571, found 579.2556; [α]25
D = +51.4 (c = 1.0, CHCl3).

n-Buty-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside
(5c). The title compound was prepared according to the general procedure of 2-deoxythiog-
lycosides synthesis and purified by flash column chromatography giving colorless oil
41.5 mg, yield 83%; 1H NMR (400 MHz, CDCl3) δ 7.48–7.71 (m, 4H, Ar-H), 7.55–7.36 (m, 6H,
Ar-H), 5.35 (dd, J = 9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, J = 8.5, 4.4, 2.4 Hz, 1H, H-3), 4.87 (dd,
J = 8.5, 1.7 Hz, 1H, H-4), 4.13 (ddd, J = 8.3, 6.4, 1.6 Hz, 1H, H-5), 3.85 (dd, J = 10.2, 7.4 Hz,
1H, H-6), 3.77 (dd, J = 10.2, 6.3 Hz, 1H, H-6’), 2.69 (ddd, J = 14.7, 8.1, 6.7 Hz, 1H, H-2),
2.60–2.46 (m, 2H, CH2), 1.78 (ddd, J = 15.7, 9.3, 3.1 Hz, 1H, H-2’), 1.60–1.49 (m, 2H, CH2),
1.41–1.32 (m, 2H, CH2), 1.08 (s, 9H, Si-tBu), 0.87 (dd, J = 14.6, 6.9 Hz, 3H, CH3). 13C NMR
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(100 MHz, CDCl3) δ 154.4, 135.7, 135.6, 133.2, 132.9, 130.1, 130.0, 128.0, 127.9, 77.1, 73.7, 72.5,
67.9, 61.6, 31.9, 30.4, 29.2, 26.9, 22.0, 19.4, 13.7. HRMS (ESI) m/z: calcd. for C27H36O5SSiNa+

(M + Na)+ 523.1945, found 523.1945; [α]25
D = +36.4 (c = 1.0, CHCl3).

Isobutyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside
(5d). The title compound was prepared according to the general procedure of 2-deoxythiog-
lycosides synthesis and purified by flash column chromatography giving colorless oil
41.5 mg, yield 83%; 1H NMR (400 MHz, CDCl3) δ 7.67–7.71(m, 4H, Ar-H), 7.54–7.34 (m,
6H, Ar-H), 5.31 (dd, J = 9.3, 6.5 Hz, 1H, H-1), 5.02 (ddd, 8.6, 4.6, 2.4, 1H, H-3), 4.88 (dd,
J = 8.5, 1.6 Hz, 1H, H-4), 4.19–4.04 (m, 1H, H-5), 3.85 (dd, J = 10.2, 7.5 Hz, 1H, H-6), 3.77
(dd, J = 10.2, 6.3 Hz, 1H, H-6’), 2.79–2.50 (m, 2H, H-2, CHHCH(CH3)2), 2.42 (dd, J = 12.9,
7.2 Hz, 1H, CHHCH(CH3)2), 1.84–1.74 (m, 2H, H-2’, CH2CH(CH3)2), 1.08 (s, 9H, Si-tBu),
0.94 (dd, J = 6.6, 2.7 Hz, 6H, CH3CHCH3). 13C NMR (100 MHz, CDCl3) δ 154.4, 135.7, 135.6,
135.6, 133.2, 133.0, 130.1, 130.0, 128.0, 127.9, 77.7, 73.7, 72.5, 67.9, 61.7, 39.7, 29.4, 28.8, 26.9,
22.1, 22.0, 19.4. HRMS (ESI) m/z: calcd. for C27H36O5SSiNa+ (M + Na)+ 523.1945, found
523.1942; [α]25

D = +63.3 (c = 1.0, CHCl3).
sec-Butyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside

(5e). The title compound was prepared according to the general procedure of 2-deoxythiog-
lycosides synthesis and purified by flash column chromatography giving colorless oil
41.0 mg, yield 82%; 1H NMR (400 MHz, CDCl3) δ 7.67–7.71 (m, 4H, Ar-H), 7.53–7.37 (m,
6H, Ar-H), 5.43 (dd, J = 9.3, 6.5 Hz, 1H, H-1), 5.00–5.05 (m, 1H, H-3), 4.89 (ddd, J = 8.3, 6.1,
1.7 Hz, 1H, H-4), 4.13–4.17 (m, 1H, H-5), 3.92–3.81 (m, 1H, H-6), 3.75 (ddd, J = 10.1, 6.1,
4.0 Hz, 1H, H-6’), 2.86–2.95 (m, 1H, CHCH2CH3), 2.53 (dddd, J = 15.7, 6.2, 3.8, 2.1 Hz, 1H,
H-2), 1.81 (dddd, J = 15.8, 9.3, 4.5, 3.2 Hz, 1H, H-2’), 1.57–1.41 (m, 2H, CHCH2CH3), 1.29
(d, J = 6.9 Hz, 2H, CHCH2H), 1.20 (d, J = 7.0 Hz, 1H, CHCH2H), 1.08 (s, 9H, Si-tBu), 0.91
(dt, J = 23.3, 7.4 Hz, 3H, CHCH2CH3). 13C NMR (100 MHz, CDCl3) δ 154.4, 135.7, 135.7,
135.6, 135.6, 133.2, 130.1, 130.0, 128.0, 127.9, 76.6, 73.6, 72.5, 67.8, 61.6, 41.8, 40.0, 30.2, 26.9,
21.3, 19.4, 11.4. 13C NMR (100 MHz, CDCl3) δ.154.4, 135.7, 135.7, 135.6, 135.6, 133.2, 130.1,
130.0, 128.0, 127.9, 75.8, 73.6, 72.5, 67.8, 61.6, 41.2, 39.3, 29.4, 26.9, 21.3, 19.4, 11.3. HRMS
(ESI) m/z: calcd. for C27H36O5SSiNa+ (M + Na)+ 523.1945, found 523.1946; [α]25

D = +35.6
(c = 1.0, CHCl3).

tert-Butyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside
(5f). The title compound was prepared according to the general procedure of 2-deoxythiog-
lycosides synthesis and purified by flash column chromatography giving colorless oil
40.0 mg, yield 80%; 1H NMR (400 MHz, CDCl3) δ 7.69–7.72 (m, 4H, Ar-H), 7.56–7.37 (m,
6H, Ar-H), 5.56 (dd, J = 9.4, 6.5 Hz, 1H, H-1), 5.03 (ddd, J = 8.4, 4.8, 2.4 Hz, 1H, H-3), 4.91
(dd, J = 8.5, 1.6 Hz, 1H, H-4), 4.13 (ddd, J = 7.9, 5.7, 1.6 Hz, 1H, H-5), 3.85 (dd, J = 10.0,
8.3 Hz, 1H, H-6), 3.72 (dd, J = 10.0, 5.8 Hz, 1H, H-6’), 2.49 (ddd, J = 15.7, 6.6, 3.8 Hz, 1H,
H-2), 1.81 (ddd, J = 15.8, 9.4, 3.1 Hz, 1H, H-2’), 1.31 (s, 9H, C-tBu), 1.07 (s, 9H, Si-tBu).13C
NMR (100 MHz, CDCl3) δ 154.6, 135.7, 135.6, 133.2, 132.8, 130.1, 130.0, 128.0, 127.9, 75.4,
73.5, 72.6, 67.6, 61.2, 44.5, 31.8, 29.4, 26.9, 19.4. HRMS (ESI) m/z: calcd. for C27H36O5SSiNa+

(M + Na)+ 523.1945, found 523.1949; [α]25
D = +40.2 (c = 1.0, CHCl3).

Benzyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside
(5g). The title compound was prepared according to the general procedure of 2-deoxythiogl-
ycosides synthesis and purified by flash column chromatography giving colorless oil
43.8 mg, yield 82%; 1H NMR (400 MHz, CDCl3) δ 7.70–7.73 (m, 4H, Ar-H), 7.55–7.33 (m,
6H, Ar-H), 7.30–7.10 (m, 5H, Ar-H), 5.21 (dd, J = 9.2, 6.6 Hz, 1H, H-1), 5.00 (ddd, J = 8.4,
4.6, 2,4 Hz, 1H, H-3), 4.86 (dd, J = 8.5, 1.7 Hz, 1H, H-4), 4.14–4.18(m, 1H, H-5), 3.92–3.83 (m,
2H, H-6, PhCHH), 3.76 (dd, J = 10.3, 6.4 Hz, 1H, H-6’), 3.66 (d, J = 13.6 Hz, 1H, PhCHH),
2.46 (ddd, J = 15.7, 6.6, 3.8 Hz, 1H, H-2), 1.77 (ddd, J = 15.8, 9.2, 3.2 Hz, 1H, H-2’), 1.11
(s, 9H, Si-tBu).13C NMR (100 MHz, CDCl3) δ 154.3, 137.9, 135.7, 135.6, 133.2, 132.9, 130.1,
130.0, 129.0, 128.7, 128.0, 127.3, 76.0, 73.6, 72.5, 68.2, 61.7, 34.5, 28.8, 27.0, 19.4. HRMS
(ESI) m/z: calcd. for C30H34O5SSiNa+ (M + Na)+ 557.1788, found 557.1777; [α]25

D = +140.3
(c = 1.0, CHCl3).
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2-Methoxy-2-oxoethyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-gal-
actopyranooside (5h). The title compound was prepared according to the general procedure
of 2-deoxythioglycosides synthesis and purified by flash column chromatography giving
colorless oil 41.2 mg, yield 80%; 1H NMR (400 MHz, CDCl3) δ 7.67–7.70 (m, 4H, Ar-H),
7.54–7.37 (m, 6H, Ar-H), 5.50 (dd, J = 9.5, 6.6 Hz, 1H, H-1), 5.05 (ddd, J = 8.6, 4.0, 2.2 Hz, 1H,
H-3), 4.88 (dd, J = 8.6, 1.7 Hz, 1H, H-4), 4.14–4.03 (m, 1H, H-5), 3.84 (dd, J = 10.2, 7.2 Hz, 1H,
H-6), 3.77 (dd, J = 10.2, 6.4 Hz, 1H, H-6’), 3.67 (s, 3H, CH2COOCH3), 3.52 (d, J = 15.5 Hz,
1H, CHHCOOCH3), 3.17 (d, J = 15.5 Hz, 1H, CHHCOOCH3), 2.61 (ddd, J = 15.8, 6.5, 3.5 Hz,
1H, H-2), 1.76 (ddd, J = 15.8, 9.5, 3.1 Hz, 1H, H-2’), 1.08 (s, 9H, Si-tBu).13C NMR (100 MHz,
CDCl3) δ 170.7, 154.2, 135.7, 135.6, 133.1, 132.8, 130.1, 130.0, 128.0, 77.4, 73.5, 72.3, 68.4, 61.5,
52.7, 31.5, 28.6, 26.9, 19.4. HRMS (ESI) m/z: calcd. for C26H32O7SSiNa+ (M + Na)+ 539.1530,
found 539.1519; [α]25

D = +28.0 (c = 1.0, CHCl3).
3-S-(6-O-(tert-Butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranosyl)-1,2,3,4-di-

O-isopropylidene-β-D-glucofuranoside (5i). The title compound was prepared according to
the general procedure of 2-deoxythioglycosides synthesis and purified by flash column
giving colorless oil 45.9 mg, yield 67%; 1H NMR (400 MHz, CDCl3) δ 7.66 (ddd, J = 7.8, 3.6,
1.7 Hz, 4H, Ar-H), 7.57–7.35 (m, 6H, Ar-H), 5.93 (d, J = 3.6 Hz, 1H, H-1b), 5.05 (dd, J = 9.6,
6.0 Hz, 1H, H-1a), 4.97–5.00 (m, 1H, H-3a), 4.85 (dd, J = 8.3, 1.7 Hz, 1H, H-4a), 4.45 (dd,
J = 3.5, 1.8 Hz, 1H, H-2b), 4.30–4.33 (m, 1H, H-5b), 4.04–4.08 (m, 1H, H-5a), 3.92–3.65 (m,
5H, H-6a, 6’a, H-4b, H-7b, 7’b), 3.60 (dd, J = 4.5, 2.0 Hz, 1H, H-3b), 2.41 (ddd, J = 15.7, 5.6,
4.2 Hz, 1H, H-2a), 1.89 (ddd, J = 15.7, 6.4, 3.7 Hz, 1H, H-2’a), 1.57 (s, 3H, CH3), 1.49 (s, 3H,
CH3), 1.45 (s, 3H, CH3), 1.31 (s, 3H, CH3), 1.06 (s, 9H, Si-tBu).13C NMR (100 MHz, CDCl3)
δ 154.4, 135.7, 135.6, 133.2, 132.9, 130.1, 130.0, 128.0, 112.3, 106.4, 95.21, 83.6, 83.2, 77.9, 73.8,
73.5, 72.1, 67.9, 67.7, 61.7, 47.5, 31.6, 29.7, 27.5, 27.1, 27.0, 26.6, 19.4. HRMS (ESI) m/z: calcd.
for C35H47O10SSi+ (M + H)+ 687.2654, found 687.2670; [α]25

D = +27.2 (c = 1.0, CHCl3).
6-S-(6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-a-D-galactopyranosyl)-,2,3,4,6-tetra-

O-acetyl-β-D-glucopyranoside (5j). The title compound was prepared according to the
general procedure of 2-deoxythioglycosides synthesis and purified by flash column chro-
matography giving white solid 53.0 mg, yield 69%; m.p.: 144.6–146.3 ◦C. 1H NMR (400 MHz,
CDCl3) δ 7.84–7.56 (m, 4H, Ar-H), 7.65–7.35 (m, 6H, Ar-H), 5.56 (dd, J = 9.8, 6.4 Hz, 1H,
H-1a), 5.12–5.17(m, 1H, H-3b), 5.09–5.02 (m, 2H, H-3a, H-2b), 5.02–4.97 (m, 2H, H-4a, H-4b),
4.61 (d, J = 10.1 Hz, 1H, H-1b), 4.11 (ddd, J = 8.0, 6.8, 1.5 Hz, 1H, H-5), 4.00 (dd, J = 12.5,
4.8 HZ, 1H, H-6a), 3.90 (dd, J = 12.5, 2.2 Hz, 1H, H-6’a), 3.90–3.79 (m, 2H, H-6, 6’b), 3.60
(ddd, J = 10.1, 4.7, 2.2 Hz, 1H, H-5b), 2.56 (ddd, J = 15.8, 6.4, 3.3 Hz, 1H, H-2a), 2.20–1.97 (m,
9H, OAc), 1.89–1.82 (m, 4H, H-2’a, OAc), 1.07 (s, 9H, Si-tBu). 13C NMR (100 MHz, CDCl3)
δ 170.6, 170.3, 169.5, 169.2, 154.1, 135.7, 135.6, 133.1, 132.7, 130.1, 130.0, 128.0, 83.3, 77.6, 76.4,
73.9, 73.1, 72.02, 71.1, 68.2, 67.9, 61.8, 60.7, 29.0, 26.9, 20.8, 20.7, 19.4. HRMS (ESI) m/z: calcd.
for C37H46O14SSiNa+ (M + Na)+ 797.2270, found 797.2265; [α]25

D = +21.1 (c = 1.0, CHCl3).
Estronyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside

(7a). The title compound was prepared according to the general procedure of 2-deoxythioglycosides
synthesis and purified by flash column chromatography giving colorless oil 54.3 mg, yield
78%; 1H NMR (400 MHz, CDCl3) δ 7.80–7.64 (m, 4H, Ar-H), 7.52–7.36 (m, 6H, Ar-H),
7.26–7.10 (m, 3H, Ar-H), 5.51 (dd, J = 9.8, 6.5 Hz, 1H, H-1), 5.08 (ddd, J = 8.6, 4.1, 2.4 Hz, 1H,
H-3), 4.94 (dd, J = 8.6, 1.6 Hz, 1H, H-4), 4.20 (ddd, J = 7.6, 5.9, 1.6 Hz, 1H, H-5), 3.88 (dd,
J = 10.2, 7.8 Hz, 1H, H-6), 3.79 (dd, J = 10.2, 6.0 Hz, 1H, H-6’), 2.83–2.74 (m, 2H, PhCH2),
2.68 (ddd, J = 15.9, 6.5, 3.4 Hz, 1H, H-2), 2.52 (dd, J = 18.9, 8.6 Hz, 1H, PhCH), 2.34–2.38 (m,
1H, COCHH), 2.22–2.23 (m, 1H, COCHH), 2.23–2.04 (m, 3H, CH2, CHH), 2.04–1.86 (m, 3H,
H-2’, CH2), 1.71–1.53 (m, 3H, CH2, CHH), 1.50–1.37 (m, 2H, CHCH), 1.09 (s, 9H, Si-tBu),
0.91 (s, 3H, CH3). 13C NMR (100 MHz, CDCl3) δ 220.9, 154.2, 140.1, 137.5, 135.7, 135.6,
133.3, 133.2, 132.8, 130.3, 130.1, 130.0, 129.9, 128.0, 126.2, 80.7, 73.4, 72.4, 68.5, 61.5, 50.6, 48.1,
44.4, 38.0, 36.0, 31.7, 29.3, 28.9, 26.9, 26.4, 25.7, 21.7, 19.4, 13.9. HRMS (ESI) m/z: calcd. For
C41H48O5SsiNa+ (M + Na)+ 719.2833, found 719.2830; [α]25

D = +114.6 (c = 1.0, CHCl3).
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L-Menthyl-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside
(7b). The title compound was prepared according to the general procedure of 2-deoxythi-
oglycosides synthesis and purified by flash column chromatography giving colorless oil
34.9 mg, yield 60%; 1H NMR (400 MHz, CDCl3) δ 7.83–7.55 (m, 4H, Ar-H), 7.55–7.34 (m,
6H, Ar-H), 5.32 (dd, J = 9.7, 6.4 Hz, 1H, H-1), 5.06 (ddd, J = 8.7, 3.1 Hz, 1H, H-3), 5.01–5.08
(m, 1H, H-4), 4.14 (ddd, J = 9.5, 5.5, 1.5 Hz, 1H, H-5), 3.84–3.88 (m, 1H, H-6), 3.74 (dd,
J = 9.6, 5.5 Hz, 1H, H-6’), 3.36–3,37 (m, 1H, SCH), 2.55 (ddd, J = 15.8, 6.4, 3.5 Hz, 1H, H-2),
1.88–1.95 (m, 2H, CH, CH), 1.83 (ddd, J = 15.8, 9.7, 2.8 Hz, 1H, H-2’), 1.77–1.69 (m, 2H, CH2),
1.52–1.43 (m, 1H, CHH), 1.25–1.13 (m, 1H, CHH), 1.08 (s, 9H, Si-tBu), 1.05–0.99 (m, 2H, CH,
CHH), 0.88–0.92 (m, 4H, CH3, CHH), 0.83 (d, J = 6.6 Hz, 3H, CH3), 0.67 (d, J = 6.5 Hz, 3H,
CH3).13C NMR (100 MHz, CDCl3) δ 154.5, 135.6, 135.5, 133.2, 132.8, 130.1, 130.0, 128.0, 127.9,
75.4, 73.5, 72.6, 67.5, 61.0, 48.3, 44.5, 40.3, 35.4, 29.9, 29.5, 26.9, 26.6, 26.4, 22.2, 21.0, 20.4,
19.4. HRMS (ESI) m/z: calcd. for C33H46O5SSiNa+ (M + Na)+ 605.2727, found 605.2728;
[α]25

D = +56.7 (c = 1.0, CHCl3).
Zingerone-1-thio-6-O-(tert-butyldiphenylsilyl)-3,4-O-carbonate-2-deoxy-α-D-galactopyranoside

(7c). The title compound was prepared according to the general procedure of 2-deoxythiog-
lycosides synthesis and purified by flash column chromatography giving colorless oil
41.2 mg, yield 72%; 1H NMR (400 MHz, CDCl3) δ 7.81–7.63 (m, 4H), 7.52–7.34 (m, 6H,
Ar-H), 7.33–7.14 (m, 1H, Ar-H), 6.69 (d, J = 1.6 Hz, 1H, Ar-H), 6.60 (dd, J = 7.8, 1.7 Hz,
1H, Ar-H), 5.61 (dd, J = 9.6, 6.5 Hz, 1H, H-1), 5.08–5.10 (m, 1H, H-3), 4.95 (dd, J = 8.7,
1.6 Hz, 1H, H-4), 4.22 (ddd, J = 7.9, 5.9, 1.6 Hz, 1H, H-5), 3.94–3.78 (m, 4H, H-6, OMe),
3.70 (dd, J = 10.0, 6.0 Hz, 1H, H-6’), 2.82–2.86 (m, 2H, CH2CH2), 2.77–2.63 (m, 3H, H-2,
CH2CH2), 2.14 (s, 3H, CH2COCH3), 1.92 (ddd, J = 15.8, 9.6, 3.0 Hz, 1H, H-2’), 1.07 (s, 9H,
Si-tBu).13C NMR (100 MHz, CDCl3) δ 207.7, 158.4, 154.3, 143.3, 135.7, 135.6, 134.5, 133.2,
132.8, 130.0, 129.9, 128.0, 121.0, 118.1, 111.3, 78.6, 73.5, 72.5, 68.23, 61.4, 55.9, 45.0, 30.2, 29.8,
28.9, 26.9, 19.3. HRMS (ESI) m/z: calcd. for C34H40O7SSiNa+ (M + Na)+ 643.2165, found
643.2154; [α]25

D = +99.8 (c = 1.0, CHCl3).

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/molecules27227979/s1, general information, NMR spectra and X-ray crystal
structure and data, Figure S1: Synthesis of estrone thiol, Figure S2: Synthesis of L-menthol thiol, Figure
S3: Synthesis of zingerone thiol, Figure S4: ORTEP drawing of compound 3c showing thermal ellipsoids
at the 50% probability level (CCDC: 2212881), Table S1: Crystal data and structure refinement for 3c. The
data for known compounds were checked in comparison with literature for consistency [38–41].
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Abstract: The intestinal tract is an essential digestive organ of the human body, and damage to the
intestinal barrier will lead to various diseases. Functional oligosaccharides are carbohydrates with
a low degree of polymerization and exhibit beneficial effects on human intestinal health. Labora-
tory experiments and clinical studies indicate that functional oligosaccharides repair the damaged
intestinal tract and maintain intestinal homeostasis by regulating intestinal barrier function, immune
response, and intestinal microbial composition. Functional oligosaccharides treat intestinal disease
such as inflammatory bowel disease (IBD) and colorectal cancer (CRC) and have excellent prospects
for therapeutic application. Here, we present an overview of the recent research into the effects of
functional oligosaccharides on intestinal health.

Keywords: functional oligosaccharides; gut microbiota; intestinal barriers; intestinal diseases

1. Introduction

With the continuous improvement of people’s quality of life in recent years, the diet
structure has changed from simple to complex. Today, the global nutrition situation is
complicated. On the one hand, hunger and malnutrition are the dominant concerns in low-
and middle-income countries. On the other hand, millions of people are at increased risk
of developing diet-related chronic diseases, for example, intestinal disease, heart disease,
and diabetes. Taking inflammatory bowel disease (IBD) as an example, the incidence of
IBD has increased year by year worldwide over the past decade [1,2], with the highest
incidence of IBD in developed countries [3]. More than 2 million people in North America
and 3.2 million people in Europe are afflicted with IBD [4]. With the development trend of
globalization, IBD is becoming more and more common in developing countries such as
Brazil and China [5]. In Brazil, Crohn’s disease (CD) and ulcerative colitis (UC) increased
by 11.1% and 14.9%, respectively, from 1988 to 2012 [4]. In China, there were 350,000 IBD
patients in 2014, which is expected to increase by 4.2 times by 2025 and an approximate
70% increase in UC and 30% in CD (data from CCDC). IBD is also a risk factor for colitis-
associated colorectal cancer (CA-CRC), which causes death in about 15% of patients with
IBD [6]. In 2020, the global number of CRC cases was close to 2,000,000 and accounted for
9.7% of the global cancer population (data from IARC). There are 1.5 million CRC patients
in the United States. In recent years, the incidence and mortality of CRC have decreased,
but there are still about 150,000 new patients each year [7]. In contrast, the number of CRC
cases in China has been progressively higher than in the United States in recent years, with
2.6 times the patients of the United States. Chinese CRC patients account for 31% of the
patients worldwide. From 1990 to 2019, the number of CRC cases in China increased by
700% (data from World Bank IHME-GBD). In addition, irritable bowel syndrome (IBS) is
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one of the most common intestinal disorders in clinical practice. The prevalence of IBS in
Western countries is 10% to 20%, and the prevalence of IBS in China is 5.7%. In 2016, there
were approximately 754 million people with IBS worldwide, and it is expected to reach
830 million by 2025 (data from Data monitor). In summary, with the increasing number
of intestinal diseases represented by IBD, IBS, and CRC, their prevention and treatment is
gradually becoming an important issue for domestic and international research.

The intestine is a vital digestive organ responsible for the digestion and absorption of
nutrients, and the intestinal barrier prevents pathogenic bacteria, toxins, and other harmful
substances from entering the intestine’s circulatory system [8–10]. The intestinal barrier
is comprised of the epithelial and mucus barrier, immune barrier, and biological barrier,
which together maintain the health and homeostasis of the intestinal tract. The intestinal
epithelial and mucus barrier is mainly composed of single-layer cells connecting proteins
and chemical substances in the intestinal epithelium. A variety of transmembrane proteins
further constitute a complex protein network between adjacent cells. The integrity of the
intestinal epithelial barrier depends on the link complexes in the protein network, includ-
ing the tight junction, adhesion junction, and bridge and gap junction [11]. The chemical
substances are composed of mucus, digestive fluid, antibacterial components, and other
compounds secreted by the intestinal mucosa and microorganisms. The epithelial and
mucus barrier prevents the penetration of harmful bacteria and toxins [12]. The intestinal
tract is also the largest immune organ in the human body. The intestinal immune barrier
includes intestinal-related lymphoid tissue (GALT), diffuse immune cells, and immune
factors [13]. Microorganisms colonized in the intestine are considered intestinal biological
barriers. Many laboratory and clinical studies have confirmed that the damaged intestinal
barrier may lead to overactive immune responses in the intestinal microenvironment or the
uncontrolled growth of microbial flora, leading to various diseases [14]. The effect of func-
tional oligosaccharides on intestinal barrier function and health is illustrated in Figure 1.

Figure 1. Schematic overview of the effects of functional oligosaccharides on intestinal barrier
function and health. AMPs: antimicrobial peptides.

Current treatment strategies for intestinal diseases include micro-ecological regulation
therapy [15], surgical treatment [16,17], and drug therapy [17,18]. In recent years, micro-
ecological agents including probiotics, prebiotics, and diet fibers have drawn more and
more attention to treating intestinal diseases. The International Association for Probiotics
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and Prebiotics (ISAPP) redefined prebiotics in 2016: the host microorganisms selectively
use them to make them healthy substrates [19,20]. Prebiotics are diverse and are divided
into carbohydrate sources and non-carbohydrate sources, with functional oligosaccha-
rides as the principal source. Functional oligosaccharides are carbohydrate oligomers
with branched or straight chains of 2–20 monosaccharide molecules linked through gly-
cosidic bonds. Here we mainly introduce the representative functional oligosaccharides:
isomaltooligosaccharide (IMO), fructooligosaccharides (FOS), xylooligosaccharides (XOS),
galactooligosaccharides (GOS), chitosan oligosaccharides (COS), and human milk oligosac-
charides (HMOs). The structure of the functional oligosaccharides is shown in Figure 2.

 
Figure 2. Schematic diagram of the structure of common functional oligosaccharides.

Various studies have shown that functional oligosaccharides can ease intestinal injury
and treat intestinal diseases by maintaining and repairing intestinal barriers [21–23]. As of
April 2022, there were 112 registered clinical trials (data from ClinicalTrials.gov, accessed
on 1 June 2022) related to assessing beneficial effects of functional oligosaccharides on
human health, including 28 IBS-related studies and 33 IBD-related studies (Some details of
the studies are shown in Table 1).

It is well accepted that functional oligosaccharides such as raffinose oligosaccharide
(ROS) [24], FOS, and GOS [25] can affect specific groups of the microbial community in vitro
and in vivo to promote their growth and metabolic activity, thereby maintaining host gut
health benefits [26]. In addition, functional oligosaccharides are also considered to interact
directly with the host and exert local positive effects on inflammation and barrier function
by regulating immunity and intestinal epithelial cell signal transduction [27]. Functional
oligosaccharides have different effects on the host intestine due to their different monosac-
charide composition, degree of polymerization, and linkage types [28,29]. A number of
studies have been carried out regarding the activity of functional oligosaccharides affecting
intestinal barrier function. This review focuses on the latest research on functional oligosac-
charides and their effects on intestinal health, especially their interaction with intestinal
flora, immunity, and disease treatment.

75



Molecules 2022, 27, 7622

Table 1. Clinical study of common functional oligosaccharides in intestine-related diseases.

Functional
Oligosaccharides

Study Title Year Conditions Interventions
Actual

Enrollment

FOS Dietary Treatment of
Crohn’s Disease 2006–2021

Crohn’s disease,
inflammatory
bowel disease

drug: active
fructo-oligosaccharide

drug: placebo
fructo-oligosaccharide

73

scFOS

Effects of scFOS on
Stool Frequency in

People With
Functionnal
Constipation

2013–2018 functional
constipation

dietary supplement:
short-chain fructo-
oligosaccharides

dietary supplement:
maltodextrin

120

IMO
Prebiotic Effects of

Isomalto-
oligosaccharide

2015–2017 intestinal
microbiota,

dietary supplement:
isomalto-

oligosaccharide
54

GOS
GOS to Reduce

Symptom Severity in
IBS (EGIS)

2021–

irritable bowel
syndrome,

irritable bowel
syndrome—
constipation,

irritable bowel
syndrome—
diarrhoea,

irritable bowel
syndrome—mixed

dietary supplement:
galactooligosaccha-

rides (GOS)
dietary supplement:

maltodextrine

210

HMO

Human Milk
Oligosaccharides

(HMOs) for Irritable
Bowel Syndrome

(IBS) (HIBS)

2022–

irritable bowel
syndrome,

IBS—irritable
bowel syndrome

dietary supplement:
human milk

oligosaccharide mix
other: placebo

500

2. Effects of Functional Oligosaccharides on the Intestinal Barrier

2.1. Biological Barriers

Functional oligosaccharides can be selectively fermented into short-chain fatty acids
(SCFA) in the gut [30] to maintain intestinal function and health by controlling the growth
of pathogenic microorganisms, reducing pH, preventing peptide degradation, and the
formation of toxic compounds [31,32]. Functional oligosaccharides can be used directly by
the microbiota as a carbon source. Furthermore, some studies have found that functional
oligosaccharides such as inulin-derived FOS can also increase the colonization sites of pro-
biotics in the intestinal tract [33]. Our previous studies also found that COS promoted the
growth, metabolic activity, and metabolite concentration changes of probiotics represented
by Akkermansia muciniphila by affecting specific populations in microbial groups; reduced
the adhesion, invasion, and colonization of intestinal pathogens represented by Escherichia
coli; and inhibited the occurrence and development of enteritis, thereby maintaining intesti-
nal health [34,35].

There is a correspondence between functional oligosaccharides and probiotics. Func-
tional oligosaccharides exhibit a complex degree of polymerization and glycosidic bond-
ing [36,37], and probiotics utilize functional oligosaccharides with a diversity of transporter
proteins and glycosidic hydrolases [38,39]. Therefore, the growth promotion effects of func-
tional oligosaccharides on probiotics are species-specific. For example, butyrate-producing
strains showed different growth curves in the presence of FOS, GOS, and XOS [40,41].
The same kind of FOS, due to their different sources, have different effects on the growth
of probiotics. Studies have shown that inulin FOS have more noticeable effects on the
growth of Bifidobacterium than sucrose FOS. The molecular mechanism of the metabolism
of FOS, GOS, and milk-derived oligosaccharides by probiotics has also been studied, and
the unique intake mechanism for functional oligosaccharides plays an active role. A brief
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summary of the coincidence relationship between common functional oligosaccharides
and probiotics is shown in Table 2.

Table 2. Sources of common functional oligosaccharides and their mode of action with probiotics.

Functional
Oligosaccharide

Source Composition Advantage Probiotics Transport Pathway References

GOS human milk,
cow’s milk

monosaccharide and
number: glucose 1,

galactose 2–5;
connection mode:

β-1,4, β-1,6

B. adolescentis, B. bifidum,
B. longum, B. infantis,
B. breve, B. animalis,

B. catenulatum;
L. reuteri, L. plantarum,

L. paracasei, L. agili,
L. fermentium,

L. acidophilus, L. salivarius,
L. casei, L. rhamnosus,

L. bulgaricus, L. delbrueckii,
Lactobacillus johnsonii,
Lactobacillus gasseri;

S. thermophilus

LacEF, LacA,
LacS, ABC, GPH,

LacL, LacM
[36,42–46]

FOS

fruits,
vegetables,

honey,
Jerusalem
artichoke,

cicory

monosaccharide and
number: glucose 1,

fructose 2–4;
connection mode:

α-1,2, β-1,2

B. adolescentis, B. longum,
B. breve, B. animalis,

B. infantis,
B. pseudolongum;

L. reuteri, L. acidophilus,
L. salivarius, L. plantarum,

L. fermentium, L. casei,
L. bulgaricus;

Clostridium, Streptococcus,
Coprococcus, Enterococcus

PTS, ABC,
MFS, LacS [43–49]

IMO

corn steep
liquor, honey,

sugar cane
juice

monosaccharide and
number: glucose 2–5;
connection mode: at

least 1 α-1,6

B. animalis, B. adolescentis,
B. bifidum, B. longum,
B. infantis, B. breve;

L. plantarum, L. rhamnosus,
L. paracasei, L. agilis,

L. acidophilus, L. reuteri,
L. lactic, L. delbrueckii,

L. casei;
S. lactic, S. thermophilus

ABC,
MalEFG-MsmK,
PTS, MFS, MIP

[50–52]

XOS birch, corncob,
straw, bamboo

monosaccharide and
number: xylose 2–7;

connection mode:
β-1,4

B. adolescentis, B. longum,
B. breve, B. animalis,

B. catenulatum,
B. pseudocatenulatum,

B. thermophilum;
L. plantarum, L. brevis,

L. rhamnosus,
L. fermentium,

L. acidophilus, L. salivarius,
L. casei, L. crispatus,

L. lactis, L. mucosae, L. sakei,
L. zeae, L. reuteri;

Enterococcus faecalis and
Enterococcus faecium

ABC, MFS [53–55]

COS
shrimp and
crab shell,

fungal cell wall

monosaccharide and
number: N-acetyl-D-

glucosamine 2–20;
connection mode:

β-1,4

B. bifidium;
L. brevis, L. casei,

L. acidophilus;
Akkermansia,

S. thermophilus

CsnEFG, SBP,
PTS, ABC [34,56–59]

77



Molecules 2022, 27, 7622

Table 2. Cont.

Functional
Oligosaccharide

Source Composition Advantage Probiotics Transport Pathway References

HMO breast milk,
amniotic fluid

monosaccharide and
number: glucose,

N-acetyl-D-
glucosamine,

galactose, fucose,
N-acetylneuraminic

acid; connection
mode: α-1,2, α-1,3,
α-1,4, α-2,3, α-2,6

B. infantis, B. longum,
B. breve, B. bifidum;

L. acidophilus;
Bacteroides fragilis,

Bacteroides vulgatus,
Bacteroides thetaiotaomicron

ABC [60–63]

Based on previous and our own research on functional oligosaccharides affecting
proliferation and colonization of probiotics and considering the specificity and complexity
of the interaction between intestinal flora and functional oligosaccharides, it is critical
to further study the effects of functional oligosaccharides with different structures on
the changes in intestinal metabolites, bacterial gene expression, and potential molecular
mechanisms in maintaining intestinal barrier function.

2.2. Immune Barrier

Functional oligosaccharide plays a positive role in the intestinal immune barrier.
Indirectly, functional oligosaccharides can be fermented by probiotic to produce SCFA,
which regulate the activity of T cells, B cells, and dendritic cells [14,64]. For example, oral
administration of FOS increased the level of SCFA, including butyrate, which increased the
level of regulatory T cells in the mesenteric lymph nodes of mice [65,66]. In addition, some
functional oligosaccharides have also been found to directly act on intestinal-associated
immune cells and immune factors, providing beneficial effects on intestinal diseases such
as allergies or IBD [67,68]. Specifically, functional oligosaccharides can stimulate Toll-like
receptors and induce the differentiation of immune cells represented by T and B cells to
regulate intestinal immunity [67,68]. Functional oligosaccharides also regulate the secretion
of inflammatory factors represented by IFN-γ, IL-5, and IL-6 in the intestine and increase the
content of immunoglobulin represented by IgA, IgM, and IgG. For example, some studies
have found that FOS and GOS act as TLR4 agonists in intestinal epithelial cells; activating
the TLR4-NF-κB pathway; and reducing pro-inflammatory factors such as IL-12p35, IL-8,
and TNF-α [69]. FOS and arabinogalactan oligosaccharides regulate the immune-related
parameters in GALT, secondary lymphoid tissue, and peripheral circulation [70]. We
summarize the regulatory effects of different functional oligosaccharides on the intestinal
immune barrier in Figure 3 and Table 3.

Table 3. The mode of action of common functional oligosaccharides on the intestinal immune barrier.

Functional Oligosaccharides Immune Cells Immune Factors References

GOS NK cells, T cells, phagocytes

increase IgA, IgM, IL-8,
IL-10, IFN-γ;

decrease IL-6, IL-18,
IL-13, IL-33

[71]

FOS B cells, T cells,
macrophages, leukocytes

increase IgG, IgE, IFN-γ, IL-10;
decrease IL-5, IL-6 [72–75]

IMO T cells, phagocytes
increase lysozyme, IgE, IgG,

IgA, IgM, IL-2, IFN-γ;
decrease IL-5, IL-6, IL-13

[76–78]

XOS B cells, T cells,
NK cells, macrophages

increase IgG, IgA, IgM;
decrease TLR2 [79]
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Table 3. Cont.

Functional Oligosaccharides Immune Cells Immune Factors References

COS macrophages

increase CCL20, IgA, MHCII,
TGF-131, pIgR;

decrease CCL15, CCL25,
ICL25, IL-1β, IL-4, IL-6, IL-8,

IL-13, TNF-α

[80–83]

HMO macrophages,
T cell

increase INF-γ, IL-10
decrease IL-4, IL-6, IL-8,
TNF-α, IL-1β, GM-CSF2,

IL-17C, PF4, CXCL1, CCL20

[84–89]

Figure 3. Schematic diagram of the modulating effect of functional oligosaccharides on the intestinal
immune barrier. SCFAs: short chain fatty acids; AMPs: antimicrobial peptides; LPS: lipopolysac-
charide; M cell: membranous/microfold cell; DC: dendritic cell; T cell: T-lymphocyte cell; B cell:
B-lymphocyte cell; Th17 cell: T helper cell 17; IL-1/17/22/23: interleukin 1/17/22/23; Treg cell: regu-
latory T cell; TCR: T cell receptor; ILC: innate lymphoid cells; CD4+ T cell: cluster of differentiation 4
T cell; IgA: immunoglobulin A.

2.3. Epithelial and Mucus Barrier

The human gastrointestinal tract has no relevant enzyme system to hydrolyze func-
tional oligosaccharides [90,91]. However, functional oligosaccharides exhibit excellent bene-
fits in the composition and maintenance of intestinal epithelium, either directly or indirectly.
It is well accepted that functional oligosaccharides are utilized by gut microbes [92,93]
to produce metabolites such as short-chain fatty acids (SCFA), which regulate host cell
growth, differentiation, apoptosis, and physiological functions in the intestine [94,95].
Moreover, recent evidence suggests that functional oligosaccharides such as COS, GOS,
and cello-oligosaccharides could directly affect the permeability and integrity of intestinal
epithelial cells by improving colonic epithelial cell transmembrane resistance and reducing
intestinal epithelial cell permeability to fluorescein isothiocyanate-glucan [96,97]. Studies
show that functional oligosaccharides could upregulate the expression of specific tight
junction proteins of epithelial cells [98]. The mechanism of functional oligosaccharides
regulating intestinal epithelial cell homeostasis has not been fully explored.

Functional oligosaccharides can also affect the production of mucin and antimicrobial
peptides by host cells [97,99]. For example, feeding 1 g/d of GOS to rats with severe pancre-
atitis can significantly improve their mucus defects [100]. This improvement effect is related
to the structure of functional oligosaccharides and the dose of the functional oligosaccha-
rides used. However, only a few studies considered exploring the protective effect of a
functional oligosaccharide dose on intestinal mucus barrier function. The study noted
that berberine promoted the proliferation of Akkermansia in a dose- and time-dependent
manner in mice, with 300 mg/kg of berberine showing a two-fold higher proliferation
rate than 200 mg/kg. The investigators also demonstrated that this proliferation works by
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promoting the secretion of mucins, especially mucin-2 [101]. The structure-function rela-
tionship and action mechanism of functional oligosaccharides need to be further analyzed
and evaluated.

3. Application of Functional Oligosaccharides in Intestinal Diseases

3.1. Colorectal Cancer

The colon environment, including imbalanced intestinal microflora and mutations in
the Wnt signaling pathway are the leading causes of CRC [102,103]. The current treatments
for CRC include chemotherapy, radiotherapy, and surgery, but most of them are accom-
panied by high-risk complications, and the success rate is limited. Therefore, new early
treatment strategies are needed [104]. The use of functional oligosaccharides in preventing
CRC may be promising. Studies show FOS and GOS can reduce the severity of colon
cancer in rats and mice induced by 1,2-dimethylhydrazine by reducing the number of colon
ACF [105–107]. Researchers have found that low-degree FOS are more effective in treating
early colon cancer in mice induced by DMH [108] and significantly reducing the risk of
colon cancer in animal models [109]. There are two aspects regarding the inhibitory effect of
functional oligosaccharides on colorectal cancer. First, functional oligosaccharides affect the
homeostasis of intestinal microflora by promoting the growth and colonization of intestinal
probiotics and upregulating production of metabolites such as SCFA, which inhibit the
proliferation and differentiation of colon tumor cells [104,110] and regulates exogenous
metabolic enzymes that stimulate the activation and metabolism of carcinogens [111,112].
Furthermore, functional oligosaccharides directly regulate the functions of intestinal GALT
and other immune cells, influence gene expression levels of cancer cells, and promote
cancer cell apoptosis [109].

The clinical data also show that functional oligosaccharides have a positive effect on
the immunological indexes of colon cancer and microbial flora abundance [113]. However,
some clinical data point out that functional oligosaccharides do not significantly reduce
the mortality of colorectal cancer in women after menopause [102,113]. There is no clear
explanation for the structure-activity relationship, dosage, and individual differences of
functional oligosaccharides, which may also be the main reason for restricting the clinical
trials of functional oligosaccharides in the treatment of colorectal cancer. Therefore, the clini-
cal treatment of CRC with functional oligosaccharides remains unconfirmed. Consequently,
research on new technologies such as combining probiotics and functional oligosaccharides
as targeted therapeutic agents for colon cancer based on host–guest chemistry is also an
aspect worth exploring [114].

3.2. Inflammatory Bowel Disease

IBD is a chronic nonspecific gastrointestinal inflammatory disease that destroys the
intestinal mucosal structure and floral balance, leading to abnormal systemic biochemical
indexes [115]. The etiology of inflammatory bowel disease is not clear, while comprehensive
factors such as intestinal flora, immunity, environment, and gene susceptibility might
be involved.

The DSS-induced mouse colitis model is one of the widely recognized models for
studying the pathogenesis of IBD and evaluating potential therapeutic methods [116].
Growing evidence supports the potential of functional oligosaccharides to treat inflamma-
tory diseases, including colitis. FOS and GOS in vitro affect immunity by binding to TLR
on monocytes, macrophages, and intestinal epithelial cells and regulating cytokine pro-
duction and immune cell maturation [69,117–120]. In addition, animal models and clinical
studies have shown that functional oligosaccharides reduce the intestinal inflammatory
response and IBD symptoms [121,122]. A clinical study focused on enteritis after abdominal
radiotherapy (RT) found that FOS supplementation in patients’ daily diet can stimulate
the proliferation of Lactobacilus and Bifidobacterium, thereby repairing intestinal mucosal
damage during RT and preventing the occurrence and development of IBD [123]. Our
previous studies have found that COS treatment upregulates the expression of occludin in
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the proximal colon of diabetic mice [34], alleviates DSS-induced mucosal defects in IBD,
and protects the intestinal mucosal barrier function of ulcerative colitis mice [97].

Future studies need to understand how functional oligosaccharides regulate the
disease-related signaling pathways, drive different cellular processes and regulate in-
testinal functions, and conduct the mechanism of functional oligosaccharides as a drug
adjuvant or substitute in the treatment of IBD.

3.3. Irritable Bowel Syndrome

IBS is a chronic disease affected by stress and eating habits. It is characterized by
abdominal pain, mucosal and immune functions, and changes in the intestinal microbial
structure. Dietary patterns, the intestinal microbial structure, inflammatory response,
and other factors can aggravate the symptoms of irritable bowel syndrome. Dietary
interventions are recommended to control the disease due to the efficacy and tolerance of
common drug treatments.

Evidence shows that the ecological imbalance of intestinal and mucosal colon microflora
in IBS is usually characterized by the reduction of the Bifidobacterium species [124–127]. Some
studies have found that supplementing probiotics to regulate intestinal microflora are
effective in treating IBS [128,129]. Some clinical studies have also found that low-dose
functional oligosaccharides, such as FOS, can alleviate the symptoms of IBS patients
through increasing the concentration of SCFA [130]. In contrast, a low FODMAP diet
has gradually become the standard method for the treatment of IBS worldwide. This
method can alleviate the clinical symptoms of IBS patients by limiting the daily intake of
short-chain fermentable carbohydrates (low fermentable oligosaccharides, disaccharides,
monosaccharides, and polyols (FODMAP)). Studies have consistently proven the clinical
efficacy of a low FODMAP diet in patients with IBS [130]. In fact, the low FODMAP
diet has clinical efficacy, but it reduces the abundance of intestinal Bifidobacterium, which
is not conducive to the thorough treatment of IBS patients. In view of the pathogenic
factors and pathogenesis of IBS and the complexity and diversity of individual microbial
communities, we need to consider these two interventions for further research and consider
individualized diagnoses according to clinical symptoms.

4. Application Prospect of Functional Oligosaccharides in the Intestinal Tract

Glycans generally have complex monosaccharide composition, glycosidic bond type
and degree of polymerization, and their structural complexity is much higher than that of
proteins and nucleic acids. In the past decade, glycoscience, with the support of govern-
ments, has made a lot of progress, and it has revealed the role of glycans in inflammatory
responses and immune system regulation, cardiovascular diseases, intestinal diseases,
and cancers. A variety of functional oligosaccharides have shown kinds of activities in
intestinal barrier protection and repair and have demonstrated the great promise of glycans
in intestinal disease treatment. However, the structure-activity relationship and molecular
mechanism have not been fully elucidated. Glycan-based products used in related research
are often a mixture of glycans with slightly different structural characters and subject to
variations in different preparation methods and raw material sources. Recent studies have
shown that small changes in the structure of glycans have significant effects on their activi-
ties, so the accurate analysis and preparation of glycan products is the key to clarify their
structure-activity relationships and develop functional glycan products, for example, struc-
tural analysis and pharmacokinetic study of glycans by liquid chromatography-tandem
mass spectrometry (LC-MS/MS) [131]. On the other hand, based on the different activities
of different sugar chains, the combination of several different glycans have received more
attention and applications [64,132,133]. In the face of the complex microbial and host
environment in the intestinal tract, products containing multiple different glycans will
play a greater role. However, there is a lack of in-depth research on the compounding
mechanism and synergistic effect of multiple glycan recipes.
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Abstract: Chemical modification of old drugs is an important way to obtain new ones, and it has been
widely used in developing new aminoglycoside antibiotics. However, many of the previous modify-
ing strategies seem arbitrary for their lack of support from structural biological detail. In this paper,
based on the structural information of aminoglycoside and its drug target, we firstly analyzed the
reason that some 2′-N-acetylated products of aminoglycosides caused by aminoglycoside-modifying
enzyme AAC(2′) can partially retain activity, and then we designed, synthesized, and evaluated a
series of 2′-modified kanamycin A derivatives. Bioassay results showed our modifying strategy was
feasible. Our study provided valuable structure–activity relationship information, which would help
researchers to develop new aminoglycoside antibiotics more effectively.

Keywords: antibiotic; aminoglycoside; structural modification; structure–activity relationship

1. Introduction

In order to fight against drug-resistant bacteria, researchers need to constantly de-
velop new antibiotics. A feasible way to acquire new antibiotics is to modify the old
ones. Structural modification on old drugs not only offers new chemical entities, but also
affords valuable information about the relationship between molecular structure and its
activity. As a kind of clinically important antibiotic, aminoglycosides are also facing the
problem of resistance. The most common mechanism for their resistance is that the bacteria
acquire the capability to produce aminoglycoside-modifying enzymes [1–3]. After enzymic
modification, the resulting products decrease or lose their affinity to the drug target and
then decrease or lose their antibacterial activity. To tackle this problem, proactive structural
modification on these drugs have been extensively investigated [4–7]. Through chemical
modification, some sensitive groups on the drug molecules are eliminated or masked. Thus,
the resulting products no longer are the proper substrates for the modifying enzymes, and
then the activity remains.

To modify aminoglycosides, various chemical strategies have been developed, such as
modifying the aminoglycoside core structure, developing aminoglycoside-heteroconjugates,
and introducing various alkyl/aryl substituents and acyl substituents at different positions
on aminoglycoside scaffolds [8]. However, in the view of the mutual interaction between
drug and drug target, some of them seem arbitrary. Ribosomal 16S RNA A-site of bacteria
is the pivot for codon recognition during protein synthesis. It is established that most
aminoglycosides bind to this domain in a specific mode and then exhibit antibacterial
activity [9–12]. Obviously, this specific drug–target interaction mode should be deemed as
a critical reference when considering the modification strategy. Guided by the information
of structural biology, some advances in the chemical modification of aminoglycosides have
been achieved [13–17]. Herein, we report a modifying strategy for kanamycin based on the
structural information.
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2. Result and Discussion

2.1. Design

It is well known that aminoglycoside-modifying enzymes include three categories:
aminoglycoside phosphotransferases (APHs), aminoglycoside acetyltransferases (AACs),
and aminoglycoside nucleotidyltransferase (ANTs). Among them, AACs can add acetyl
groups to the corresponding free amino groups on aminoglycosides in the presence of
acetyl coenzyme A. The acylated products usually lose antibacterial activity. However, in
a research paper on AAC (2′), it was noted that some 2′-N-acetylated products definitely
remained active; although they were much weaker than their parent compounds [18]. For
example, 2′-N-acetyl arbekacin (2) showed a considerably low MIC (minimum inhibitory
concentration) range of 1.56–3.13 μg/mL against a variety of bacteria, while its parent
compound arbekacin (1) showed a range of 0.20–0.78 μg/mL (Figure 1). For another
example, the 2′-N-acetyl neomycin also showed distinct activity in the same research. These
facts suggest that modification on 2′-amino does not necessarily mean completely losing
activity. Since arbekacin and neomycin share the same core structure, namely neamine (3),
a reasonable inference is that such a modification does not block the binding of the drugs
to their target profoundly. In recent years, some 3D structures of A Site in complex with
aminoglycosides have been disclosed, which affords a brand-new perspective to explain
such a phenomenon. The common aminoglycosides usually contain a pseudodisaccharide
unit named neamine (or its variants), and the extra substituent attaches on the 5-position or
6-position of 2-deoxystreptamine (2-DOS, ring II) (Figure 2). Despite the distinct structural
difference, the 3D complexes show that the neamine moiety still binds to A site in a
very similar way, whether in terms of the binding position or the binding conformation
(Figure 3a) [19,20]. Another important feature is that the binding site looks quite spacious,
and the 2′-NH2 (or 2′-OH) points to a vacant space of the major groove of the RNA helix.
Under this condition, an additional acetyl could be well accommodated, and then 2′-N-
acetylated aminoglycosides could still bind to A Site and retain a part of activity. Since
the 2′-position is closely adjacent to the acidic backbone of the nucleic acid, acylation of
the amino group on this site may significantly reduce the electrostatic force between them,
which may account for the partial loss of activity. In studies with AAC(2′)s, some chemical
modification on C-2′ had been carried out [21]. Neomycin, paromomycin, and ribostamycin
had been used as targets for modification, and several small groups, such as methyl, ethyl,
propyl, or glycyl were installed on 2′-NH2. Some modified products showed good activity
against AAC(2′)-producing bacteria.

Figure 1. Schematic illustration for the action of AAC(2′) on arbekacin.
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Figure 2. Structures of neamine and several representative aminoglycosides. The neamine core is
composed of ring I and ring II.

Figure 3. Crystal structures of neamine-containing aminoglycosides binding to A site. (a) The
complexes of amikacin (cyanic, PDB ID: 4P20) and neomycin B (pink, PDB ID: 2ET4) with the
decoding site are superimposed (based on nucleic acid chains). The neamine moiety is marked with
Roman numerals I and II. The nucleic acid chains are colored in grey; (b) the complex of kanamycin
A binding to A site (PDB ID: 2ESI). In both figures, 2′-position is indicated.

Usually, AAC(2′)s do not modify 2′-OH, so the antibiotics with a hydroxyl group on
C-2′, such as kanamycin A, can remain active on the bacteria expressing AAC(2′)s [18].
However, 2′-OH could be a potential target for modifying enzyme APHs and/or ANTs,
which can attach a phosphoryl or a nucleotidyl to a hydroxyl group, and then lead to
resistance, so a proactive chemical modification seems meaningful. On the other hand,
since the room that 2′-substituents point to is so vacant, a variety of groups with different
features should also be able to be integrated into this position (Figure 3b). Based on these
considerations, we used kanamycin A as parent compound, designed, synthesized a series
of 2′-modified derivatives, and evaluated, and the relationship between activity and the
features of introduced groups was also assayed.

2.2. Synthesis

Our synthesis started with commercially available sulfate of kanamycin A (6) (Scheme 1).
According to the literature, we firstly synthesized 1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-
3′,4′,2”-tri-O-benzylkanamycin A (13) through seven steps [22]. Following this, after a silver
oxide-promoted regioselective allylation, we successfully obtained key 2′-allylated kanamycin A
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(14), which was confirmed by a serial of 2D NMR spectroscopy. Benzylation of 5-OH of 14 gave
fully protected intermediate 15, and then a potassium osmate catalyzed dihydroxylation in the
presence of N-methylmorpholine-N-oxide was carried out; 15 smoothly transformed into diol 16

in high yield. Following this, treatment of the resulting diol with sodium periodate afforded key
intermediate aldehyde 17. Reduction of 17 with sodium borohydride gave alcohol 18 (Scheme 2).
After this, tosylation and then substitution with sodium azide achieved 19. Compound 18 and
19 underwent a Staudinger reduction and then a palladium-catalyzed hydrogenation, and
finally transformed into products 20 and 21, respectively. On the other hand, 17 coupled with
different amines via reductive amination to afford 22a–22e. All these intermediates transformed
into the final products 23a–23e with the same procedure as for 18 and 19.

2.3. Bioactivity Assay

In order to determine the activity of newly synthesized compounds, we chose ten typ-
ical bacteria as test objects, both Gram-positive and Gram-negative bacteria were included.
It contained two strains of E. coli (ATCC 25922 and ATCC 35218, G−), three strains of S. au-
reus (ATCC 29213, ATCC 25923, and ATCC 33591, G+), two strains of K. pneumoniae (ATCC
70063 and ATCC 13883, G−), one strain of E. faecalis (ATCC 29212, G+), and two strains
of P. aeruginosa (ATCC 27853 and PAO1, G−). All compounds were tested against these
microorganisms by the microdilution assay, and the minimum inhibitory concentrations
(MIC) in μg/mL were recorded. Kanamycin A served as the control.

Scheme 1. Conditions: (a) (i) TfN3, CuSO4, CH3CN, H2O, NEt3, ice bath; (ii) Ac2O, pyridine, rt,
86% over two steps; (b) (i) MeOH, NaOMe, rt, 99%; (ii) PhCH(OCH3)2, DMF, p-TsOH, 68 ◦C, 46%;
(c) BnBr, NaH, DMF, 93%; (d) (i)THF, MeOH, HCl (aq), 50 ◦C, 93%; (ii) 1.2 equiv of PhCH(OCH3)2,
CH3CN, p-TsOH, rt, 75%; (e) Allyl bromide, Ag2O, TBAI, Toluene, 90%; (f) BnBr, NaH, DMF, 86%;
(g) K2OsO4•2H2O, NMO, H2O, acetone, 57%; (h) NaIO4, MeOH, CH2Cl2, 100%.
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Scheme 2. Conditions: (a) NaBH4, MeOH, CH2Cl2, ice bath, 92%; (b) (i) TsCl, Pyridine, rt; (ii) NaN3,
DMF, 84% over two steps; (c) Amines, NaBH(OAc)3, 1,2-dichloroethane, rt, 52–67%; (d) (i) PMe3,
THF, H2O, NaOH; (ii) H2, Pd/C, MeOH, THF, 55–78% over two steps.

As shown in Table 1, most compounds exhibited distinct activity, and the activity
was close to their parent compound kanamycin A generally. Among them, compound 21

showed somewhat better potency than kanamycin A. Except in the case of ATCC 25922, the
MIC values of compound 21 were lower than or equal to that of kanamycin A in the case of
the other nine bacteria. When it comes to compound 20, in comparison with kanamycin
A, the activity did not increase. The major structural difference between kanamycin A,
compound 20, and 21 is that compound 21 has one more amino group than the other two. It
looks like that additional amino groups may benefit the activity. However, compound 23a,
which is the product obtained by adding a second amino group at the end of the 2′-position
of compound 20, did not exhibit further improvement in activity. On the contrary, the
activity was slightly reduced in several cases in comparison with compound 21. In the
case of compound 23b, in which the flexible 2-amino-ethylamino of 23a was replaced by
a more rigid piperazinyl, the activity had also not improved. When the piperazinyl in
compound 23b was replaced by a similarly hydrophilic morpholine ring, the resulting
product compound, 23c, gave almost the same activity result as 23b. After studying
the impact of the terminal hydrophilic groups on activity, we also checked whether the
hydrophobic groups on the end of the 2′-position affected the activity. Compound 23d

and 23e bear a pentyl and a cyclohexyl, respectively, at the terminal of 2′-substituent. To
our surprise, these two compounds displayed comparable activity to that of other new
derivatives. Compound 23e, which bears a bulky and rigid cyclohexyl, even showed a
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very similar result to that of compound 21. Based on these results, we can conclude that
hydrophobicity and basicity of the terminal of 2′-substituents do not affect the activity
remarkably, and the size of the groups also does not. Since the space that 2′-postion faces
is so spacious and empty, it is no surprise that a good tolerance for the diversity of the
introduced groups can be observed during chemical modifying.

Table 1. The results of antibacterial activities of synthesized compounds.

MIC (μg/mL)

Compd
E. coli S. aureus K. pneumoniae E. faecalis P. aeruginosa

ATCC
35218

ATCC
25922

ATCC
29213

ATCC
25923

ATCC
33591

ATCC
700603

ATCC
13883

ATCC
29212

ATCC
27853

PAO1

Kan 2 4 2 4 64 16 1 64 >128 8
20 4 32 1 4 64 8 2 64 >128 16
21 2 16 0.5 0.5 8 2 1 64 128 2
23a 4 >128 0.5 4 8 4 2 64 128 16
23b 4 64 1 4 128 8 4 128 >128 >128
23c 8 32 0.5 4 128 8 4 64 >128 128
23d 8 64 1 8 32 16 4 64 >128 128
23e 2 16 1 4 8 4 1 64 >128 16

Among the tested bacteria, some are antibiotic-resistant strains. K. pneumoniae K6
(ATCC 700603) is a clinical isolate and is reported to be resistant to some aminoglycosides
(caused by ANT(2”)). Our antimicrobial susceptibility test showed that it was resistant
to kanamycin A (MIC = 16 μg/mL). The bioassay results showed our modifying strategy
brought some advantage, and all new compounds gave lower or equal MIC values to
kanamycin A. Of note, 21, 23a, and 23f displayed a four- to eight-fold enhancement in
activity. ATCC 33591 is a methicillin-resistant S. aureus (MRSA). Many MRSA strains
contain genes encoded for APH(3′), ANT(4′), and AAC(6′)/APH(2”), which render the
bacteria resistant to many aminoglycosides. In our research, the MIC for kanamycin A
against ATCC 33591 is 64 μg/mL. Three compounds, 21, 23a, and 23e displayed eight-
times enhancement in activity. In the case of PAO1, a prominent pathogen for its intrinsic
resistance to many antibiotics, among newly synthesized derivatives, 21 also showed four-
fold more potency than kanamycin. However, in the cases of the drug-resistant ATCC29212
(expressing efflux pump) and ATCC 27853 (expressing APH(3′)), none of new compounds
exhibited a better outcome. In general, modification on the 2′-position may bring some
benefits in treating drug-resistant bacteria, but this kind of improvement is mild and hard
to predict.

3. Materials and Methods

3.1. Chemistry

General: All commercial reagents were used without further purification unless
otherwise stated. Anhydrous N,N-dimethylformamide (DMF) was obtained by distilling
commercial product over P2O5 under reduced pressure. Routine 1H and 13C nuclear
magnetic resonance spectra were recorded on the Bruker AVANCE III 400 (Bruker Scientific
Co. Ltd., Zurich, Switzerland) spectrometer or Bruker AVANCE III 600 spectrometer
(Bruker Scientific Co. Ltd., Zurich, Switzerland). Samples were dissolved in deuterated
chloroform (CDCl3) or deuterium oxide (D2O), and tetramethylsilane (TMS) was used as
reference. High resolution mass spectra were recorded on the Thermo Scientific Orbitrap
Fusion Lumos Mass Spectrometer (Thermo Fisher Scientific Inc., San Jose, CA, USA).
Analytical thin-layer chromatography (TLC) was performed on Merck Silica Gel 60 F254.
Compounds were visualized by UV light (254 nm) and/or by staining with a yellow
solution containing Ce(NH4)2(NO3)6 (0.5 g) and (NH4)6Mo7O24•4H2O (24.0 g) in 6%
H2SO4 (500 mL) or ninhydrin solution in ethyl acetate (5%) followed by heating. NMR
spectra for new compounds can be found in Supplementary Materials section.
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2′-O-Allyl-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-3′,4′,2”-tri-O-benzylkanamycin A (14): To a
flask was added 13 (121 mg, 0.13 mmol), toluene (2 mL), freshly prepared silver (I) oxide
(80 mg, 0.34 mmol), tetrabutylammonium iodide (10 mg, 0.03 mmol) and the allyl bromide
(35mg, 0.29 mmol). The mixture was stirred overnight at room temperature and TLC
showed the starting material disappeared. The reaction mixture was filtered and the filtrate
was concentrated to residue. The gross product was purified by silica gel chromatography
with the mixed solvent (petroleum/ethyl acetate from 15:1 to 6:1) as eluent to give the titled
compound (112 mg, 0.12 mmol, 90% yield) as a colorless semisolid. 1H NMR (600 MHz,
CDCl3) δ 7.50–7.49 (m, 2H), 7.43–7.42 (m, 2H), 7.39–7.26 (m, 16H), 5.91–5.85 (m, 1H), 5.52 (s,
1H), 5.25–5.22 (m, 2H), 5.18–5.16 (m, 1H), 5.09 (d, J = 3.6 Hz, 1H), 4.91–4.83 (m, 4H), 4.77 (d,
J = 11.8 Hz, 1H), 4.70 (d, J = 1.7 Hz, 1H), 4.62 (d, J = 11.0 Hz, 1H), 4.48 (td, J1 = 5.0 Hz, J2 =
10.0 Hz, 1H), 4.34–4.31 (m, 1H), 4.22 (dd, J1 = 5.0 Hz, J2 = 10.0 Hz, 1H), 4.18–4.15 (m, 1H),
4.07–4.02 (m, 2H), 3.96 (t, J = 9.4 Hz, 1H), 3.65–3.54 (m, 5H), 3.50 (d, J1 = 3.6 Hz, J2 = 9.8
Hz, 1H), 3.45–3.63 (m, 4H), 3.30–3.21 (m, 2H), 2.43 (ddd, J1 = J2 = 4.5 Hz, J3 = 13.2 Hz, 1H),
1.60 (ddd, J1 = J2 = J3 = 12.6 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 138.17, 137.77, 137.18,
137.09, 133.14, 128.95, 128.54, 128.48, 128.22, 128.21, 128.13, 128.01, 127.90, 127.80, 127.78,
126.04, 119.43, 101.32, 101.20, 97.64, 86.51, 81.81, 80.20, 80.09, 79.79, 78.10, 77.54, 75.60, 75.31,
74.13, 74.08, 73.10, 71.09, 68.78, 62.78, 61.94, 60.38, 58.76, 51.19, 32.21. HRMS (ESI/APCI)
calculated for (C49H54N12O11Na) [M + Na+]: 1009.3927, found: 1009.3962.

2′-O-Allyl-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzylkanamycin A (15):
To a stirred solution of 14 (226 mg, 0.23 mmol) in anhydrous DMF (3 mL) was added
sodium hydride (26 mg, 60% in mineral oil, 0.65 mmol) and the resulting mixture was
stirred for 30 min at room temperature, then benzyl bromide (59 mg, 0.35 mmol) was added
in one portion. After stirring for 4 h, the reaction mixture was poured into water (50 mL)
and the aqueous layer was extracted with ethyl acetate (3 × 15 mL). The combined organic
phase was washed with brine, dried over anhydrous sodium sulfate, and concentrated
under a vacuum. The residue was purified by silica gel column chromatography with the
mixed solvent (petroleum ether/ethyl acetate 15:1 to 9:1) as eluent to give product 15 (217
mg, 0.20 mmol, 86% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 7.44–7.24 (m,
20H), 7.19–7.11 (m, 4H), 7.05 (t, J = 7.4 Hz, 1H), 5.55 (d, J = 3.7 Hz, 1H), 5.52 (d, J = 4.0 Hz,
1H), 5.51–5.43 (m, 1H), 5.28 (s, 1H), 5.10 (d, J = 12.4 Hz, 1H), 4.98–4.74 (m, 8H), 4.58 (d, J =
11.3 Hz, 1H), 4.31–4.27 (m, 1H), 4.02–3.92 (m, 3H), 3.86–3.80 (m, 2H), 3.75 (d, J = 9.4 Hz, 1H),
3.67–3.50 (m, 6H), 3.46–3.36 (m, 4H), 3.28 (dd, J1 = 3.8 Hz, J2 = 9.9 Hz, 1H), 3.22 (t, J = 9.8
Hz, 1H), 2.40 (ddd, J1 = J2 = 4.5 Hz, J3 = 13.2 Hz, 1H), 1.54 (ddd, J1 = J2 = J3 = 12.9 Hz, 1H).
13C NMR (100 MHz, CDCl3) δ 138.45, 138.04, 137.58, 137.27, 136.78, 134.25, 128.84, 128.59,
128.46, 128.44, 128.37, 128.19, 128.17, 127.92, 127.83, 127.74, 127.62, 127.10, 126.32, 125.19,
117.48, 101.39, 97.33, 96.32, 82.83, 81.81, 79.59, 78.70, 78.28, 78.11, 77.92, 77.15, 75.52, 74.96,
74.51, 73.44, 73.31, 70.76, 68.58, 62.89, 61.47, 60.17, 59.19, 51.37, 32.16. HRMS (ESI/APCI)
calculated for (C56H60N12O11Na) [M + Na+]: 1099.4397, found: 1099.4412.

2′-O-(2,3-Dihydroxypropyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzylkanamycin
A (16): To a flask was added 15 (213 mg, 0.20 mmol), potassium osmate (VI) dihydrate (4 mg, 0.01
mmol), N-methylmorpholine-N-oxide solution in water (94 mg, 0.40 mmol, 50% w/w), acetone (5
mL), and water (0.1 mL) in sequence. After stirring overnight at room temperature, TLC showed
the reaction was completed. The reaction mixture was poured into aqueous solution of sodium
thiosulfate pentahydrate (50 mL, 1% w/w) and stirred for 30 min, then the resulting mixture was
extracted with ethyl acetate (3 × 10 mL). The organic layer was combined, dried over anhydrous
sodium sulfate, and concentrated under a vacuum. The gross product was purified by silica gel
chromatography with the mixed solvent (petroleum/ethyl acetate from 8:1 to 4:1) as the solvent
to give the titled compound 16 (125 mg, 0.11 mmol, 57% yield) as a colorless semisolid. 1H NMR
(400 MHz, CDCl3) δ 7.44–7.14 (m, 24H), 7.10 (t, J = 7.2 Hz, 1H), 5.54 (t, J = 4.0 Hz, 1H), 5.48 (t, J =
4.1 Hz, 1H), 5.34 (s, 1H), 5.03–4.94 (m, 2H), 4.86 (d, J = 11.2 Hz, 1H), 4.82–4.68 (m, 4H), 4.59 (d, J =
11.2 Hz, 1H), 4.21–4.08 (m, 2H), 3.94–3.87 (m, 2H), 3.79–3.42 (m, 9H), 3.41–3.15 (m, 8H), 3.08 (br,
1H), 2.43–2.35 (m, 1H), 1.68–1.58 (m, 1H). HRMS (ESI/APCI) calculated for (C56H62N12NaO13)
[M + Na+]: 1133.4452, found: 1133.4487.
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2′-O-(2-Oxoethyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzylkanamycin A
(17): To a flask was added 16 (125 mg, 0.11 mmol), methanol (5 mL), and sodium periodate
(47 mg, 0.22 mmol) and the resulting mixture was stirred at room temperature. After 4
h, TLC showed all starting material was consumed. The reaction mixture was poured
into aqueous solution of sodium thiosulfate pentahydrate (50 mL, 0.4% w/w) and stirred
for 30 min, then the resulting mixture was extracted with ethyl acetate (3 × 10 mL). The
organic layer was combined, dried over anhydrous sodium sulfate, and concentrated under
a vacuum. The resulting product 17 (122 mg, 0.11 mmol, 100%) was used in the following
reactions directly without further purification. 1H NMR (400 MHz, CDCl3) δ 1H NMR
(400 MHz, CDCl3) δ 9.09 (s, 1H), 7.44–7.16 (m, 22H), 7.10–7.04 (m, 3H), 5.56 (d, J = 3.8 Hz,
1H), 5.51 (d, J = 3.8 Hz, 1H), 5.28 (s, 1H), 5.07 (d, J = 12.5 Hz, 2H), 4.96 (d, J = 12.4 Hz, 1H),
4.86-4.76 (m, 4H), 4.68 (d, J = 11.2 Hz, 1H), 4.59 (d, J = 11.2 Hz, 1H), 4.29–4.25 (m, 1H),
4.03–3.96 (m, 3H), 3.86–3.79 (m, 2H), 3.74–3.61 (m, 3H), 3.59–3.49 (m, 3H), 3.46–3.38 (m, 5H),
3.25–3.19 (m, 2H), 2.41 (ddd, J1 = J2 = 4.7 Hz, J3 = 13.0 Hz, 1H), 1.68 (ddd, J1 = J2 = J3 = 12.6
Hz, 1H). HRMS (ESI/APCI) calculated for (C55H58N12NaO12) [M + Na+]: 1101.4189, found:
1101.4218.

2′-O-(2-Hydroxyethyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzylkanamycin
A (18): The product 17 (110 mg, 0.10 mmol) was dissolved in the mixture of methanol (3 mL)
and dichloromethane (2 mL), and to the solution was added sodium borohydride (15 mg, 0.40
mmol) in several portions while stirring at ice bath temperature. After 30 min, TLC showed
the reaction was completed. The solvent was removed, and the gross product was purified
with silica gel chromatography by using the mixed solvent (petroleum ether/ethyl acetate 20:1
to 10:1) as eluent to give product 18 (101 mg, 0.09 mmol, 92% yield) as a white semisolid. 1H
NMR (400 MHz, CDCl3) δ 7.43–7.24 (m, 20H), 7.20–7.15 (m, 4H), 7.08 (t, J = 7.2 Hz, 1H), 5.53
(d, J = 4.2 Hz, 1H), 5.52 (d, J = 4.3 Hz, 1H), 5.31 (s, 1H), 5.05 (d, J = 12.3 Hz, 1H), 4.97 (d, J =
12.2 Hz, 1H), 4.88 (d, J = 11.2 Hz, 1H), 4.82–4.75 (m, 4H), 4.59 (d, J = 11.3 Hz, 1H), 4.25–4.21
(m, 1H), 4.06 (dd, J1 = 5.0 Hz, J2 = 10.2 Hz, 1H), 3.96-3.85 (m, 2H), 3.66–3.29 (m, 14 H), 3.24 (t,
J = 9.8 Hz, 1H), 2.65 (t, J = 6.1 Hz, 1H), 2.39 (dt, J1 = 4.3 Hz, J2 = 13.2, Hz, 1H), 1.63 (ddd, J1
= J2 = J3 = 12.7 Hz, 1H). 13C NMR (100 MHz, CDCl

3) δ 137.97, 137.83, 137.26, 137.23, 136.81, 128.87,
128.63, 128.58, 128.50, 128.47, 128.18, 128.16, 127.97, 127.93, 127.83, 127.76, 127.47, 126.27, 125.72,
101.41, 97.21, 96.43, 82.29, 81.35, 80.54, 79.60, 78.55, 78.43, 78.03, 77.76, 75.80, 75.03, 74.95, 73.45,
73.29, 71.01, 68.60, 62.91, 62.31, 61.40, 60.18, 59.92, 51.20, 32.35. HRMS (ESI/APCI) calculated for
(C55H60N12NaO12) [M + Na+]: 1103.4346, found: 1103.4369.

2′-O-(2-Azidoethyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzylkanamycin
A (19): To the solution of 18 (65 mg, 0.06 mmol) in pyridine (3 mL) was added p-toluene
sulfonyl chloride (46 mg, 0.18 mmol) in one portion, and the resulting mixture was stirred
overnight. Then, the solvent was removed, and the residue was purified by column chro-
matography on silica gel using petroleum ether/ethyl acetate (10:1 to 5:1) as eluent to afford
the tosylate intermediate, which was mixed with sodium azide (12 mg, 0.18 mmol) and
DMF (3 mL). After stirring at 80 ◦C for 4 h, the reaction mixture was poured into 50 mL of
water and the aqueous layer was extracted with ethyl acetate (3 × 10 mL). The combined
organic phase was dried over Na2SO4 and concentrated under a vacuum. The crude was
purified by column chromatography on silica gel by using the mixture of petroleum ether
and ethyl acetate (10:1 to 5:1) as eluent to afford 19 (56 mg, 0.05 mmol, 84% yield). 1H NMR
(600 MHz, CDCl3) δ 7.43–7.38 (m, 4H), 7.35–7.24 (m, 16H), 7.18 (t, J = 7.7 Hz, 2H), 7.12–7.06
(m, 3H), 5.56–5.55 (m, 2H), 5.29 (s, 1H), 5.09 (d, J = 12.3 Hz, 1H), 4.99 (d, J = 12.3 Hz, 1H),
4.87–4.76 (m, 5H), 4.58 (d, J = 11.3 Hz, 1H), 4.29–4.26 (m, 1H), 4.01 (dd, J1 = 4.9 Hz, J2 =
10.1 Hz, 1H), 3.95 (t, J = 9.4 Hz, 1H), 3.87–3.82 (m, 2H), 3.75 (t, J = 9.4 Hz, 1H), 3.66 (t, J
= 9.4 Hz, 1H), 3.61–3.51 (m, 5H), 3.46–3.36 (m, 4H), 3.25–3.22 (m, 2H), 3.15–3.11 (m, 1H),
3.04–2.96 (m, 2H), 2.40 (ddd, J1 = J2 = 4.6 Hz, J3 = 13.3, Hz, 1H), 1.64 (ddd, J1 = J2 = J3 = 12.7
Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 138.39, 137.90, 137.54, 137.21, 136.74, 128.85, 128.58,
128.45, 128.41, 128.19, 127.92, 127.87, 127.82, 127.63, 127.60, 127.22, 126.29, 125.14, 101.39,
96.89, 96.32, 82.78, 81.58, 80.20, 79.55, 78.35, 78.01, 77.76, 75.41, 74.94, 74.46, 73.30, 70.76,
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70.75, 68.57, 62.87, 61.46, 60.15, 59.25, 51.25, 50.81, 32.14. HRMS (ESI/APCI) calculated for
(C55H59N15NaO11) [M + Na+]: 1128.4411, found: 1128.4442.

2′-O-[[2-[2-(benzyloxycarbonylamino)ethyl]amino]-ethyl]-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-
5,3′,4′,2”-tetra-O-benzylkanamycin A (22a): To a flask was added 17 (53 mg, 0.05 mmol),
1,2-dichloroethane (3 mL), and 1-(benzyloxycarbonylamino)-2-aminoethane (48 mg, 0.25
mmol) in one portion. The resulting mixture was stirred for 30 min, then sodium triace-
toxyborohyride (53 mg, 0.25 mmol) was added in portions. After stirring overnight at room
temperature, TLC showed a minor amount of 17 remained. Then, another portion of sodium
triacetoxyborohyride (32 mg, 0.15 mmol) was added. After stirring for another 8 h, the
reaction was complete. The solvent was removed, and the residue was purified by silica
gel chromatography (petroleum/ethyl acetate from 8:1 to 4:1) to give the titled compound
22a (38 mg, 0.03 mmol, 67% yield) as a colorless semisolid. 1H NMR (400 MHz, CDCl3)
δ 7.45–7.09 (m, 29H), 7.06 (t, J = 7.2 Hz, 1H), 5.57 (d, J = 3.6 Hz, 1H), 5.53 (d, J = 3.6 Hz,
1H), 5.33 (s, 1H), 5.06 (s, 2H), 5.01–4.93 (m, 2H), 4.88–4.74 (m, 5H), 4.58 (d, J = 11.2 Hz, 1H),
4.26–4.20 (m, 1H), 4.02 (dd, J1 = 10.1, J2 = 4.8 Hz, 1H), 3.96–3.80 (m, 3H), 3.75 (t, J = 9.4 Hz,
1H), 3.68 (t, J = 9.4 Hz, 1H), 3.62–3.21 (m, 13H), 3.01 (br, 2H), 2.53–2.28 (m, 5H), 1.65 (ddd, J1
= J2 = J3 = 12.6 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 156.46, 138.30, 137.83, 137.28, 136.78,
136.64, 128.88, 128.58, 128.49, 128.18, 128.15, 128.10, 128.06, 127.98, 127.93, 127.89, 127.76,
127.53, 127.41, 126.23, 125.96, 101.35, 96.77, 96.24, 82.64, 81.23, 80.15, 79.66, 78.46, 78.15, 78.05,
77.70, 75.38, 74.96, 74.90, 73.30, 70.93, 68.61, 66.60, 62.94, 61.47, 60.09, 59.71, 51.29, 48.60, 48.34,
39.80, 32.19. HRMS (ESI/APCI) calculated for (C65H73N14O13) [M + H+]: 1257.5476, found:
1257.5442.

2′-O-[2-(4-benzyloxycarbonylpiperizyl)-ethyl]-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-
tetra-O-benzylkanamycin A (22b): This compound was synthesized through reductive am-
ination by coupling 17 with 1-benzyloxycarbonylpiperize with the same procedure as
described in the preparation of 22a. 55% yield, colorless semisolid. 1H NMR (400 MHz,
CDCl3) δ 7.43–7.22 (m, 25H), 7.16–7.10 (m, 4H), 7.00 (t, J = 7.5 Hz, 1H), 5.56 (d, J = 3.6
Hz, 1H), 5.54 (d, J = 3.7 Hz, 1H), 5.28 (s, 1H), 5.10–5.06 (m, 3H), 4.93 (d, J = 12.1 Hz, 1H),
4.86–4.75 (m, 5H), 4.58 (d, J = 11.2 Hz, 1H), 4.31–4.27 (m, 1H), 3.97 (dd, J1 = 5.0 Hz, J2 = 10.3
Hz, 1H), 3.91 (t, J = 9.4 Hz, 1H), 3.84–3.72 (m, 3H), 3.67–3.36 (m, 10H), 3.30–3.20 (m, 7H),
2.40 (ddd, J1 = J2 = 4.4 Hz, J3 = 13.1Hz, 1H), 2.29–2.22 (m, 1H), 2.12–1.94 (m, 5H), 1.64 (ddd,
J1 = J2 = J3 = 12.7 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ 155.09, 138.45, 137.84, 137.46,
137.21, 136.73, 128.85, 128.59, 128.52, 128.47, 128.39, 128.18, 128.09, 127.92, 127.56, 127.29,
127.16, 126.25, 125.24, 101.25, 97.18, 96.28, 82.67, 81.52, 80.11, 79.55, 78.3, 77.94, 77.71, 75.16,
74.95, 73.3, 70.8, 68.52, 67.12, 62.83, 61.43, 60.12, 59.22, 57.30, 52.88, 51.25, 43.46, 32.16, 29.70.
HRMS (ESI/APCI) calculated for (C67H75N14O13) [M + H+]: 1283.5633, found: 1283.5602.

2′-O-[2-(4-Morpholinyl)-ethyl]-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benz
ylkanamycin A (22c): This compound was synthesized through reductive amination by
coupling 17 with morpholine with the same procedure as described in the preparation
of 22a. 68% yield, colorless semisolid. 1H NMR (400 MHz, CDCl3) δ 7.44–7.21 (m, 20H),
7.17–7.10 (m, 4H), 7.01 (t, J = 7.4 Hz, 1H), 5.57 (d, J = 3.7 Hz, 1H), 5.54 (d, J = 3.7 Hz, 1H),
5.28 (s, 1H), 5.08 (d, J = 12.2 Hz, 1H), 4.93 (d, J = 12.2 Hz, 1H), 4.89–4.75 (m, 5H), 4.58 (d, J =
11.3 Hz, 1H), 4.32–4.27 (m, 1H), 3.99–3.90 (m, 2H), 3.85–3.71 (m, 3H), 3.67–3.36 (m, 14H),
3.31–3.20 (m, 3H), 2.40 (ddd, J1 = J2 = 4.5 Hz, J3 = 13.1, Hz, 1H), 2.30–2.23 (m, 1H), 2.12–2.02
(m, 3H), 1.64 (ddd, J1 = J2 = J3 = 13.0 Hz, 1H). 13C NMR (100 MHz, CDCl3) δ138.51, 137.84,
137.46, 137.24, 136.76, 128.83, 128.61, 128.58, 128.45, 128.36, 128.18, 128.15, 127.91, 127.89,
127.50, 127.29, 127.13, 126.24, 125.37, 101.26, 97.08, 96.28, 82.61, 81.40, 80.12, 79.59, 78.34,
77.97, 77.70, 77.23, 77.02, 76.81, 75.09, 74.93, 74.49, 73.3, 70.85, 69.59, 68.54, 66.65, 62.85, 61.46,
60.12, 59.3, 57.7, 53.62, 51.28, 32.17, 29.69. HRMS (ESI/APCI) calculated for (C59H68N13O12)
[M + H+]: 1150.5105, found: 1150.5063.

2′-O-(2-n-Pentylamino-ethyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzy
lkanamycin A (22d): This compound was synthesized through reductive amination by
coupling 17 with n-pentylamine with the same procedure as described in the preparation
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of 22a. 64% yield, colorless semisolid. 1H NMR (400 MHz, CDCl3) δ 7.45–7.21 (m, 20H),
7.18–7.14 (m, 4H), 7.06 (t, J = 7.3 Hz, 1H), 5.56–5.54 (m, 2H), 5.30 (s, 1H), 5.05 (d, J = 12.1
Hz, 1H), 4.95 (d, J = 12.1 Hz, 1H), 4.86–4.75 (m, 5H), 4.57 (d, J = 11.2 Hz, 1H), 4.29–4.23
(m, 1H), 4.01 (dd, J1 = 4.8, J2 = 10.1 Hz, 1H), 3.92 (t, J = 9.3 Hz, 1H), 3.89–3.81 (m, 2H), 3.77
(t, J = 9.3 Hz, 1H), 3.70–3.20 (m, 13H), 2.54–2.51 (m, 1H), 2.46–2.22 (m, 4H), 1.65 (ddd, J1
= J2 = J3 = 12.6 Hz, 1H), 1.33–1.06 (m, 6H), 0.84 (t, J = 7.2 Hz, 3H). 13C NMR (100 MHz,
CDCl3) δ 138.34, 137.83, 137.35, 137.17, 136.71, 128.84, 128.55, 128.43, 128.38, 128.14, 127.92,
127.85, 127.60, 127.43, 127.32, 126.24, 125.49, 101.33, 96.80, 96.28, 82.58, 81.18, 80.19, 79.54,
78.30, 78.00, 77.83, 77.53, 75.33, 74.90, 74.64, 73.27, 71.25, 70.83, 68.54, 62.87, 61.39, 60.11,
59.46, 51.28, 49.61, 49.14, 32.21, 29.37, 29.16, 22.49, 14.04. HRMS (ESI/APCI) calculated for
(C60H72N13O11) [M + H+]: 1150.5469, found: 1150.5430.

2′-O-(2-Cyclohexylamino-ethyl)-1,3,6′,3”-tetraazido-4”,6”-O-benzylidene-5,3′,4′,2”-tetra-O-benzy
lkanamycin A (22e): This compound was synthesized through reductive amination by cou-
pling 17 with cyclohexylamine with the same procedure as described in the preparation
of 22a. 52% yield, colorless semisolid. 1H NMR (400 MHz, CDCl3) δ 7.45–7.22 (m, 20H),
7.19–7.15 (m, 4H), 7.08 (t, J = 7.3 Hz, 1H), 5.55–5.53 (m, 2H), 5.32 (s, 1H), 5.02 (d, J = 12.1 Hz,
1H), 4.94 (d, J = 12.0 Hz, 1H), 4.86–4.73 (m, 5H), 4.56 (d, J = 11.3 Hz, 1H), 4.26–4.20 (m, 1H),
4.01 (dd, J1 = 4.8 Hz, J2 = 10.1Hz, 1H), 3.94–3.83 (m, 3H), 3.78 (t, J = 9.3 Hz, 1H), 3.69–3.31
(m, 12H), 3.25 (t, J = 9.8 Hz, 1H), 2.64–2.50 (m, 2H), 2.38 (ddd, J1 = J2 = 4.4 Hz, J3 = 13.0 Hz,
1H), 2.19–2.12 (m, 1H), 1.71–1.51 (m, 4H), 1.12–0.80 (m, 6H). 13C NMR (100 MHz, CDCl3) δ
138.36, 137.83, 137.44, 137.26, 136.80, 128.95, 128.66, 128.52, 128.24, 128.02, 127.97, 127.74,
127.49, 126.32, 125.74, 101.44, 96.74, 96.36, 82.55, 81.03, 80.11, 79.63, 78.43, 78.12, 77.94, 77.83,
75.26, 74.89, 74.68, 73.37, 71.05, 68.63, 62.97, 61.47, 60.16, 59.60, 56.70, 51.37, 45.57, 32.26,
31.88, 25.64, 24.86. HRMS (ESI/APCI) calculated for (C61H72N13O11) [M + H+]: 1162.5469,
found: 1162.5486.

General procedure for the deprotection of compounds 18, 19, and 22a–22e: The starting
compound (0.03–0.08 mmol) was dissolved in the mixture of tetrahydrofuran (2 mL) and water
(1 mL). Then, 50 mg of sodium hydroxide was added. The mixture was stirred for 10 min
at room temperature, then 1 mL of trimethylphosphine solution in tetrahydrofuran (1 M)
was added. After TLC showed the reaction was completed, the mixture was concentrated
and the residue was passed through a short column (silica gel) with eluents as the following:
methanol (30 mL), and methanol/ammonia solution in methanol (7 M) (50 mL/5 mL). The
proper fractions were collected, combined, and concentrated. The resulting amine was then
dissolved in the mixture of methanol (5 mL) and tetrahydrofuran (1 mL), and the pH value
of the resulting solution was adjusted to 3–4 with hydrochloric acid (1 M). Then, Pd/C (10%,
50 mg) was added. The mixture was subjected to hydrogenolysis for 2–5 days. After TLC
showed that only one spot appeared, the mixture was filtered through a pad of celite. To the
filtrate was added 0.1 mL of triethylamine, and then a small volume of silica gel was added.
The solvent was removed, and the resulting mixture was transferred to a silica gel column.
After eluting the column with methanol (50 mL), methanol/concentrated aqueous ammonia
(100 mL/10 mL), and methanol/concentrated aqueous ammonia (50 mL/10 mL), the fractions
with the desired product were collected and combined. After removal of solvent, the gross
product was redissolved in acetic acid solution in water (0.05 mol/L, 5 mL) and the resulting
solution was freeze-dried. Thus, we obtained the final products 20, 21, and 23a–23e.

2′-O-(2-Hydroxyethyl)-kanamycin A (20): 78% yield, white amorphous powder. 1H NMR (600
MHz, D2O) δ 5.70 (d, J = 3.8 Hz, 1H), 5.10 (d, J = 3.6 Hz, 1H), 3.99–3.95 (m, 1H), 3.93–3.80
(m, 8H), 3.77–3.70 (m, 4H), 3.67 (t, J = 10.1 Hz, 1H), 3.58–3.45 (m, 4H), 3.43–3.36 (m, 2H),
3.15 (dd, J1 = 8.1 Hz, J2 = 13.4 Hz, 1H), 2.50 (ddd, J1 = J2 = 4.2 Hz, J3 = 12.5 Hz, 1H), 1.94
(s, 12H), 1.90 (ddd, J1 = J2 = J3 = 12.5 Hz, 1H). 13C NMR (150 MHz, D2O) δ 180.83, 101.36,
95.18, 84.83, 79.81, 78.73, 73.94, 73.51, 73.34, 72.56, 71.64, 69.27, 68.88, 66.16, 61.30, 60.67,
55.65, 50.51, 48.36, 41.04, 28.46, 23.19. HRMS (ESI/APCI) calculated for (C20H41N4O12) [M
+ H]+ requires m/z 529.2715, found m/z 529.2734.

2′-O-(2-Aminoethyl)-kanamycin A (21): 58% yield, white amorphous powder. 1H NMR (600
MHz, D2O) δ 5.83 (d, J = 3.8 Hz, 1H), 5.11 (d, J = 3.7 Hz, 1H), 4.09–4.06 (m, 1H), 3.95–3.87
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(m, 7H), 3.83 (dd, J1 = 2.2 Hz, J2 = 12.3 Hz, 1H), 3.77–3.73 (m, 2H), 3.67 (t, J = 10.1 Hz,
1H), 3.57–3.40 (m, 6H), 3.30–3.26 (m, 1H), 3.21–3.18 (m, 2H), 2.49 (ddd, J1 = J2 = 4.1 Hz, J3
= 12.6 Hz, 1H), 1.93 (s, 15H), 1.89 (ddd, J1 = J2 = J3 = 12.7 Hz, 1H). 13C NMR (150 MHz,
D2O) δ 181.37, 101.31, 95.57, 84.95, 79.72, 78.29, 74.25, 73.65, 71.76, 71.69, 69.30, 68.84, 67.98,
66.27, 60.78, 55.67, 50.44, 48.92, 40.98, 39.94, 28.89, 23.53. HRMS (ESI/APCI) calculated for
(C20H42N5O11) [M + H]+ requires m/z 528.2875, found m/z 528.2892.

2′-O-[2-(4-Mopholinyl)-ethyl]-kanamycin A (23c): 62% yield, white amorphous powder. 1H
NMR (600 MHz, D2O) δ 5.89 (d, J = 3.7 Hz, 1H), 5.11 (d, J = 3.6 Hz, 1H), 4.17 (ddd, J1 =
J2 = 4.4 Hz, J3 = 12.2 Hz, 1H), 4.02–3.73 (m, 14H), 3.67 (t, J = 10.1 Hz, 1H), 3.58–3.39 (m,
12H), 3.19 (dd, J1 = 7.7 Hz, J2 = 13.4 Hz, 1H), 2.50 (ddd, J1 = J2 = 4.2 Hz, J3 = 12.5 Hz,
1H), 1.97–1.91 (m, 16H). 13C NMR (150 MHz, D2O) δ 180.26, 100.56, 94.57, 84.09, 78.86,
76.79, 73.67, 72.88, 71.06, 70.71, 68.53, 68.06, 65.43, 63.94, 63.70, 59.93, 56.19, 54.88, 51.76,
49.59, 48.24, 40.22, 27.90, 22.56. HRMS (ESI/APCI) calculated for (C24H48N5O12) [M + H]+

requires m/z 598.3294, found m/z 598.3315.

2′-O-[2-[(2-Aminoethyl)amino]-ethyl]-kanamycin A (23a): 55% yield, white amorphous powder.
1H NMR (600 MHz, D2O) δ 5.84 (d, J = 3.7 Hz, 1H), 5.13 (d, J = 3.6 Hz, 1H), 4.09–4.05(m,
1H), 3.99–3.92 (m, 3H), 3.91–3.66 (m, 8H), 3.55–3.15 (m, 13H), 2.40 (ddd, J1 = J2 = 4.2 Hz,
J3 = 12.7 Hz, 1H), 1.92 (s, 17H), 1.80 (ddd, J1 = J2 = J3 = 12.6 Hz, 1H). 13C NMR (150 MHz,
D2O) δ 182.09, 101.16, 95.41, 85.46, 79.81, 79.43, 74.52, 73.57, 71.86, 71.78, 69.16, 68.97, 67.93,
66.37, 60.74, 55.70, 50.68, 49.06, 48.30, 45.48, 41.09, 37.26, 30.25, 23.95. HRMS (ESI/APCI)
calculated for (C22H47N6O11) [M + H]+ requires m/z 571.3297, found m/z 571.3318

2′-O-[2-[(2-Piperizinylethyl)amino]-ethyl]-kanamycin A (23b): 60% yield, white amorphous
powder. 1H NMR (600 MHz, D2O) δ 5.78 (d, J = 3.7 Hz, 1H), 5.10 (d, J = 3.6 Hz, 1H),
3.97-3.91 (m, 4H), 3.86-3.81 (m, 4H), 3.78–3.74 (m, 2H), 3.70–3.64 (m, 2H), 3.50–3.33 (m, 6H),
3.27 (t, J = 4.9 Hz, 4H), 3.17 (dd, J1 = 8.0 Hz, J2 = 13.4 Hz, 1H), 2.87–2.80 (m, 4H), 2.76–2.72
(m, 2H), 2.39 (ddd, J1 = J2 = 4.1 Hz, J3 = 12.7 Hz, 1H), 1.90 (s, 15H), 1.77 (ddd, J1 = J2 = J3 =
12.5 Hz, 1H). 13C NMR (150 MHz, D2O) δ 181.98, 101.17, 95.39, 85.46, 79.95, 79.54, 74.40,
73.54, 72.00, 71.76, 69.10, 68.93, 67.92, 66.28, 60.67, 57.12, 55.71, 50.68, 49.89, 48.94, 43.57,
41.06, 30.12, 23.87. HRMS (ESI/APCI) calculated for (C24H49N6O11) [M + H]+ requires m/z
597.3454, found m/z 597.3473.

2′-O-[2-(n-Pentylamino)-ethyl]-kanamycin A (23d): 68% yield, white amorphous powder. 1H
NMR (600 MHz, D2O) δ 5.88 (d, J = 3.5 Hz, 1H), 5.14 (d, J = 3.4 Hz, 1H), 4.14–4.11 (m, 1H),
4.00–3.84 (m, 8H), 3.78–3.75 (m, 2H), 3.69 (t, J = 10.1 Hz, 1H), 3.57–3.41 (m, 6H), 3.36–3.33
(m, 1H), 3.29–3.25 (m, 1H), 3.22–3.18 (m, 1H), 3.09 (t, J = 7.7 Hz, 2H), 2.46 (ddd, J1 = J2 =
4.5 Hz, J3 = 12.5 Hz, 1H), 1.93 (s, 17H), 1.90 (ddd, J1 = J2 = J3 = 12.5 Hz, 1H), 1.73–1.68 (m,
2H), 1.39–1.32 (m, 4H), 0.90 (t, J = 6.9 Hz, 3H). 13C NMR (150 MHz, D2O) δ 181.71, 101.27,
95.52, 85.16, 79.68, 78.52, 74.64, 73.65, 71.87, 71.62, 69.24, 68.90, 66.66, 66.30, 60.77, 55.68,
50.57, 49.12, 48.34, 47.56, 41.09, 29.51, 28.57, 25.87, 23.71, 22.21, 13.77. HRMS (ESI/APCI)
calculated for (C25H52N5O11) [M + H]+ requires m/z 598.3658, found m/z 598.3678.

2′-O-[2-(Cyclohexylamino)-ethyl]-kanamycin A (23e): 64% yield, white amorphous powder.
1H NMR (600 MHz, D2O) δ 5.84 (d, J = 3.7 Hz, 1H), 5.11 (d, J = 3.7 Hz, 1H), 4.12–4.09 (m,
1H), 3.96–3.80 (m, 8H), 3.77–3.65 (m, 3H), 3.55–3.34 (m, 7H), 3.29–3.25 (m, 1H), 3.21–3.12 (m,
2H), 2.42 (ddd, J1 = J2 = 4.5 Hz, J3 = 12.4 Hz, 1H), 2.08 (br, 2H), 1.92 (s, 12H), 1.85–1.79 (m,
3H), 1.69–1.64 (m, 1H), 1.40–1.27 (m, 4H), 1.21–1.14 (m, 1H). 13C NMR (150 MHz, D2O) δ
181.90, 101.25, 95.59, 85.29, 79.65, 79.08, 74.59, 73.63, 71.79, 71.63, 69.21, 68.89, 66.87, 66.28,
60.74, 58.02, 55.69, 50.59, 49.09, 44.59, 41.01, 29.81, 29.70, 29.50, 25.19, 24.68, 24.65, 23.88.
HRMS (ESI/APCI) calculated for (C26H52N5O11) [M + H]+ requires m/z 610.3658, found
m/z 610.3680.

3.2. Bioassay

Ten bacterial strains were selected to evaluate the minimal inhibitory concentration
(MIC) of compounds. All newly synthesized compounds were tested in the form of acetate.
Corning 96-well plates were utilized for this test. Briefly, tested strains were seeded
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into 200 μL Mueller–Hinton (MH) broth per well with a concentration of 105 CFU/mL.
Subsequently, an aliquot of sample stock was added, with a series of final concentrations
of 1–128 μg/mL. All of the mixtures were incubated at 37 ◦C for 24 h. The MICs were
determined by measuring the optical density at 600 nm. The sterilized water (0 μg/mL)
was used as the control; all of the tests were performed in triplicate.

4. Conclusions

According to the fact that some modified products of aminoglycosides by AAC(2′)
remain active, the possible reason was analyzed by means of some structural biology data.
It was deduced that the 2′-position of neamine-containing aminoglycosides is a proper po-
sition for modification. Based on this hypothesis, we designed, synthesized, and evaluated
a series of 2′-modified derivatives of kanamycin A. As expected, all derivatives exhibited
moderate to good antibacterial activity. The structure–activity relationship showed that the
feature of the introduced groups on the 2′-position, including the number of amino groups,
rigidity, hydrophobicity, and bulk, had a mild impact on activity. All of these results were
believed to be attributed to the fact that 2′-substituents point to a vacant space. On the
other hand, proactive chemical modification on the 2′-position may bring some benefits to
fight against drug-resistant bacteria, but cannot achieve a strong and broad-spectrum effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27217482/s1, NMR Spectra.
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Abstract: Aryl-C-glycosides, of both synthetic and natural origin, are of great significance in medicinal
chemistry owing to their unique structures and stability towards enzymatic and chemical hydrolysis
as compared to O-glycosides. They are well-known antibiotics and potent enzyme inhibitors and
possess a wide range of biological activities such as anticancer, antioxidant, antiviral, hypoglycemic
effects, and so on. Currently, a number of aryl-C-glycoside drugs are on sale for the treatment of dia-
betes and related complications. This review summarizes the findings on aryl-C-glycoside scaffolds
over the past 20 years, concerning new structures (over 200 molecules), their bioactivities—including
anticancer, anti-inflammatory, antioxidant, antivirus, glycation inhibitory activities and other phar-
macological effects—as well as their synthesis.

Keywords: aryl-C-glycoside; novel structures; bioactivity; synthesis

1. Introduction

Aryl-C-glycosides (ACGs), natural secondary metabolites, are glycosides in which the
anomeric center is covalently linked to the carbon atom of arenes or heterocycles (Csp3-
Csp2) [1]. They tend to have high oral bioavailability and reach high plasma levels without
needing to be converted to a prodrug. The stable linkage between the sugar and the arene
or heterocycle moieties is resistant to enzymatic hydrolysis, allowing these compounds to
interfere with DNA and RNA synthases more efficiently [2]. Both natural and synthetic
aryl-C-glycosides are of marked pharmaceutical interest, and many of them have proven to
be efficient antibiotics, antitumor agents, and antidiabetics. Therefore, aryl-C-glycosides
have received considerable attention [3].

Beginning with the structural elucidation of the first aryl-C-glycoside in 1970 [4], the study
of aryl-C-glycosides has continued to flourish through the constant isolation/characterization of
new aryl-C-glycoside natural products, the characterization of the corresponding biosynthetic
pathways/enzymes, and the development of aryl-C-glycoside synthetic methods. As their name
suggests, the core structure of aryl-C-glycosides is often abundantly decorated with substituents
such as aromatic acids (e.g., gallic acid, caffeic acid, vanillic acid, benzoic acid, and ferulic acid)
and various saccharides (e.g., L-rhamnose, D-xylose, D-glucose, D-galactose, and L-arabinose)
through ester or glycosidic linkages, respectively. The outstanding activity of aryl-C-glycosides
against diverse diseases proves their importance in medicinal chemistry research. Several
reviews on aryl C-glycosides regarding their isolation and purification, structure elucidation,
synthesis and biosynthesis, and pharmacological activities have been published [5–7]. Recently,
interest in aryl-C-glycoside has been growing, as shown by a significantly increasing volume of
literature describing novel structures, diverse bioactivities, general synthesis, and evident roles
of these molecules in the prevention and treatment of various human diseases [8]. Such rich in-
formation prompted me to review papers on novel aryl-C-glycoside structures, pharmacological
activities, and chemical synthesis published in the last two decades. This review will highlight
the new structures (over 200 new aryl-C-glycoside molecules), bioactivities, and synthetic ap-
proaches to the preparation of aryl-C-glycosides, which were published in prestigious journals
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such as Journal of the American Chemical Society, Angewandte Chemie International Edition,
Journal of Natural Products, Organic Letters, Phytochemistry and in related peer-reviewed
natural product research journals, from 2002 to 2022. A summary of the structures, bioactivities,
and origins of recently discovered aryl-C-glycoside molecules is provided in Table 1.

Table 1. Structures, Bioactivities, Sources of Aryl-C-glycoside Molecules.

Entry Name Carbohydrate Bioactivities Source Ref.

1 Apigenosylide B
(16) β-D-glucose α-glucosidase inhibitory

activity Machilus japonica [9]

2 Speciflavoside A
(32) β-D-glucose antiviral activity Lilium speciosum var.

gloriosoides Baker [10]

3 Compounds 34–36 β-D-glucose cytotoxicity activity Lemna japonica [11]

4 Nelumboside B
(40) β-D-glucose antioxidant activity Nelumbo nucifera [12]

5 Compound 42 β-D-glucose antioxidant activity Gentiana piasezkii [13]

6 Compounds 45–46 β-D-glucose anti-complementary activity Trollius chinensis [14]

7 Compound 68 β-D-glucose macrophage respiratory burst
inhibitory activity Cyperus rotundus [15]

8 Diandraflavone
(81) β-D-glucose selective inhibition on

superoxide anion Drymaria diandra [16]

9 Nervilifordin J (94) β-D-galactose anti-inflammatory activity Nervilia fordii [17]

10 Chafurosides A–B
(107–108) β-D-mannose anti-inflammation oolong tea [18]

11 Compound 109 β-L-fucose glycation inhibitory activity the style of Zea mays L. [19]

12 Compound 112 β-L-boivinose glycation inhibitory activity the Style of Zea mays [20]

13 Glomexanthones
A–C (131, 129, 132) β-D-glucose neuroprotective effects Polygala glomerata [21]

14 Shamimoside (135) β-D-glucose antioxidant activity Bombax ceiba [22]

15 Compound 136 β-D-glucose neuroprotective activity Swertia punicea [23]

16 Calophymembranside
C (141) β-D-glucose transcriptional inhibitory

activity of RXRα Calophyllum membranaceum [24]

17 Arenicolin A (152) β-D-glucose anticancer activity Penicillium arenicola [25]

18 Compound 155 β-D-glucose antipyretic activity Melicope pteleifolia [26]

19 Ardimerin
digallate (169) β-D-glucose inhibitory activity on HIV-1

and HIV-2 ribonuclease H Ardisia japonica [27]

20 Kunzeachromones
A–F (172–177) β-D-glucose antivirus activity Kunzea ambigua. [28]

21 Neopetrosins A–D
(180–183) α-D-mannose hepatoprotective activity Neopetrosia chaliniformis [29]

22 Konamycins A–B
(188–189) β-D-amicetose radical scavenging activity Streptomyces hyaluromycini

MB-PO13T [30]

23 Monacyclinones I,
J (195, 192) α-L-amino sugar anticancer activity Streptomyces sp.

HDN15129 [31]

24 Marmycins A and
B (198–199) α-L-amino sugar anticancer activity actinomycete related to

the genus Streptomyces [32]

25 Aciculatin (200) β-D-digitoxopyranose cytotoxic, anti-inflammatory,
anti-arthritis activity Chrysopogon aciculatus [33]
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Table 1. Cont.

Entry Name Carbohydrate Bioactivities Source Ref.

26 Compound 201 β-D-digitoxopyranose anticancer activity Chrysopogon aciculatis [33]

27 Compound 202 β-D-boivinopyranose anticancer activity Chrysopogon aciculatis [33]

28 Aciculatinone
(204)

3-keto-β-D-
digitoxopyranose anticancer activity Chrysopogon aciculatis [33]

29 Isocassiaoccidentalin
B (206)

β-D-6-Deoxy-ribo-
hexos-3-ulose

free-radical
scavenging activity Cassia nomame [34]

30 Grincamycins B–D
(207–209) β-D-olivose anticancer activity Streptomyces lusitanus

SCSIO LR32 [35]

31 Marangucyclines
A–B (210–211) β-D-olivose anticancer activity Streptomyces sp. SCSIO

11594 [36]

2. Structures

2.1. Flavonoid C-Glycosides

Apigenin and luteolin represent the major parent nuclei of flavonoid C-glycosides; the
most common glycan moieties linked to C-glycosides are D-glucose, D-galactose, D-xylose,
D-mannose, D-ribose, L-fucose, L-arabinose, and L-rhamnose.

2.1.1. Flavonoid C-Glucosides

To the best of my knowledge, Flavonoid C-α-D-glucopyranosides, Flavonoid C-α-
L-glucopyranosides, and Flavonoid C-β-L-glucopyranosides have not been isolated and
identified from natural source. Flavonoid C-β-D-glucopyranosides are the largest group of
isolated aryl-C-glycosides. Since 2002, more than 80 new compounds have been isolated
and identified. It was found that the D-glucose unit is directly attached to the flavonoid
or flavonoid derivatives in β configuration. Compared with the known aryl-C-glycosides
previously reported, some of the new ones differ in their core structure, while others differ
in the number and/or position of their substituents. The sites of glycosylation in the
flavonoids are usually C6 and/or C8. Very few examples are known of C-glycosylation
occurring at position C4′.

Figure 1 illustrates the new aryl-C-glycosides with varied core structures or special
substituents. These structures differ in the aglycon and or glucoside portions. The core struc-
tures are often abundantly decorated with substituents such as aromatic acids (e.g., benzoic
acid, 2-methyl butyric acid, gallic acid, veratric acid, sinapic acid, ferulic acid, and acetic
acid) and various saccharides (e.g., L-rhamnose, D-xylose, D-glucose, D-galactose, and
L-arabinose) through ester or glycosidic linkages, respectively. These isolated structures are
often associated with other known compounds, such as flavonoids, lignan, sesquiterpene,
steroid, alkaloids, O-glycosides, etc.

Besides the well-known flavonoid C-glycosides vitexin, isovitexin, orientin, isoorientin,
schaftoside, isoshaftoside, neoshaftoside, and their O-glycosylated and or O-acylated derivatives,
more and more flavonoid C-glycosides were disclosed. These 6- or 8-C-β-D-glucopyranosides
can be divided into five groups: (1) mono-C-glycosylated flavonoids 1–3 [12,37], 39–42 [12,13,37];
(2) 6, 8-di-C-glycosylated flavonoids 4 [38], 43 [39]; (3) flavonoid 6- or 8-C-β-D-glucopyranoside-
7-O-β-D-glucopyranosides 5–10 [40–43], 44 [44]; (4) 2”- or 6”-O-glycosylated flavonoid 6- or 8-C-
β-D-glucopyranosides 11–31 [9,38,45–50], 45–55 [14,51–57]; (5) 2”- or 6”-O-acylated flavonoid 6-
or 8-C-β-D-glucopyranosides 32–38 [10,11,55,56], 56–80 [57–61]. Some of the above compounds
are glycosylated with β-D-glucose, a disaccharide consisting of β-D-glucose glycosylated with a
monosaccharide at position C2 or C6, or β-D-glucose acylated at C2 or C6. Such glycosylation
with various sugars and/or acylation with various acids is a common strategy used by nature
to introduce structural diversity and different biological activities in natural products.
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1, cucumerin B  

 
2, nelumboside A, R = OH  
3, nelumboside C, R = H  

 
4, vicenin-3, R = β-D-xylopyranosyl  

 
5, R = α-L-arabinopyranosyl  

 
6, divarioside A, R1 = α-L-rhamnopyra-
nosyl, R2 = isoferuloyl; 7, divarioside B, 
R1 = β-D-glucopyranosyl, R2 = isoferu-

loyl 

 
8, sileneside D, R1 = β-D-glucopyranosyl, 
R2 = H; 9, sileneside G, R1 = β-D-xylopyra-

nosyl, R2 = isoferuloyl 

 
10 

 
11, R = α-L-rhamnopyranosyl 

 
12, paraquinin A, R1 = R2 = H; 13, para-

quinin B, R1 = α-L-rhamnopyranosyl, R2 = 
H; 14, paraquinin C, R1 = α-L-rhamnopyra-

nosyl, R2 = E-feruloyl 

 
15, apigenosylide A, n = 8 
16, apigenosylide B, n = 6 

 
17 
 

 
18, R = Ac 
19, R = H 

 

Figure 1. Cont.
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20, R1 = R2 = H 

21, R1 = H, R2 = A(3S) 
22, R1 = H, R2 = A(3R) 
23, R1 = A(3S), R2 = H 
24, R1 = A(3R), R2 = H 

25, R1 = A(3S), R2 = feruloyl 
26, R1 = A(3R), R2 = feruloyl 

27, R1 = H, R2 = feruloyl 

28, gentiflavone A 

 
29 

 
30, spinosin, R = H 
31, R = 6’’’-feruloyl 

 
32, speciflavoside A, R = 2-methyl-

butyryl 
33, R = galloyl 

 
34, R1 = OH, R2 = OH 
35, R1 = H, R2 = OH 
36, R1 = OH, R2 =H 

 
37, R1 = H, R2 = 3-hydroxy-3-

methylglutaroyl 
38, R1 = OH, R2 = Ac  

39, cucumerin A 
 

40, nelumboside B, R = OH; 41, nelum-
boside D, R = H 

 
42  

43, vicenin 1, R = β-D-xylopyranosyl 
 

44 

Figure 1. Cont.
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45, R = H 

46, R = OH 

 
47, R1 = R3 = H, R2 = β-L-arabinopyra-

nosyl; 48, R1 = R3 = H, R2 = α-D-xylopy-
ranosyl 

 
49, trollisin A 

 
50, R = H 

51, R = OH 

 
52, R = H 

53, R = OH 
 

54, trollisin B 

 
55 

 
56, R1 = R2 = H, R3 = Ac; 57, R1 = R3 = H, 
R2 = 2-methylbutyryl; 58, R1 = R3 = H, R2 
= veratroyl; 59, R1 = Me, R2 = 2-methyl-

butyryl, R3 = H 

 
60, R1 = syringoyl, R2 = H 

61, R1 = H, R2 = Ac 
62, R1 = syringoyl, R2 = Ac 

 
63, R1 = vanilloyl, R2 = OH, R3 = H; 
64, R1 = veratroyl, R2 = OH, R3 = H; 

65, R1 = veratroyl, R2 = OH, R3 = 
OH; 66, R1 = E-feruloyl, R2 = R3 = 

OH; 67, R1 = galloyl, R2 = OH, R3 = 
H 

 
68, R1 = Me, R2 = 2-methylbutyryl, R3 = 
H; 69, R1 = R2 = H, R3 = Ac; 70, R1 = R3 = 

H, R2 = 2-methylbutyryl; 71, R1 = R3 = H, 
R2 = 3-methoxylcaffeoyl 

 
72, R1 = Me, R2 = 2-methylbutyryl, R3 = R4 = 
H; 73, R1 = Me, R2 = R4 = H, R3 = 2-methyl-

butyryl; 74, R1 = R2 = R4 = H, R3 = 2-methyl-
butyryl; 75, R1 = R3 = H, R2 = 2-methyl-

butyryl, R4 = OH 

 
76, R1 = R3 = R4 = H, R2 = 2-methyl-
butyryl; 77, R1 = H, R2 = veratroyl, 
R3 = R4 = H; 78, R1 = H, R2 = vera-

troyl, R3 = H, R4 = OH  

 
79, R = H 

80, R = OH 

 
81, diandraflavone 

Figure 1. Chemical structures of flavonoid 6- or 8-C-β-D-glucopyranosides (1-80) and flavonoid
4′-C-β-D-glucopyranoside (81).
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It is noteworthy that flavonoid di-C-glycoside 81 features the β-D-glucopyranosyl
and β-D-oliopyranosyl groups attached to C-4′ and C-6, respectively [16]. This kind of
compound is very rare in nature.

2.1.2. Flavonoid C-Galactosides, C-Arabinosides, C-Xylosides, C-Mannosides, C-Fucosides,
C-Boivinosides, and C-Riboside

Compared with flavonoid C-glucosides, flavonoid C-galactosides are less common
in nature. Compounds 82–94 have diversified structures which can be classified into two
groups: (1) flavonoid 6-C-β-D-galactopyranosides, 82–85 [62–64]; (2) flavonoid 8-C-β-D-
galactopyranosides, 86–94 [64–66]. To date, no flavonoids galactosylated at other sites
than C6 and C8 have been discovered. The hydroxyl groups of D-galactose or other
sugars are often acylated or glycosylated, which leads to multiple complex structures with
unique functions.

Figure 2 illustrates the recently discovered structures of flavonoid C-arabinosides
95–101 [67–69]. Di-C-glycosylation in flavonoids 96–101 usually takes place at positions C6
and C8. Both C-α-L-arabinosides and C-β-L-arabinosides are associated with β-D-glucose,
β-D-galactose, and β-D-Xylose, with glycosylation sites shifting between C6 and C8.

The sites of C-glycosylation of flavonoid C-xylosides are usually C6 and or C8. Com-
pounds 102–106 can be divided into two groups: (1) flavonoid mono-C-xylopyranosides
102–103 and (2) di-C-glycosylflavonoids 4, 43, 82, 91, 104–106 [38,39,62,69,70]. All discov-
ered flavonoid C-xylosides are in β configuration.

Other flavonoid C-glycosides, including flavonoid C-mannosides 107–108, flavonoid
C-fucosides 109–110, flavonoid C-boivinosides 111–112, and flavonoid C-riboside 113, are
rarely found in the nature [71]. The site of C-glycosylation is normally C6.

 
82, R = β-D-xylopyranosyl; 83, R = β-L-

arabinopyranosyl; 84, R = α-L-arabi-
nopyranosyl 

 
85, triticuside A 

 
86, triticuside B 

 
87, R = H; 88, R = OMe; 89, R = β-D-glu-
copyranosyl; 90, R = α-L-arabinopyra-

nosyl; 91, R = β-D-xylopyranosyl 

 
92, nerilifordin H, R = feruloyl; 93, nerili-

fordin I, R = sinapoyl 
 

94, nervilifordin J 

Figure 2. Cont.
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95 

 
96 

 
97, sileneside E, R = H 

98, sileneside F, R = Me 

 
99, R1 = R2 = α-L-arabinopyranosyl; 100, 

R1 = α-L-arabinopyranosyl, R2 = β-L- 
arabinopyranosyl; 101, R1 = β-L-arabi-

nopyranosyl, R2 = α-L-arabinopyranosyl 
 

102 
 

103 

 
104, R1 = β-D-xylopyranosyl, R2 = α-L-
arabinopyranosyl; 105, R1 = α-L-arabi-
nopyranosyl, R2 = β-D- xylopyranosyl 

 
106, malloflavoside 

 
107, chafuroside A 

 
108, chafuroside B 

 
109  

110 

 
111  

112 
 

113 

Figure 2. Chemical structures of flavonoid C-galactosides (82–94), C-arabinosides (95–101),
C-xylosides (102–106), C-mannosides (107–108), C-fucosides (109–110), C-boivinosides (111–112),
and C-riboside (113).
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2.2. Other Flavonoid C-Glycosides

Other flavonoid C-glycosides include isoflavone [72,73], flavanone [74,75], dihy-
drochalcone [74], flavanonol [76,77], and flavonol C-glycosides [76]. The newly isolated
structures are illustrated in Figure 3. Among them, Compound 120 possesses a unique
scaffold featuring a C-β-D-glucose core linked to the flavanone at position C5′. This type
of aryl-C-glycoside is a rare example of a natural aryl C-glycoside. It is very clear that all
compounds are C-β-D-glucopyranosides (114–127), some of which are glycosylated with a
monosaccharide at position C2 or C6 (Figure 3).

 
114  

115 
 

116 

 
117 

 
118, schoepfiajasmin E 

 
119, schoepfiajasmin F 

 
120 

 
121 

 
122, schoepfiajasmin A, R1 = H, R2 = H; 123, schoep-
fiajasmin B, R1 = OH, R2 = H; 124, schoepfiajasmin 

C, R1 = H, R2 = OH 

 
125, noidesol B 

 
126  

127, noidesol A 

Figure 3. Chemical structures of isoflavone C-β-D-glycosides (114–117), flavanone C-glycosides (118–120),
flavonol C-glycoside 121, dihydrochalcone C-glycosides (122–124), and flavanonol C-glycosides (125–127).
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2.3. Xanthone C-Glycosides

The sites where the sugar is linked to the xanthone are usually C2 (128–133, 136–139)
and C4 (134–135) [21–23,78,79]. It seems that only C-β-D-glucosides have been isolated from
nature. This kind of aryl C-glycosides include mono-xanthone C-glycosides, di-xanthone
C-glycosides, and tri-xanthone C-glycosides (Figure 4).

 
128  

129, glomexanthone B 
 

130, polygalaxanthone XI 

 
131, glomexanthone A, R = H; 132, glomexan-

thone C, R = OMe 

 
133, polygalaxanthone III  

134 

 
135, shamimoside  

136 
 

137 

 
138, puniceaside D R = H 
139, puniceaside E R = Me 

  

Figure 4. Chemical structures (128–139) of xanthone C-glycosides.

2.4. Phenyl C-Glycosides

Phenyl C-glycosides were considered the simplest aryl-C-glycosides. The disclosed
structures 140–169 feature C-β-D-glucopyranosides, with variations in the substitution on
the benzene ring (Figure 5) [24–27,80–84]. The site of C-glycosylation is usually the ortho
position of the phenolic hydroxyl group. The substitution groups of benzene include acyl,
alkenyl, hydroxyl, alkyl, and alkoxyl moieties, providing aryl ketone, aryl vinyl, phenol,
alkylbenzene, and aryl ether, respectively. The 2′-hydroxylation and 6′-hydroxylation of
D-glucose are often accompanied by esterification by gallic acid (compounds 154, 169),
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trans-p-coumaric acid (compounds 156, 159–160), ferulic acid (compounds 157, 160–161),
and benzoic acid (compound 158).

 
140 

 
141, calophymembranside C 

 
142, biphenyl C-glycoside 

 
143, carnemycin B, R = Me 
144, carnemycin A, R = Et 

 
145, calophymembranside D 

 
146, R1 = (S)-OH, R2 = H 
147, R1 = I-OH, R2 = H 
148, R1 = H, R2 = OH 

 
149, calophymembranside E 

 
150, calophymembranside F 

 
151, stromemycin 

 
152, arenicolin A 

 
153, arenicolin B 

 
154 

 
155, R1 = R2 = H; 156, R1 = H, R2 = 

trans-p-coumaroyl; 157, R1 = H, R2 = 
trans-feruloyl; 158, R1 = H, R2 = ben-
zoyl; 159, R1 = R2 = trans-p-couma-

royl; 160, R1 = trans-p-coumaroyl, R2 

 
162, (2” R, 3” S, 4” S, 5” R) 
163, (2” R, 3” S, 4” R, 5” R) 
164, (2” S, 3” R, 4” S, 5” R) 
165, (2” R, 3” R, 4” R, 5” S) 
166, (2” S, 3” S, 4” S, 5” R) 

 
168, ardimerin, R = H 

169, ardimerin digallate, R = gal-
loyl 

Figure 5. Cont.
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= trans- feruloyl; 161, R1 = R2 = trans- 
feruloyl 

 
167 

Figure 5. Chemical structures (140–169) of phenyl C-glycosides.

2.5. Heteroaryl C-Glycosides

The recently discovered heteroaryl C-glycosides include dihydrobenzofuran C-
glycosides (170–171), chromone C-glycosides (172–177), indole C-glycosides (178–184),
and other heteroaryl C-glycosides (185–187) [28,29,85,86]. Except for the common C-β-
glucosides, C-α-D-mannopyranosides and those containing erythrose are rare examples
of aryl-C-glycosides (Figure 6).

 
170 

 
171 

 
172, kunzeachromone A, R1 = iPr, R2 = R3 = 

galloyl; 173, kunzeachromone C, R1 = Me, R2 
= galloyl, R3 = H; 174, kunzeachromone E, 

R1 = Me, R2 = R3 = galloyl 

 
175, kunzeachromone B, R1 = iPr, R2 = R3 = gal-

loyl; 176, kunzeachromone D, R1 = Me, R2 = 
galloyl, R3 = H; 177, kunzeachromone F, R1 = 

Me, R2 = R3 = galloyl 

 
178 

 
179 

 
180, neopetrosin A  

181, neopetrosin B 

 
182, neopetrosin C 

 
183, neopetrosin D  

184, C-mannosyl tryptophan 

 
185 

Figure 6. Cont.
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186, isocartormin 

 
187, cartormin 

Figure 6. Chemical structures (170–187) of heteroaryl C-glycosides.

2.6. Other Aryl-C-Glycosides

Other aryl-C-glycosides include aryl-C-glycosides of amino sugars and other rare sug-
ars [30–36]. Compounds 190–197 (4-aminosugar) and compound 198–199 (3-aminosugar),
which are 2-deoxylaminoglycoside antibiotics, resemble the well-known pluramycins.
Among them, monacyclione G (190) possesses a unique scaffold featuring a xanthone core
linked to the aminodeoxysugar ossamine, and monacycliones H−J (194–195, 192) are rare
examples of natural angucyclines with an S-methyl group (Figure 7).

 
188, konamycin A 

 
189, konamycin B 

 
190, monacyclione G 

 
191, monacyclione K 

 
192, monacyclinone J, R = SMe 

193, frigocyclinone, R = H 

 
194, monacyclinone H, R1 = Me, R2 = SMe; 

195, monacyclinone I, R1 = H, R2 = SMe 

 
196, monacyclione A, R1 = Me, R2 = H; 197, 

monacyclione B, R1 = Me, R2 = OH 

 
198, marmycins A, R = H 
199, marmycins B, R = Cl 

 
200, aciculatin 

 
201 

 
202 

 
203, 4′-O-glucosylaciculatin 

Figure 7. Cont.
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204, aciculatinone 

 
205, R = H 

206, isocassiaoccidentalin B, R = OH 

 

 

 

                                      
207, grincamycin B, R1 = I, R2 = II                                       210, marangucycline A, R = V  
208, grincamycin C, R1 = I, R2 = H                                     211, marangucycline B, R = III 
209, grincamycin D, R1 = III, R2 = II                                   212, dehydroxyaquayamycin, R = VI       

                        
213, grincamycin E, R1 = I, R2 = II         214, grincamycin F, R1 = IV, R2 = II      215, grincamycin, R1 = I, R2 = II 

Figure 7. Chemical structures (188–215) of aryl C-glycosides.

3. Pharmacological Activity

Numerous researchers have investigated the pharmacological activities of various aryl-
C-glycosides. Table 1 summarizes the pharmacological features of recently discovered aryl-
C-glycoside molecules. They include, but are not limited to, anticancer, anti-inflammatory,
antioxidant, antiviral activities, glycation inhibitory activity, other pharmacological ac-
tivities such as neuroprotective effects, hepatoprotective activity, and antipyretic activity.
These pharmacological activities are summarized below.
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3.1. Anticancer Activity

The indole C-glucopyranoside 178 exhibited significant cytotoxic activity against hu-
man myeloid leukemia cells HL-60 and human liver cancer cells HepG2, with IC50 of
1.3 ± 0.1 and 2.1 ± 0.3 μM, respectively. The indole C-glucopyranoside 179 showed po-
tential cytotoxic activity against HL-60 and human myeloid leukemia Mata cells, with
IC50 of 5.1 ± 0.4 and 12.1 ± 0.8 μM, respectively [85]. Monacycliones I (195) and J (192),
isolated from the marine-derived Streptomyces sp. HDN15129, showed cytotoxic activity
against multiple human cancer cell lines, with IC50 values ranging from 3.5 to 10 μM [31].
Marmycin A (198), isolated from the culture broth of a marine sediment-derived actino-
mycete related to the genus Streptomyces, displayed significant cytotoxicity against several
cancer cell lines, some at nanomolar concentrations, while marmycin B (199) was less
potent. For marmycin A (198), tumor cell cytotoxicity appeared to coincide with a modest
induction of apoptosis and the arrest in the G1 phase of the cell cycle [32]. Li et al. reported
that compounds 34–36, isolated from the small flowering aquatic plant Lemna japonica,
exhibited weak cytotoxicity against HepG-2, SW-620, and A-549 cell lines, with IC50 val-
ues between 42.5 and 19.2 μg/mL [11]. Isoorientin, recently isolated from leaf and root
methanolic extracts of Petrorhagia Velutina, a Mediterranean herbaceous plant, significantly
reduced the proliferation of HepG2 cells, as determined by the complete conversion of a
tetrazolium probe into formazan after 48 h of exposure [67]. Aciculatin 200, 201, 202, 204,
isolated from an ethanolic extract of Chrysopogon aciculatis, showed differential potency on
different cancer cell lines. Noticeably, aciculatin and 201 indicated specificity of cytotoxicity
in MCF-7 and CEM cell lines [33]. Grincamycins B-E (207–209, 213), isolated from Strepto-
myces lusitanus SCSIO LR32, exhibited in vitro cytotoxicity against the human cancer cell
lines HepG2, SW-1990, HeLa, NCI-H460, and MCF-7 and the mouse melanoma cell line B16,
with IC50 values ranging from 1.1 to 31 μM [35]. Marangucycline B (211), isolated from
the deep-sea-derived Streptomyces sp. SCSIO 11594, displayed in vitro cytotoxicity against
four cancer cell lines, i.e., A594, CNE2, HepG2, and MCF-7, superior to that obtained
with cisplatin, used as a positive control. Notably, marangucycline B bearing a keto-sugar
displayed significant cytotoxicity against various cancer cell lines, with IC50 values ranging
from 0.24 to 0.56 μM. An IC50 value of 3.67 μM was found when using the non-cancerous
hepatic cell line HL7702, demonstrating the cancer cell selectivity of marangucycline B [36].

3.2. Anti-Inflammatory Activity

Compound 68, isolated from the rhizomes of Cyperus rotundus, showed moderate
inhibitory activity against MRB, with an IC50 value of approximately 56.03 μM [15]. Nervil-
ifordin J (94), isolated from a 60% EtOH extract of the aerial parts of Nervilia fordii, showed
interesting inhibitory effects on nitric oxide production in lipopolysaccharide-activated
RAW264.7 macrophages, with EC50 values of 14.80 μM [17]. Vicenin-2 was isolated and
identified from an ethanol extract of the aerial parts of Urtica circularis. This crude extract
was found to possess significant anti-inflammatory activity in a carrageenan-induced rat
hind paw edema model (41.5% inhibition at a dose of 300 mg/kg). In cultured murine
macrophages, this compound modified LPS-induced total nitrite and TNF-α production, in
addition to promoting the LPS-induced translocation of nuclear factor NF-κB [87].

3.3. Antioxidant Activity

Shamimoside (135), isolated from a methanolic extract of the leaves of Bombax ceiba,
showed antioxidant potential (IC50 = 150 μg/mL) [22]. Nelumboside B (40) exhibited
strong scavenging activity (SC50 = 14.12 μM, ABTS assay), compared with the positive
control L-ascorbic acid (SC50 = 26.15 μM, ABTS assay) [12]. Isocassiaoccidentalin B (206),
isolated from whole Cassia nomame (SIEBER) HONDA plants, showed significant free-
radical scavenging activity [34]. Compound 42, isolated from Gentiana piasezkii, showed
significant free-radical scavenging activity (IC20 = 5.20 ± 0.10 μM) in the DPPH assay [13].
Compound 113, isolated from the methanolic extracts of Dtps. Tinny Ribbon × Dtps. Plum
Rose (Phalaenopsis hybrids), exhibited moderate α, α-diphenyl-β-picrylhydrazyl free-radical
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scavenging activity, with half-maximal inhibitory concentration (IC50) values of 27.3 μM,
compared to the reference compound vitamin E (IC50 12.5 μM) [71].

3.4. Antiviral Activity

Speciflavoside A (32), isolated from a 70% methanolic extract of Lilium speciosum
var. gloriosoides Baker, showed potent antiviral activity against RSV, with an IC50 value of
2.9 μg/mL, comparable to that of ribavirin, an approved drug for the treatment of RSV
infections in humans [10].

3.5. Glycation Inhibitory Activity

In 2003, Okuyama T. et al. reported that chrysoeriol 6-C-β-fucopyranoside 109, iso-
lated from the style of Zea mays L. showed an inhibitory effect on glycation, with a percent
inhibition value greater than that of aminoguanidine, a known glycation inhibitor [19].
Compounds 130–131, which contains the rare sugar boivinose, exhibited a glycation in-
hibitory activity similar to that of aminoguanidine [20].

3.6. Other Pharmacological Effects

Other pharmacological effects include neuroprotective effects, hepatoprotective activ-
ity, HIV inhibitory activity, antipyretic activity, transcriptional inhibitory activity of RXRα,
cytotoxicity activity, and other activities.

Glomexanthones A–C (131, 129, 132), isolated from an ethanol extract of Polygala
glomerata, showed moderate neuroprotective effects on L-glutamic acid-induced cellular
damage in human neuroblastoma SK-N-SH cells [21]. Compound 136, isolated from the
entire plant of Swertia punicea, exhibited potent neuroprotective activity against H2O2-
induced PC12 cell damage [23]. Neopetrosins A, B, D (180–181, 183) were isolated from the
marine sponge Neopetrosia chaliniformis collected off Xisha Island in the South China Sea.
They exhibited in vivo hepatoprotective activity in a zebrafish model at a concentration of
20 μM [29]. Ardimerin digallate (169) was isolated from the whole plant of Ardisia japonica
and was shown to inhibit HIV-1 and HIV-2 RNase H in vitro, with IC50 values of 1.5 and
1.1 μM, respectively [27]. The compound 3,5-di-C-β-D-glucopyranosyl phloroacetophe-
none (155), isolated from the edible leaves of Melicope pteleifolia, was found to be responsible
for the antipyretic activity of M. pteleifolia based on in vivo experiments [26]. Calophymem-
branside C (141), isolated from the stems of Calophyllum membranaceum, showed tran-
scriptional inhibitory activity towards RXRα, with 50% inhibitory concentration (IC50)
values of 29.95 ± 1.08 [24]. Arenicolin A (152), isolated from Penicillium arenicola, exhib-
ited cytotoxicity toward mammalian cell lines, including colorectal carcinoma (HCT-116),
neuroblastoma (IMR-32), and ductal carcinoma (BT-474) cells, with IC50 values of 7.3, 6.0,
and 9.7 μM, respectively [73]. Apigenosylide B (16), isolated from an EtOH extract of the
leaves of Machilus japonica var. kusanoi, possesses moderate inhibitory activity against α-
glucosidase [9]. Compounds 45–46 inhibited complement activation in the classic pathway
in vitro, with IC50 values ranging from 0.88 to 4.02 mM. This may suggest the application of
the herb for the treatment of acute respiratory distress syndrome, etc. [14]. Diandraflavone
(81), isolated from Drymaria diandra, showed significantly selective inhibition on superoxide
anion generation from human neutrophils stimulated by fMLP/CB, with an IC50 value of
10.0 μg/mL [16].

4. Synthesis

In nature, most C-glycosides are derived from plants. Aryl C-glycosides are biosyn-
thetically prepared by the catalysis of C-glycosyltransferases (CGTs). However, while a
large family of O-glycosyltransferases (OGTs) is known, a limited number of CGTs have
been discovered in plants [88]. Many detailed reviews on the chemical synthesis of aryl-
C-glycoside have been published [8,89–93]. Herein, a brief historical review of the total
synthesis of natural aryl-C-glycosides is presented. From a retrosynthetic viewpoint, the
strategy of synthesis of aryl-C-glycoside usually includes two protocols, as described below.
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4.1. C-Glycosylation of Arenes and De Novo Construction of the Aromatic Moiety

This protocol exploits the installation of a sugar moiety on a full or partial aromatic
structure. For a partial aryl-C-glycoside structure, it uses a simple C-glycoside as the starting
material, which is functionalized, providing a complex aryl unit. The classical electrophilic
aromatic substitution approach was often applied. The sugar portion includes glycosyl
trichloroacetimidate (Scheme 1) [94], glycosyl acetate (Scheme 2) [95], glycosyl fluoride
(Scheme 3) [96], glycosyl lactone (Scheme 4) [97], glycosyl thioglycoside (Scheme 5) [98],
and other sugars. This strategy was successfully applied to the total synthesis of plu-
ramycins [99], aciculatin [98], vineomycin B2 and its methyl ester [100–102], angucycline C5
glycosides [103], paecilomycin B [104,105], aspalathin [106], nothofagin [106], chrysomycin
A [107], vicenin-2 [108], 3,3′-Di-O-methyl Ardimerin [109], deacetylravidomycin M [110],
aquayamycin [111], a precursor of kendomycin [112], and anthraquinone-based aryl-C-
glycosides [113].

 
Scheme 1. Concise synthesis of chafurosides A and B.

 
Scheme 2. Total synthesis of isokidamycin.

 
Scheme 3. Total synthesis of saponarin.

 
Scheme 4. Total synthesis of the proposed structure of ardimerin.
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Scheme 5. Synthesis of aciculatin.

Toshiyuki Kan et al. reported the regioselective synthesis of chafurosides A (107) and
B (108) using a novel protecting-group strategy. The construction of the dihydrofuran
ring was achieved via an intramolecular Mitsunobu reaction. The key step in the C-
glycosylation is the O→C rearrangement of the phenolic glycoside formed by TMSOTf-
catalyzed glycosylation (Scheme 1) [94].

Martin et al. reported the total synthesis of isokidamycin, which features the use of a
silicon tether as a disposable regiocontrol element in an intramolecular Diels–Alder reaction
between a substituted naphthyne and a glycosyl furan and a subsequent O→C-glycoside
rearrangement (Scheme 2) [95].

Sato et al. reported the total synthesis of saponarin. Saponarin was efficiently synthe-
sized via 11 steps from 2, 4-O-dibenzylphloroacetophenone, with an overall yield of 37%.
The key step also features a glycosylation involving per-O-benzylglucosyl α-fluoride and 2,
4-O-dibenzylphloroacetophenone, applying the O→C glycoside rearrangement method
(Scheme 3) [96].

Suzuki K. et al. reported the total synthesis of the proposed structure of ardimerin,
whose key step includes the β-selective formation of the crucial C-glycoside linkage by
the reaction between aryl iodide, through a halogen–metal exchange reaction, and lactone
(Scheme 4) [97].

Lee et al. reported the total synthesis of aciculatin. The key step is the glycosylation of
the digitoxosyl thioglycoside with an electron-rich phenol activated by NIS/TfOH, which
afforded the β-D-digitoxopyranoside (Scheme 5) [98].

Besides the nucleophilic attack reaction of the aryl portions to provide aryl-C-glycoside
molecules, the transition metal-catalyzed cross-coupling reactions to form the Csp3-Csp2
bond of aryl-C-glycosides are becoming more and more powerful. The Negeshi [114],
Kumada [115], Stille [116–118], Heck [119,120], Sonogashira [121], Hiyama [122], and
radical [123–125] cross-coupling reactions with different metals such as Pd [126,127],
Ni [128,129], Fe [124,125], Co [115], Ir [130] as catalysts, as well as C-H activation [131,132]
were successfully applied to the construction of aryl-C-glycoside scaffolds.

4.2. De Novo Construction of the Sugar Moiety

This approach uses the reactions of assembled aryl units based on methods for the
construction of a sugar, including, but not limited to (a) the hetero-Diels–Alder reaction, (b)
the 1,3-dipolar cycloaddition of nitrile oxides, (c) the ring-closing olefin metathesis [8], the
de novo asymmetric approach [133–135], and the ring opening-ring closure strategy [136].
It was successfully applied to the synthesis of O-spiro-C-aryl glycosides [137] and 2-deoxy-
β-C-aryl glycosides [138].

Hauser et al. reported that de novo synthesis of C-aryl glycosides based on cycloaddi-
tion of an aryl nitrile oxide with 4-pentyn-2-ol, which was straightforwardly converted to
the pyranone through sequential hydrogenolysis of the N-O bond of the isoxazole followed
by acid-catalyzed intramolecular cyclization. (Scheme 6) [139].
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Scheme 6. Total synthesis of naturally occurring C-aryl glycosides.

Johann Mulzer et al. reported the development of a convergent and concise route to
an advanced precursor of kendomycin by applying an SN1 ring cyclization as a key step.
The sugar moiety formed by the acid-catalyzed intramolecular etherification reaction of
aryl-substituted 1, 3, 5-triol (Scheme 7) [140].

Scheme 7. Concise synthesis of kendomycin.

5. Conclusions and Perspectives

In this review, the recently discovered aryl-C-glycoside structures were listed and
their biological activities as well as their synthetical approaches were summarized. The
diverse structures of natural aryl-C-glycosides and their multiple pharmacological effects
suggest significant medicinal applications. This review presents a summary of studies
published from 2002 to date on this promising compounds. The core structure of aryl-C-
glycosides, which is glycosylated and/or acylated, exhibits a great number of molecular
entities and possesses various pharmaceutical effects. It is expected that more and more
aryl-C-glycoside scaffolds including natural and synthetical molecules will be disclosed,
and their medicinal application will come true in the near future to benefit human health.
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Abstract: Described herein is the first application of perfluorinated solvent in the stereoselective
formation of O-/S-glycosidic linkages that occurs via a Ferrier rearrangement of acetylated glycals.
In this system, the weak interactions between perfluoro-n-hexane and substrates could augment the
reactivity and stereocontrol. The initiation of transformation requires only an extremely low loading
of resin-H+ and the mild conditions enable the accommodation of a broad spectrum of glycal donors
and acceptors. The ‘green’ feature of this chemistry is demonstrated by low toxicity and easy recovery
of the medium, as well as operational simplicity in product isolation.

Keywords: glycosylation; Ferrier rearrangement; perfluorinated solvent; high stereoselectivity;
reusability

1. Introduction

Facile and stereoselective construction of glycosidic linkages has always been one
of the major focal points in the carbohydrate research community. Among these, the 2,3-
unsaturated O-glycosides have attracted great attention because of their wide occurrence in
bioactive molecules (Figure 1a) [1,2] and the potential for rapid functionalization [3,4]. Over
the past several decades, various efficient methods have been established for forging such
core scaffolds with a Ferrier rearrangement [5,6] that employs readily accessible glycals, and
O-nucleophiles emerging as the most robust strategy [7–10]. Owing to the mild conditions
and short reaction times, Lewis acids are the catalyst class of choice to promote this type of
transformation [7–10], while Brønsted acids [7–10] and transition metal catalysts were also
found to be effective [7–12]. Alternatively, a Ferrier-type O-glycosylation could be mediated
by single-electron transfer reagents [13,14] via a radical pathway. These developments
notwithstanding, a predominant α-selectivity in the formation of O-glycosidic linkages
is normally dictated by multiple factors, including the conformation of glycal, anomeric
effect, as well as the solvent effect in most cases [10,15,16] (Figure 1b).

Molecules 2022, 27, 7234. https://doi.org/10.3390/molecules27217234 https://www.mdpi.com/journal/molecules126
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Figure 1. Motivation and reaction design for acid-catalyzed stereocontrolled Ferrier-type glycosyla-
tion assisted by perfluorinated solvent. (a) Representative bioactive molecules with 2,3-unsaturated
O-glycoside scaffold; (b) Conventional approaches to access 2,3-unsaturated O-glycoside scaffold;
(c) Strategies to activate donor or/and acceptor for Pd-catalyzed O-glycosylation; (d) This work:
acid-catalyzed stereocontrolled O-glycosylation assisted by perfluorinated solvent.

In this context, palladium-catalyzed O-glycosylation with glycals as donors offers
complementary and more programmable access by which excellent stereocontrol could
be governed through the rational selection of the leaving group [17,18], ligand [19], or
palladium source [20]. In this paradigm, tactics such as the addition of zinc reagent to render
a softer acceptor [17,19], modification of glycal to activate the donor [21,22], or application of
decarboxylative pathway to formally activate both reactants [23,24] are invoked to improve
the performance of these reactions (Figure 1c). A review of these systems suggested that
by incorporating a catalyst that could bring the donor and acceptor together through
noncovalent interactions, the reaction might be catalytically mediated via a stereoselective
manifold. Inspired by the recent advance in stereoselective O-glycosylation by means
of bifunctional H-bond catalysis with O-acceptor [25], we envisioned devising a novel
catalytic system to mimic this activation mode with other less-explored weak interactions.

Perfluorinated hydrocarbons displaying low chemical activity, low toxicity and low
miscibility with common organic solvents have been recognized as a class of useful reaction
mediums in various research fields [26,27], particularly in molecular-oxygen-involved
aerobic oxidation reactions [28–34]. Wide application potential is also found in biphase
catalysis by virtue of their unique physical properties [35,36]. Moreover, fluorous sol-
vents could engage in diverse weak interactions such as π–πF, C–F···H hydrogen bond,
C–F···C=O, and anion-πF, which play essential roles in the promotion of chemical transfor-
mations by enhancing reactivity and stereoselectivity as well as the design of functional
materials [26,27,37–41]. In carbohydrate chemistry, it has been found that introducing a
perfluorinated solvent could improve the reaction outcome [42–45]. These findings led
us to postulate that the weak interactions stemming from perfluorinated solvent could be
leveraged to improve the acid-catalyzed Ferrier-type glycosylation reaction (Figure 1d).
On account of the weak acidic condition compared to traditional acid-catalyzed Ferrier
rearrangement, the translation of this design into an effective process would further enable
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stereocontrol and broadens the substrate generality. Notably, the use of perfluorinated
solvent could additionally ease the isolation of the glycoside products and the recovery of
the reaction medium and assistor.

2. Results and Discussion

2.1. Optimization of Reaction Conditions

Based on these design criteria, the study on this stereocontrolled glycosylation com-
menced by employing tri-O-acetylated glucal 1a as the donor, while ethanol 2a serves
as both the acceptor and solvent (Table 1). TFE (trifluoroethanol) was first attempted
as the additive, which might promote glycosylation through acidic proton or/and other
noncovalent weak interactions with 2a [46]. Encouragingly, the O-glycosidic product 3a

was provided in 45% yield after 6 h at 100 ◦C (entry 1). The use of PFD (1H,1H,2H,2H-
perfluoro-1-decanol) with a longer perfluorinated alkyl chain improved the yield to 55%,
indicating the dominant role of the fluorine effect (entry 2). This speculation was further
corroborated by the enhanced chemical yield when PFH (perfluoro-n-hexane) without an
acidic proton was used as the catalyst (entry 3). Nonetheless, a significant decrease in
conversion was observed when PFTEA (perfluoro-triethylamine) [47] was utilized, imply-
ing that the basic environment could retard the progress of this transformation (entry 4).
It should be noted that high α-selectivity was detected for the generated O-glycosidic
product for all these reactions (α:β > 20:1). Unsurprisingly, less than 10% yield and poor
stereoselectivity (α:β = 5:1) was obtained in the absence of additive (entry 5). These results
illustrated the positive effect of weak interactions on both efficiency and stereocontrol. As
more complex glycosyl acceptors may not be accessed as easily and well-suited for use in
solvent quantities, the reaction using stoichiometric glycosyl acceptors was evaluated in
PFH due to the environmental friendliness and recyclability. However, under this set of
conditions, only a trace amount of 3a was detected (entry 6). Exogenous proton was intro-
duced, and notably, 0.6 wt% of H+ type sulfonic resin (resin-H+) was sufficient to deliver a
quantitative amount of glycosylated α-3a (entry 7). Meanwhile, when CH2Cl2 was used as
the solvent, low yield (16%) and poor stereoselectivity (α:β =1.5:1) were delivered (entry 8).
Similarly, the stereoselectivity was decreased (α:β = 7:1) when PFH was substituted by
ethanol (entry 9), and no 3a was obtained with less amount of PFH (10%) and n-hexane as
a solvent, further affirming our hypothesis (entry 10). Other solvents were also screened,
but no satisfactory results could be observed (entries 11–13). Lowering the temperature to
80 ◦C led to appreciable erosion of chemical yield (entry 14), whereas a prolonged reaction
time of 14 h led again to a good yield (entry 15). A trace amount of 3a was detected when
the temperature was further decreased to 60 ◦C (entry 16). The absolute configuration of 3a

was determined by X-ray crystallographic analysis.

Table 1. Optimization of the reaction conditions.

 
Entry a Additive Catalyst b Solvent Temp. (◦C) Yield (%) c Stereoselectivity (α:β)

1 TFE - Ethanol 100 45 >20:1
2 PFD - Ethanol 100 55 >20:1
3 PFH - Ethanol 100 60 >20:1
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Table 1. Cont.

Entry a Additive Catalyst b Solvent Temp. (◦C) Yield (%) c Stereoselectivity (α:β)

4 PFTEA - Ethanol 100 15 >20:1
5 - - Ethanol 100 <10 5:1
6 - - PFH 100 trace -
7 - resin-H+ PFH 100 96 >20:1
8 - resin-H+ CH2Cl2 100 16 1.5:1
9 - resin-H+ Ethanol 100 85 7:1
10 PFH resin-H+ Hexane 100 - -
11 PFH resin-H+ Toluene 100 trace -
12 PFH resin-H+ DCE 100 trace -
13 PFH resin-H+ DMF 100 - -
14 - resin-H+ PFH 80 55 >20:1

15 d - resin-H+ PFH 80 95 >20:1
16 - resin-H+ PFH 60 trace -

a Unless otherwise specified, all reactions were performed with 1a (0.138 mmol, 1 equiv), 2a (1.2 equiv), additive
(10 mol%), catalyst (0.2 mg, 0.6 wt%) for 6 h under N2 in 0.5 mL solvent. b Resin-H+: sulfonic polystyrene type
resin. c Isolated yields. d 14 h. DCE: dichloride ethane, DMF: N, N-dimethylformamide.

2.2. Substrate Scope

With the optimized conditions in hand, the substrate generality with respect to gly-
cosyl acceptors was evaluated using glucal 1a as the standard donor. As depicted in
Scheme 1a, various types of glycosyl acceptors, including alkyl, allyl, benzyl, and propargyl
alcohols, could give the desired glycosidic products in excellent yield with high stereocon-
trol at the anomeric center (3b-3o, α:β > 20:1). It is noteworthy that sterically hindered (3f

and 3j) and structurally rigid (3o) alcohols that are unreactive reactants for conventional
Ferrier rearrangement approaches could convert efficiently to respective O-glycosylation
products. Subsequently, phenols with different substituents and substitution patterns were
examined, and the glycosidic 3p-3ac was synthesized smoothly (Scheme 1b). Compared
to aliphatic alcohol acceptors, the yields and stereoselectivities deteriorated in most cases,
probably due to the strong background reaction catalyzed by an acidic hydroxyl group of
phenols. Apart from O-nucleophiles, S-nucleophiles were also applicable for this reaction
(Scheme 1c). Although all the tested substrates reacted well with 1a to give compounds
4a-4e in good yields, the stereochemical outcome varied greatly. For instance, a 1:1 α:β
mixture was detected for 4a (from n-butylthiol) while 4b (from t-butylthiol) was generated
with an α:β ratio > 20:1. Likewise, thiophenol with electron-withdrawing group delivered
S-glycosidic 4c in poor stereocontrol while 4d with an electron-donating group on thio-
phenol was obtained with α:β ratio of 10:1. When 2-methylbenzenethiol was utilized, the
desired glycosylation product 4e was formed in 75% yield with 6:1 α:β selectivity. Addi-
tionally, C-3 substitution products 4c’ and 4e’ were isolated alongside 6% and 8% yields,
respectively. The absolute configurations of 3aa, 3ab, 4e, and 4e’ were determined by X-ray
crystallographic analysis, and those of other products in this scheme were assigned by
analogy. Water also functioned well as an acceptor in the developed reaction, giving α-5 an
87% yield.
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Scheme 1. Substrate generality with respect to glycosyl acceptors. (a) Substrate scope with respect to
alcohols; (b) Substrate scope with respect to phenols; (c) Substrate scope of S-glycosyl acceptors.

Subsequently, the generality of this glycosylation method was studied with other
types of glycal donors (Scheme 2). Firstly, D-galactal 1b, C-4 epimer of 1a was employed,
and the results were summarized in Scheme 2a. A series of alcohols were examined, and
these reactions invariably gave only 6a-6e in excellent yields and α:β > 20:1. Phenols, thiols,
and thiophenols were also applicable to afford 6f-6i in good yields and stereoselectivities.
As a C-3 epimer of 1a, the combination of D-allal 1c with selected glycosyl acceptors forged
the corresponding products in more than 80% yield (3a, 3aa, 4b, and 4c). Interestingly,
remarkable α-selectivities were detected for all of these reactions, same with the case for
glucal 1a (Scheme 2b). L-Rhamnal 1d was also verified to be a competent donor for this
transformation, and 7a-7d was established with excellent outcomes (Scheme 2c). However,
when the pentose substrates were employed in this procedure, such as D-xylal 1e or D-
arabinal 1f (a pair of C-3 epimers) as glycosyl donors, poor α:β ratios were observed for
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these reactions (Scheme S1, 8a-8d), indicating the direct significance of C-5 substitution in
stereoinduction.

 

Scheme 2. Substrate generality with respect to glycosyl donors. (a) Substrate scope with respect ot
galactal; (b) Substrate scope with respect to allal; (c) Substrate scope with respect to rhamnal.

To demonstrate the practicality of the developed glycosylation strategy, the reactions
of 1a with an array of functional molecules as acceptors were investigated (Scheme 3a).
First, glycosylated product 9a with a long alkyl chain was prepared in 90% chemical yield
with α:β > 20:1, indicating the potential utility in lipidosome assembly. A fluorous tag
containing long-chain linear perfluorocarbon was well tolerated to afford 9b with the
same level of outcome. Glycosylation with sugar alcohol delivered disaccharide 9c in 80%
yield with α:β selectivity of 12:1. When phenol derived from tetraphenylethylene with
aggregation-induced emission attribute was reacted, 9d could be generated in moderate
yield with α:β = 9:1. Furthermore, the reaction operated smoothly on bioactive diosgenin
to generate the C-O bond formation product 9e with perfect stereochemical control.
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Scheme 3. Reactions with representative functional molecules as glycosyl acceptors and recycling
experiments. (a) Functional molecules as acceptors; (b) Recycling experiment investigation.

A gram-scale reaction between 1a and 2a was also implemented under the standard
conditions, in which the synthetic efficiency and stereocontrol observed for the small-scale
reaction were perfectly preserved (Scheme S2). Additionally, given the ease of isolation and
good recyclability of organofluorine solvent, the recycling experiments were conducted to
reinforce the utility of this strategy. After the completion of each reaction, the target product
was easily isolated by phase separation, and the recovered reaction system (bottom phase)
was reused successively. As summarized in Scheme 3b, when ethanol 2a was used to react
with donor 1a, the stereoselectivity (α:β > 20:1) was perfectly preserved, and the chemical
yield was maintained at a good level (>70%) even after a repetition of this procedure for
seven times. Similar results were obtained by using 3,4-dimethylphenol 2q as a glycosyl
acceptor for the recycling experiment.

3. Materials and Methods

The detailed procedure of the synthesis and characterization of the products are given
in Supplementary Materials.

4. Conclusions

In conclusion, an acid-catalyzed stereoselective Ferrier-type glycosylation assisted by
perfluorinated solvent has been established. A wide range of glycal donors and glycosyl
acceptors are well accommodated to provide structurally diverse O- and S-glycosylated
linkages products in good efficiency for most cases. The utilization of perfluoro-n-hexane
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as the solvent improves the reaction conditions, increases the yield, and enhances the
stereocontrol at the anomeric center. Notably, the turnover of this procedure is achieved
with a minimal amount of resin-H+. Aside from experimental ease in isolating products,
the use of low toxic and recyclable perfluorinated solvent highlights the environmental
friendliness of the developed method.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/molecules27217234/s1, CCDC 2132603, 2160183, 2160185, 2160188, and 2161131 contain the supple-
mentary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/data_request/cif (accessed on 22 March 2022), by emailing da-ta_request@ccdc.cam.ac.uk,
or by contacting The Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336033, synthesis and characterization of all compounds described in this paper.
References [48–68] are cited in the supplementary materials.
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Catalyst for Ferrier Rearrangement and Hetero Michael Addition. Tetrahedron Lett. 2012, 53, 6257–6260. [CrossRef]
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Abstract: In recent decades, heparin, as the most important anticoagulant drug, has been widely used
in clinical settings to prevent and treat thrombosis in a variety of diseases. However, with in-depth
research, the therapeutic potential of heparin is being explored beyond anticoagulation. To date,
heparin and its derivatives have been tested in the protection against and repair of inflammatory,
antitumor, and cardiovascular diseases. It has also been explored as an antiangiogenic, preventive,
and antiviral agent for atherosclerosis. This review focused on the new and old applications of
heparin and discussed the potential mechanisms explaining the biological diversity of heparin.

Keywords: heparin; applications of heparin; challenges of heparin therapy

1. Introduction

A sulfated glycosaminoglycan, heparin was named after its initial isolation from
liver tissue a century ago [1,2]. It exists in the lung, vascular wall, intestinal mucosa,
and so on. Due to its unique pentasaccharide sequence, heparin exerts anticoagulant
activity after binding with antithrombin, inhibits the activation of factors Xa and IIa in
the coagulation cascade, and finally exerts anticoagulant activity. Heparin is a natural
anticoagulant in animals and is the most widely used anticoagulant treatment [3,4]. Heparin
is usually used to prevent or treat thrombosis-related diseases, such as embolic diseases and
myocardial infarction, or for blood anticoagulation during surgeries such as cardiovascular
surgery, cardiac catheterization, cardiopulmonary bypass, and hemodialysis. In recent
years, with the development of synthetic low-molecular-weight heparin (LMWH) and
heparin derivatives, these compounds have been proven through various activity studies to
have many pharmacological effects, such as anti-inflammatory, antiangiogenic, antitumor,
and antimetastatic effects, in addition to anticoagulant effects [5–7]. At the same time,
as a natural water-soluble polysaccharide, heparin has good biocompatibility, so there
have also been studies on combining heparin with nanomaterials to give it wider medical
application value.

In particular, the infection caused by severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2, COVID-19) spread rapidly all over the world in 2019. Patients with
severe COVID-19 may eventually develop systemic thrombovasculitis, leading to severe
organ dysfunction [8]. Heparin can reduce the systemic symptoms of patients, which
indicates that heparin may have an undeveloped effect in the treatment of COVID-19 [9,10].
Therefore, in this review, we briefly summarized the new and old applications and related
mechanisms of heparin and its derivatives (Figure 1).

Molecules 2022, 27, 6968. https://doi.org/10.3390/molecules27206968 https://www.mdpi.com/journal/molecules137
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Figure 1. The applications of heparin.

2. The Structure of Heparin

Heparin belongs to the glycosaminoglycans (GAGs), which are composed of a linear
set of negatively charged polysaccharides. According to differences in the polysaccharide
unit, GAGs include heparin sulfate, chondroitin sulfate, hyaluronic acid, dermal sulfate,
keratin sulfate, etc. There are three common and commercially available anticoagulant
heparins: unfractionated heparin (UFH), low-molecular-weight heparin (LMWH), and
ultralow-molecular-weight heparin (ULMWH). UFH is a natural heparin extracted from
animal tissues, with a molecular weight of 3000 to 30,000 Da [7,11,12]. The heparin com-
monly used in treatment is mainly composed of the trisulfated disaccharide L-iduronic
acid-2-sulfate and D-glucosamine-N,6-disulfate. Moreover, it is worth noting that these
regular sequences are interrupted by undersulfated (occasionally persulfated) sequences
containing D-glucosamine acid and N-acetylated D-glucosamine.

Various enzymes are involved in the biosynthetic pathway of heparin, such as synthetase,
epimerase, etc. Moreover, heparin is further modified in vivo by N-deacetylation/N-sulfation
of the glucosamine units, C-5 epimerization of the glucuronic acid, and O-sulfation at different
sites of the chain [13,14]. These modifications lead to the heterogenization of heparin structure,
and realize the regulation of multiple cellular mechanisms in organisms.

About 70% of the heparin polymer is highly sulfated and consists of repeated trisul-
fated disaccharide units [15]. The remainder is low-sulfated heparin, in which some sites are
desulfated, such as 6-O-desulfated glucosamine, N-acetylglucosamine instead of N-sulfated
glucosamine, and glucuronic acid instead of iduronic acid. Different extraction sources pro-
duce different types of heparin, for example, in the heparin from bovine lung, the content
of N-acetyl glucosamine is lower and sulfation is higher [16]. However, there also exist
conserved sequence forms among different type of heparins. Around one third of UFH has
a specific five-sugar sequence of which the central glycogen is 3-O-sulfated glucosamine.
This sequence realizes anticoagulant activity by binding antithrombin (AT) [17,18].

As part of the rapid development of research related to heparin, especially the study
of the molecular mechanism of anticoagulation, the LMWHs, which are produced by
incomplete depolymerization of UFH by chemical or enzymatic methods, have become
a new research field [19]. LMWH is more uniform, with a chain between 2000 and 8000
Da (average 4500 Da) [20]. In addition, the pharmacokinetics and anticoagulant effects of
LMWHs are different, as the depolymerization method is different. With this characteristic,
the administration of LMWHs could be personalized according to individual patients in
the prevention and treatment of venous thrombosis and pulmonary embolism, making
LMWHs the first choice for many indications [21–23]. Moreover, LMWHs not only play an
important role in thrombus treatment, but can also be used in a variety of other indications,
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such as maintaining vascular patency during hemodialysis and arterial bypass grafting [24],
and the prevention of acute bronchial asthma contractions [25].

3. Anticoagulant Activity

Coagulation is an extremely complex process in organisms. When a series of coag-
ulation factors are continuously activated in a specific order and finally form insoluble
polymers, a coagulation reaction occurs. As one of the most widely used anticoagulants
for the prevention and treatment of thromboembolic diseases, the anticoagulant effect
of heparin is mainly mediated by antithrombin III (AT-III) [26]. Heparin combines with
AT-III lysine residues to form a reversible complex, which changes the configuration of
AT-III, fully exposes the active site of arginine, and quickly combines with the serine active
centers of factor IIa (thrombin) and IXa, Xa, Xia, and XIIa to accelerate the inactivation
of coagulation factors, effectively preventing the formation of blood clots and playing an
anticoagulant role. When inactivating IXa/IIa, heparin must combine with AT-III and
coagulation factor to form a ternary complex, while when inactivating Xa, it only needs
to combine with AT-III [27–29]. Once the heparin–AT-III coagulation factor complex is
formed, heparin can be dissociated from the complex and reused (Figure 2). To form the
heparin–AT-III thrombin ternary complex, the chain length of the heparin molecule needs
at least 18 monosaccharide units [30].

Figure 2. The interactions of heparin with the anticoagulant systems.

Heparin plays an important role in the treatment and prevention of venous thrombosis
(VTE). When it occurs as hypercoagulation in pregnancy, VTE can lead to higher maternal
morbidity. Heparin is safer than other anticoagulants when used during pregnancy [31–35].
Due to their animal origin and biosynthesis, GAGs have highly variable chain and sulfation
patterns, which ultimately prevent the perfect purification of UFH. This became fatal
during the “heparin contamination crisis” of 2007 and 2008 [36]. LMWH was developed
in the 1980s and is produced by chemical or enzymatic degradation of heparin. The
carbohydrate chain contains an average of 15 monosaccharide units and has a molecular
weight of 3–8 kDa. The purpose of splitting heparin into LMWH is to reduce the length
of the glycosaminoglycan chain to make these preparations easier to absorb, especially
when delivered through subcutaneous injection. LMWH exhibits better subcutaneous
bioavailability and a longer half-life (3–6 h) due to its low affinity for plasma proteins,
endothelial cells, and blood cells; it can even be used once or twice daily without laboratory
monitoring. Since the 1990s, LMWH has been recommended for the prevention and
treatment of thromboembolic events because of its association with fewer adverse events
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than UFH [37,38]. At present, the common commercial ULMWH is fondaparin, which is a
chemically synthesized pentosan methyl derivative (active fragment of UFC and LMWH)
with a molecular weight of 1728 Da [39,40]. Due to its production characteristics, the
product of fondaparin has stable properties, uniform structure, and easy derivation and
modification of functional groups. It is the focus of heparin drug research at present
(Figure 3).

Figure 3. (A) The repeated sulfate disaccharides structure of heparin. (B) The pentasaccharide
responsible for the anticoagulant activity of fondaparin.

4. Antitumor Activity

As early as the 20th century, there were reports on the use of heparin in antitumor
research. First, because the blood of patients with advanced cancer is usually in a hyper-
coagulable state, it is necessary to use heparin for anticoagulant treatment while fighting
cancer. Several clinical reports have observed that the use of heparin or heparin derivatives
in the treatment of cancer-related thromboembolic diseases seems to prolong the survival
time of cancer patients, which has aroused interest in the antimetastatic properties of hep-
arin [41,42]. This characteristic seems to be related to a variety of potential anticoagulant
and nonanticoagulant mechanisms.

Cancer metastasis is closely related to angiogenesis and cell adhesion. Some authors
believe that LMWH and recombinant tissue factor pathway inhibitors (TFPIs) prevent
angiogenesis induced by various angiogenesis factors (such as VEGF). These findings
suggest that the interaction between LMWH and TFPI plays a key role in the regulation of
angiogenesis. Meanwhile, Mousa and Norrby et al. also proved the potential of LMWH for
angiogenesis of new tumors using a chorioallantoic membrane assay (CAM) angiogenesis
model [43,44]. The regulation of the interactions between chemokines and their receptors
constitutes another effect of heparin on cancer metastasis. Among these, the interaction
between chemokine CXCL12 and its receptor CXCR4 is the basis of the metastasis of breast
cancer. LMWH inhibited the interaction between CXCL12 and CXCR4, thereby reducing
the metastatic spread of breast cancer cells in mice [45]. In animal cancer models, UFH also
reduced tumor cell adhesion and LMWH reduced metastatic burden and primary tumor
growth, but LMWH did not increase overall survival in patients with solid tumors [46,47].
Galectin 3 is a beta-galactoside-binding protein that is commonly overexpressed in most
types of cancer. It has also recently been shown that it can be inhibited by heparin, thereby
inhibiting tumor cell metastasis. Although the mechanism of this inhibition of metastasis is
still unclear, the linkage of heparin has a significant inhibitory effect on galectin-3-mediated
cancer cell metastasis [48].

In addition, heparin can also help to inhibit the proliferation of several cell types. It
mainly exerts this antiproliferative effect by modifying the protein kinase C dependent
signal transduction pathway and inhibiting some protooncogenes such as c-myc and c-
fos. Heparin has been shown to inhibit the phosphorylation (i.e., activation) of MAPK
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as part of the protein kinase C signaling cascade [49]. Heparin can also affect invasive
cancer metastasis by inhibiting the activity of heparanase, which affects the integrity of
the extracellular matrix (ECM) and the basement membrane of the vascular wall [50,51].
At present, clinical results show that the inhibition by heparin and LMWH of tumor
tissue-related clots is conducive to the better efficacy of radiotherapy and chemotherapy
drugs [52–54]. The current clinical guidelines state that LMWH is the first choice for
antithrombotic therapy in cancer patients.

5. Anti-Inflammatory Properties

Inflammation is a series of defensive responses to harmful stimuli, often involving
the local vascular system and immune system. Since endogenous heparin is only stored in
mast cell granules, it is not surprising that drug-grade heparin has immunomodulatory
properties. Filkin et al. first studied the protective effect of heparin on lipopolysaccharide
(LPS)-induced shock in 1968 and effectively reduced the mortality of LPS model mice [55].
However, apart from the high-affinity binding of antithrombin to heparin through a unique
pentasaccharide sequence [56], there is no conclusive evidence describing other examples of
“specific binding”. Therefore, the mechanism of the anti-inflammatory effect of heparin is
complex and not fully understood. It is known that heparin exerts anti-inflammatory effects
through a variety of mechanisms [57]. Heparin can not only inhibit the specific functions
of neutrophils [58,59] and reduce the migration of eosinophils and vascular permeability,
thereby alleviating inflammatory reactions, but also interact with cytokines such as NF-κB,
NF-α, IL-6, IL-8, and IL-1β in the vascular endothelium [60,61], preventing activation of the
innate immune system. In addition, heparin can inhibit the proliferation of vascular smooth
muscle cells [57]. The anti-inflammatory effect of heparin is regulated by many factors, such
as source, length, and structure, which cause changes in the anti-inflammatory effect [11].

At present, some studies suggest that heparin can combine with cytokines, chemokines,
and acute-phase proteins, including IL-8, platelet growth factor 4 (PGF4), matrix-derived factor
1a, neutrophil elastase, and P- and L-selectin, to exert anti-inflammatory effects [31,62,63].

Several recent studies have shown that heparin and its derivatives have good anti-
inflammatory effects in asthma, chronic obstructive pulmonary disease (COPD), acute
lung injury, and sepsis [64]. In particular, the good therapeutic effect of nonanticoagulant
heparin on sepsis is very exciting. Sepsis is a life-threatening organ dysfunction caused
by an imbalance in the body’s response to infection. It has become one of the most
important causes of death in patients with clinically critical illnesses, with the “three high
characteristics” of high prevalence, high mortality, and high treatment costs. Histone
is one of the regulatory mediators in sepsis. As a negatively charged, highly sulfated
polysaccharide structure, heparin can hinder the interaction between positively charged
histones and platelets and may represent a potential solution for sepsis through regulation
of the inflammatory response [65]. In addition, through the glycocalyx, heparin can also
participate in the cross-endothelial channels of leukocytes and the endothelial and cross-
endothelial effects of inflammatory cytokines [66], inhibit the inflammatory response, repair
damaged endothelial cells, and rebuild vascular barrier function. It is well known that
the surface of endothelial cells is covered by a macromolecular reticular structure called
the glycocalyx, which is a glycoprotein with syndecan-1 as the core [67]. In recent years,
some studies have shown that UFH, as a HS analogue, can participate in the mobilization
of glycocalyx core protein syndecan-1 to reconstruct the glycocalyx left on the cell surface
and protect it from shedding, so as to achieve the integrity of the cell surface and ensure a
good vascular barrier [68,69].

Hala et al. studied the preparation and characterization of a polyelectrolyte multilayer
(PEM) coating which combined the anti-inflammatory activity of heparin as a polyanion
and the potential release of naproxen. PEM containing heparin was shown to reduce cell
adhesion and IL-β as a substitute for polyanions to form multilayers [70].
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6. Antiviral Application

Research on heparin as an antiviral treatment has surged again following the recent
outbreak of COVID-19. Amongst the long history of heparin, there were early studies on the
inhibition of herpes simplex virus by heparin in vitro as early as the mid-20th century [71].
Heparin inhibits herpes simplex virus as a natural inhibitor with a unique sulfonation
mode [72,73]. Subsequently, there were studies on the inhibitory potential of heparin on a
variety of RNA and DNA viruses, such as HIV, in vitro [74–76].

Heparan sulfate (HS) on the cell surface can be used as a coreceptor by viruses, helping
many viruses attach to or enter target cells. Modhiran et al. showed that a heparan sulfate
analogue (PG545) can be used as an inhibitor of virus–cell adhesion, which can effectively
prevent the transmission of dengue virus in clinical settings [77,78]. Similarly, by affecting
cell adhesion, HS promotes the adhesion and entry of rabies virus (RABV) into target
cells [79]. It should be noted that heparin is not necessary for cell adhesion of Zika virus,
but it participates in virus replication and induces apoptosis of infected cells [80].

In recent years, due to the frequent outbreaks of severe acute respiratory syndrome
(SARS), studies on the effects of heparin and its analogues as antiviral treatments have
been ongoing. It was recently shown in an in vitro study that SARS-CoV-2 first attaches
to heparan sulfate proteoglycans before interacting with ACE2 [81]. Similarly, the study
of Clausen et al. [82] also showed that the spike protein of SARS-CoV-2 can bind to the
cell surface through both HS and ACE2 protein receptors. All of the abovementioned
results indicate that HS is required for the attachment of SARS-CoV-2 to the cell surface.
Therefore, it is now generally believed that in severe acute respiratory syndrome (SARS)-
coronavirus (COV)-2 infection, heparin can be used as a bait receptor to bind the SARS-
CoV-2 spike protein, inhibiting the binding of the virus to HS and reducing the infectivity
of the virus [83,84]. In addition, in patients with severe COVID-19 infection, platelet
activation, the increase in blood viscosity caused by high fibrinogen levels, and the increase
in heparanase expression [85] all further increase the risk of vascular disease [86]. Although
previous anticoagulant treatments have failed in critical illnesses, convincing observations
of coagulation dysfunction and high venous thromboembolism rates in COVID-19 increase
the possibility that heparin may benefit the prognosis of patients. Moreover, heparin has
beneficial effects on inflammation, which is associated with COVID-19. Heparin binds and
regulates the activity of many inflammatory proteins, including IL-8, platelet growth factor
4, neutrophils, elastase control, CD11b/CD18, etc. [85]. In a randomized clinical trial by
Alex et al., therapeutic-dose LMWH reduced major thromboembolism and death compared
with institutional standard heparin thromboprophylaxis among inpatients with COVID-19
with very elevated D-dimer levels [87].

According to the study of Hidesaku et al., COVID-19 shows some characteristics
similar to disseminated intravascular coagulation (DIC). Nafamostat mesylate (NM) is a
drug used for treating DIC, and is also expected to be a drug used for treating COVID-
19. However, the anticoagulant effect of NM is weak. Heparin can make up for this
shortcoming and can be used in combination to treat COVID-19. Therefore, heparin as a
combined drug in COVID-19 may be a future research direction [88].

7. Application of Heparin in Malaria

Malaria is caused by infected with Plasmodium, which is an infectious disease. Malaria
can be spread by mosquito bites and then propagate in the liver of patients, leading to
infection, causing the destruction of red blood cells, and then continuing to reproduce and
be destroyed.

At present, with global warming, globalization, and the living environment continuing
to deteriorate in some areas due to war, the incidence rate of malaria is continuing to
increase. Although it has attracted attention globally, because the existing first-line drugs
cannot effectively treat malaria and there has been no breakthrough in vaccine research,
there is an urgent need for new treatment schemes and new mechanisms to improve
treatment efficiency.
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GAGs can bind to Plasmodium parasite red blood cells (PBRC), thus blocking the
binding of PRBC to various host-cell surface receptors [89–92]. Negatively charged polysac-
charides, such as heparin and chondroitin sulfate, have the ability to bind to PBRC,
thus achieving antimalaria effects. Xuerong Dong et al. constructed an intraerythrocytic
parasite-targeted nanostructured lipid carrier (NLC) that was developed for potentiation of
artemether (ARM) by combination with PPIX and iron-loaded transferrin (holo-Tf). ARM
and PPIX were co-loaded into NLCs with high entrapment efficiency. A targeting ligand
heparin (HP) was then electrostatically adsorbed onto the periphery of the NLCs, followed
by conjugation with holo-Tf to obtain the final formulation, Tf-HP-NLC/ARM/PPIX. This
delivery system showed increased inhibitory activity against Plasmodium falciparum in
culture [93].

However, heparin has anticoagulant and bleeding properties, so it will increase the
risk of infection [94–97], which is a disadvantage in the treatment of malaria. Heparin has
been shown to bind merozoites inside late-stage pRBCs. This finding can be used as a new
direction in future research into antimalarial drugs.

8. Application of Heparin in Nanomaterials

Heparin nanocomposites first appeared in 2008. The authors of that first study syn-
thesized hollow capsules based on an iron heparin complex and multilayer films, which
significantly increased anticoagulation time. The capsules can be used as injectable anti-
coagulant carriers for parenteral injection to treat iron deficiency [98]. Since then, heparin
nanomaterial composites have been continuously explored and innovated in the field of
medical applications.

Nanomaterials and heparin are connected by covalent bonds or electrostatic interac-
tion. Heparin, as a natural water-soluble polysaccharide, has good biocompatibility and a
variety of biological functions. When combined with nanomaterials, it shows increased
stability and water solubility, and can improve the targeting of molecules. Studies have
shown that heparin nanoparticles have strong growth-factor-loading capacity and are
cytokines that maintain activity for a long time [99–101]. Heparin nanoparticles have strong
potential value in the field of drug delivery. Heparin nanomaterials also show significant
value in the treatment of other diseases. Qi Tan et al. constructed a heparin chitosan
nanoparticle-immobilized scaffold, which showed high-efficiency vascular endothelial
growth factor (VEGF) localization and release ability in vitro and significantly increased
fibroblast infiltration and extracellular matrix generation, and accelerated angiogenesis in
the subcutaneous implantation model of mice [102]. Yasutaka et al. constructed LMWH
protamine nanoparticles (lmwh-h/P NPs) as a carrier for heparin-binding growth factor.
Fibroblast growth factor (FGF-2) combined with nanoparticles significantly extended the
biological half-life of FGF-2 [103]. Jeong et al. constructed a PEG-LHT7/TRAIL/Protamine
nanocomplex within a PEG-LMWH-taurocholate conjugate (LHT7). The selective cytotoxi-
city of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) to cancer cells, but
not to normal cells, makes it an attractive candidate for cancer therapeutics. However, the
disadvantages of TRAIL, such as physicochemical instability and short half-life, limit its
further clinical applications. This heparin nanoparticle improved the short life of this drug
and not only had anti-angiogenesis effect in the treatment of tumors, but also uniformly
induced tumor cell apoptosis [104].

In conclusion, heparin nanocomposites, with their superior pharmacokinetic prop-
erties and biological functions, have prompted scientists to explore new drug delivery
systems for improved therapeutic effects. Combining the advantages of the two can also
overcome the inherent limitations of the structures of heparin and nanomaterials.

9. Challenges of Heparin Therapy

The effects of heparin are not exclusively positive. Some adverse reactions reported
during heparin treatment are closely related to the biological activity of heparin itself.
Firstly, among its own characteristics, heparin has a short half-life which requires frequent
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administration in clinical applications, leading to poor compliance of patients. At present,
attempts are being made to extend the half-life using slow-release preparations [105].

Heparin is the most effective anticoagulant in clinical use, but it also carries a certain
risk of bleeding [106,107]. Especially in elderly individuals or those with renal insufficiency,
this needs special attention. Bleeding-related complications from heparin can range in
severity from mild symptoms such as injection site hematomas to potentially fatal events
such as intracranial hemorrhage. Some researchers have also observed in clinical settings
that hematoma at the puncture site can occur when heparin is used for epidural anesthesia
or spinal cord puncture; this symptom is indeed extremely dangerous because it carries
the risk of causing paralysis. In addition, with increasing chain length, heparin has en-
hanced binding ability with positively charged molecules such as platelet 4 (PF4), which
can form new antigen complexes to destroy receptors on platelets and endothelial cells,
leading to thrombocytopenia (HIT). HIT can also cause skin damage or even necrosis at
the heparin injection site. Moreover, HIT is a very noteworthy problem because of the ease
of relapse [108]; immune memory is cleared several months after the onset of the disease.
After the reintroduction of heparin, the risk of HIT recurrence is the same as that of patients
not affected by heparin. In addition, some studies have shown that heparin can bind to
bone protein, affect osteoblast bone synthesis, increase osteoblast absorption, and finally
reduce bone mass, even leading to osteoporosis [109]. This is also one of the common side
effects of long-term use of heparin and LMWH [110,111]. Although some studies have
found that short-term use of LWMH (3–6 months) does not affect bone mineral density, this
should be noted in pregnant women, the elderly, and children as the effect is long-lasting
and irreversible [112].

Increases in eosinophils, hyperkalemia, and other side effects are not common and
can recover with the cessation of heparin treatment. Some patients with special diseases,
such as patients with chronic renal failure, may have adverse reactions such as calcium
deposition at the injection site of heparin due to abnormalities in calcium and phosphorus
in the body.

10. Conclusions

With the discovery of new indications and new possibilities, the role of heparin
continues to develop. Although heparin is well known by the public as a mainstream
anticoagulant drug, with the deepening of research, heparin and heparin derivatives are
showing an edge in various fields. At present, LMWH and UFH are commonly used,
but heparin has a complex structure and can be modified, for example, by sulfation and
acetylation. At present, the specific efficacy of heparins with different molecular weights
has not been studied thoroughly. With the maturing of enzymatic synthesis of sugar
chains, high-purity oligoheparin may have broad application prospects. In addition, many
proteins can bind to heparin and heparin can produce various pharmacological effects, such
as anti-inflammatory, antiviral, antiangiogenic, antitumor, and antimetastatic effects, by
interacting with a variety of proteases, protease inhibitors, and chemokines. In this review,
we comprehensively discussed the old and new applications of heparin and explained its
therapeutic mechanism to a certain extent. Due to the coexistence of clinical benefits and
adverse reactions, efforts should be made to optimize the medication regimen or modify the
structure–activity relationship to improve the therapeutic effect and reduce the possibility
of adverse reactions. At the same time, more clinical studies are necessary in order to
provide effective, accurate, and reliable evidence. In short, heparin, as a classic drug
that has been used for a century, has gone beyond its traditional role of anticoagulation,
and achieved new development potential under the optimization of current research and
development.
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Abstract: Bacillus Calmette-Guérin polysaccharide and nucleic acid (BCG-PSN), extracted from
Mycobacterium bovis, is an immunoregulatory medicine commonly used in clinic. However, the
structural characteristics and potential pharmacological efficacy of the polysaccharides from BCG-
PSN remain unclear. Herein, two polysaccharides (BCG-1 and BCG-2) were purified and their
structures were characterized. Monosaccharide composition analysis combined with methylation
analysis and NMR data indicated that BCG-1 and BCG-2 were an α-D-(1→4)-mannan with (1→2)-
linked branches, and an α-D-(1→4)-glucan with (1→6)-linked branches, respectively. Herein, the
mannan from BCG-PSN was first reported. Bioactivity assays showed that BCG-1 and BCG-2 dose-
dependently and potently increased the production of inflammatory mediators (NO, TNF-α, IL-6,
IL-1β, and IL-10), as well as their mRNA expressions in RAW264.7 cells; both have similar or stronger
effects compared with BCG-PSN injection. These data suggest that BCG-1 and BCG-2 are very likely
the active ingredients of BCG-PSN.

Keywords: active ingredients; polysaccharide purification; glucan; mannan; immunomodulator

1. Introduction

Bacillus Calmette-Guérin polysaccharide and nucleic acid (BCG-PSN) from Mycobac-
terium bovis is an immunoregulatory medicine [1]. As a strong immunomodulator, BCG-
PSN can orchestrate the immune system to resist virus infections and to ameliorate autoim-
mune diseases [2]. BCG-PSN injection is approved by State Food and Drug Administration
(China) for the prevention and treatment of chronic bronchitis, asthma and cold, and com-
monly used in clinic. Additionally, BCG-PSN is also effective in treating recurrent oral
aphthosis [3], idiopathic urticaria [4], melanoma [5], and lichen planus [6], and it may be
an effective immunoadjuvant in some immunotherapy strategies [7].

Plenty of research is conducted to explore the underlying mechanism of action of
BCG-PSN. BCG-PSN injection can elicit the Th1-mediated immune response by facilitating
T cell differentiation to the Th1 subset in vivo, as well as activate toll-like receptor (TLR)
signaling pathway, and induce the secretion of Th1-type cytokines, such as IL-2 and IFN-
γ [1]. In patients with chronic urticaria, BCG-PSN can promote IL-2 production by Th1
and inhibit IL-10 production by Th2; it can also decrease the release of β-hexosaminidase
and regulate IgE-mediated mast cell activation [4,8]. In pulmonary tuberculosis patients,
BCG-PSN can significantly enhance the phagocytic capacity of alveolar macrophage [9].
Macrophages serve as the indispensable first line of defense in the innate immune system
and participate in the adaptive immune system; upon activation, they can phagocytize
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intracellular pathogens or promote the immune response by generating nitric oxide (NO)
and inflammatory cytokines such as TNF-α, IFN-γ, IL-10, and IL-6 [10].

BCG-PSN is mainly composed of two components (polysaccharides and nucleic acids),
in which the high-content and bioactive polysaccharides are macromolecules with long chains
and complex chemical structures [2]. Thus, the exact structure and pharmacological charac-
teristics of polysaccharides in BCG-PSN remain to be clarified. To date, six companies have
registered for producing BCG injection under the quality criterion of Chinese Pharmacopeia.
However, quality control of the injection has been challenging during preparation.

Herein, we purified the polysaccharides from BCG-PSN, characterized their chemi-
cal structures by analyzing their monosaccharide composition, methylated derivatives,
and NMR data, and studied their immunomodulatory activity by testing their effects
on cytokine production and mRNA expression in RAW264.7 cells. These data further
contribute to the understanding of the chemical structure and bioactivity of BCG-PSN
polysaccharide components, including a mannan that has not been reported, which
may provide reference data for the industrial quality control and the pharmacological
mechanism of BCG-PSN injection.

2. Materials and Methods

2.1. Materials

The BCG-PSN powder and BCG-PSN injection were provided by Hunan Jiuzhitang
Siqi Biological Pharmaceutical Co., Ltd., China. Sephadex G-100 and Sephadex G-75 were
purchased from GE Healthcare. Monosaccharides D-(+)mannose (Man), D-(-)ribose (Rib),
and D-(-)arabinose (Ara) were from Alfa Aeasr (AR, Haverhill, MA, USA). D-(+)glucose
(Glc), D-(+)galactose (Gal), and lipopolysaccharide (LPS) were from Sigma-Aldrich (MO,
USA). Trifluoroacetic acid (TFA), 1-phenyl-3-methyl-5-pyrazolone (PMP), and α-amylase
(A109181) were from Aladdin (Shanghai, China). Dulbecco’s Modified Eagle’s Medium
(DMEM) culture medium was from Shanghai BasalMedia (Shanghai, China). Fetal bovine
serum (FBS), streptomycin, and penicillin were from Biological Industries (Kibbutz Beit-
Haemek, Israel). Cell counting kit-8 (CCK-8) was from Biosharp (Hefei, China). NO
detecting kit was from Beyotime (Shanghai, China). Mouse IL-10, IL-6, and IL-1β enzyme-
linked immunosorbent assay (ELISA) kits were from Multisciences (Hangzhou, China).
Mouse TNF-α ELISA kit was from R&D (Minneapolis, MN, USA). E.Z.N.A. Total RNA Kit
II was from Omega Bio-tek (Norcross, GA, USA). 5 × All-In-One MasterMix (with AccuRT
Genomic DNA Removal Kit) and BlastaqTM 2 × qPCR MasterMix were from Applied
Biological Materials (Richmond, VAN, Canada). Other reagents were all commercial and of
analytical grade.

2.2. Isolation and Purification of Polysaccharides

BCG-PSN powder (200 mg) was dissolved in distilled water; after centrifugation, the
supernatant was subjected to a DEAE-52 cellulose column (3.0 cm × 13.0 cm), followed by
gradient elution with sodium chloride solution (0, 0.5, 3.9 M) at a flow rate of 2 mL/min, and
the eluate (10 mL/tude) was collected in sequence [11]. Then, total polysaccharides without
nucleic acid were eluted by distilled water and named BCG. Alternatively, polysaccharides
were also extracted from the BCG strains, which were suspended in PBS (1.0 g/mL)
supplemented with Tyloxapol (0.1%). The capsular polysaccharides were extracted by
vigorous shaking and centrifugation (3500× g 15 min), and the intracellular polysaccharides
by ultrasonic cell disruption and centrifugation (3500× g 10 min). The supernatants were
collected and filtered (0.2 μm) to remove the remaining bacterial cells. Then the filtrate
was concentrated and precipitated by adding ethanol to 80% (v/v), and centrifugated
(3500× g 15 min) to obtain the crude polysaccharides (BCG), which were dissolved in
deionized water, dialyzed, and lyophilized to get the white powder.

The crude polysaccharides were further separated by Sephadex G-75 column
(2 cm × 120 cm) or Sephadex G-100 column (2 cm × 120 cm), and eluted with 0.1 M
NaCl (contained 0.02% NaN3) at a flow rate of 0.5 mL/min. The collected fractions were
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detected by the phenol-sulfuric acid method [12]. Based on the retention time in HPGPC,
three polysaccharides (BCG-1/18.756 min, BCG-2/16.6032 min, and BCG-3/17.5032 min)
were obtained, concentrated, and lyophilized. The retention time and NMR spectroscopy
of the polysaccharides from BCG-PSN powder were consistent with that of polysaccharides
from BCG strains. Our preliminary results showed that BCG-3 has a complicated structure.
Its structural analysis requires plenty of work, thus, it will be reported alone, and the
following study focuses on BCG-1 and BCG-2.

To test the presence and composition of α-glucan, BCG-PSN powder (2 g in 100 mL
distilled water) was incubated with 0.8 mL α-amylase on a rotary shaker (200 rpm, pH 6.5,
70 ◦C) to degrade the α-glucan.

2.3. Homogeneity and Molecular Weight Determination

The molecular weights of BCG-1 and BCG-2 were determined by high-performance
gel permeation chromatography (HPGPC) using an Agilent technologies 1260 series (Agi-
lent, Santa Clara, CA, USA), which was equipped with RID, DAD detectors, and a Shodex
OH-pak SB-804 HQ column (8 mm × 300 mm), using the eluent of 0.1 M NaCl solution
(0.5 mL/min, 35 ◦C). The average molecular weight of BCG-1 and BCG-2 was calcu-
lated according to the standard curve of dextrans (2700, 5250, 9750, 13,050, 36,800, 64,650,
135,350 Da), using PL Cirrus GPC/SEC Software (Agilent, CA, USA), and the homogeneity
was evaluated based on the HPGPC profile. Chromatographic conditions and procedures
were performed according to the previous method [13].

Permethylated derivatization is a common method for in-depth analysis of glycans
as it provides more mass spectra information in glycosidic linkages [14,15]. The conver-
sion of glycans to hydrophobic derivatives such as permethylation enhances their signal
strengths [14]. Thus, the polysaccharides BCG-1 and BCG-2 were permethylated using the
KOH/dimethyl sulfoxide/methyl iodide for MALDI-TOF MS profiling [16–18].

The Mn and Mw were calculated from the equations [19]:

Mn =
(
∑ mi Ni

)
/
(
∑ Ni

)
(1)

Mw =
(
∑ m2

i Ni

)
/
(
∑ mi Ni

)
(2)

mi and Ni represent mass and intensity of the ion i, taking into account the proportion-
ality among intensity of the ith peak, Ni and the number of chains with mass mi.

2.4. Qualitative Analysis of Monosaccharide Composition

Monosaccharide composition of the polysaccharide was analyzed by reverse-phase
HPLC after PMP derivatization [2,18,20,21]. To hydrolyze polysaccharides, 300 μL polysac-
charide solution (BCG-1 or BCG-2, 1 mg/mL in deionized water) was mixed with 300 μL
TFA (4 M) at 110 ◦C for 4 h in the sealed COD tube. Then, the reaction solution was
evaporated to dryness at 70 ◦C to remove the residual TFA. Then, 100 μL of the hydrolyzed
sample solution was incubated with 100 μL sodium hydroxide (0.6 M) and 200 μL PMP
(0.5 M in methanol) at 70 ◦C for 60 min. After reaction, the solution pH was adjusted to
7.0 by adding HCI (0.3 M). Then, the solution was added and mixed with 2 mL of chloro-
form, and the chloroform layer was discarded; this step was repeated for at least six times
and the top aqueous layer was collected for HPLC analysis. The standard monosaccharides
(Man, Rib, Ara, Glc, and Gal) were processed by the same procedures.

The analysis of the PMP-labelled monosaccharides was carried out using an Agilent
technologies 1260 series (Agilent, CA, USA) which was equipped with DAD detectors and
a ZORBAX SB C18 column (4.6 mm × 150 mm, 5 μm). Mobile phase A and B (v/v, 83:17)
were ammonium acetate (0.1 M, pH 5.5) and acetonitrile, respectively, at a flow rate of
1 mL/min, and UV absorbance of the effluent was monitored at 250 nm.
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2.5. Methylation and GC-MS Analysis

Glycosidic linkage of the polysaccharides was analyzed after methylation according
to the literature with minor modification [22,23]. The polysaccharide BCG-1 or BCG-2
was incubated with dimethyl sulfoxide, NaOH, and methyl iodide under the protection
of nitrogen and ultrasonic conditions for 1 h. The reaction solution was added with ul-
trapure water to decompose methyl iodide. Then, a methylated sample was extracted
with trichloromethane and evaporated to dryness. Complete hydrolysis of the methylated
polysaccharides was performed by heating at 120 ◦C with TFA (2 M) for 4 h. The methy-
lated sample was reduced and acetylated for GC-MS analysis. The GC-MS analysis was
performed on a HP6890GC/5973 MS system (Agilent, CA, USA) equipped with an ion
trap MS detector and a DB-5MS quartz capillary column (30 m × 0.25 mm, 0.25 μm). The
temperature program was set as follows: the initial temperature was 80 ◦C, increased to
250 ◦C at 5 ◦C/min, holding for 5 min; injection temperature was 270 ◦C; and the ion source
of the mass spectrometer was set at 230 ◦C. The injection volume was 1 μL and injector
split ratio was 10:1.

2.6. UV, IR, and NMR Analysis

The UV-vis absorption spectra of the polysaccharides were recorded using a UV-2600
spectrophotometer (Shimadzu, Kyoto, Japan) in the wavelength range of 190–800 nm. The
Fourier transform infrared spectroscopy (FT-IR) spectra of the polysaccharides (KBr pellets) were
recorded by a Tensor-27 (Bruker, Karlsruhe, Germany) in 400–4000 cm−1 at room temperature.

The polysaccharide sample was dissolved in D2O for NMR analysis, which was
performed in a Bruker Avance spectrometer of 600 or 800 MHz (Bruker, Karlsruhe, Ger-
many), equipped with a 13C/1H dual probe in FT mode [22]. 1H/1H correlated spec-
troscopy (COSY), total correlation spectroscopy (TOCSY), rotating frame overhauser effect
spectroscopy (ROESY), heteronuclear single-quantum correlation–total correlation spec-
troscopy (HSQC-TOCSY), and heteronuclear multiple bond coherence (HMBC) spectra
were recorded using state-time proportion phase incrementation for quadrature detection
in the indirect dimension. TMSP-2,2,3,3-D4 (D, 98%) was used as internal and external
reference for the resonance measurements of BCG-1 and BCG-2, respectively.

2.7. In Vitro Immunomodulatory Activity Assay
2.7.1. Cell Culture

The RAW 264.7 cell line from National Collection of Authenticated Cell Cultures was
cultured in DMEM medium supplemented with 10% FBS (v/v), penicillin (100 U/mL), and
streptomycin (100 μg/mL), under humidified conditions with 5% CO2 at 37 ◦C.

2.7.2. Cell Viability Assays

Cell viability was evaluated by CCK8 assay using RAW 264.7 cells. The cells in
logarithmic growth phase were adjusted to a concentration of 7.5 × 104 cells/mL. Cell
suspension was added to a 96-well plate and cultured at 37◦C for 24 h. The cells were
subsequently treated with LPS (100 ng/mL), BCG-PSN, BCG-1 or BCG-2 at different
concentrations for another 24 h. The serum-free culture media was used as a control. Then,
10 μL of CCK8 solution was pipetted into each of the wells for the next four hours. Then
the absorbance at 450 nm was determined by a Flexstation3 microplate reader (Molecular
Device). The cell viability was calculated as following:

Cell viability (%) = A1/A0 × 100%, where A1 was the absorbance of treated group
and the A0 was the absorbance of control group.

2.7.3. NO and Cytokine Production

The RAW264.7 cells (4 × 105 cells/mL) in logarithmic growth phase were seeded into
24-well plates (500 μL/well) and incubated for 24 h. The cells were subsequently treated
with LPS (100 ng/mL), BCG-PSN injection (dilute 4 times with serum-free DMEM medium,
total polysaccharides was at 87.5 μg/mL), BCG-1 or BCG-2 (1, 10, 50, and 100 μg/mL), or
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control (serum-free DMEM medium) for another 24 h, then the culture supernatant of cells
was collected for subsequent analysis. The macrophage NO content was determined based
on the Griess method [24], and the levels of TNF-α, IL-6, IL-1β, and IL-10 were detected by
ELISA kits according to the manufacturer’s protocols.

2.7.4. RT-qPCR Analysis

The RAW 264.7 cells with different treatments were collected and washed three times
with cold PBS for RNA extraction. The total RNA was isolated using Total RNA kit II
and reversed to cDNA using a 5 × All-In-One MasterMix kit (with AccuRT Genomic
DNA Removal). Then, amplification of the cDNA was carried out in a total volume of
20 μL containing 10 μL BlastaqTM 2 × qPCR MasterMix, 0.4 μL specific primer (10 μM),
2 μL cDNA, and 7.2 μL nuclease-free H2O. PCR was performed in multiple cycles using a
QuantStudio 7 Flex (Thermo Scientific, Waltham, MA, USA) with the following program:
denaturation at 95 ◦C for 3 min, annealing for 15 s, and elongation at 60 ◦C for 1 min. The
nucleotide sequences of primers were shown in (Table S1, in the supplementary materials).
β-actin gene was used as the internal reference. The expression levels of mRNA were
calculated by 2−ΔΔCt method.

2.8. Statistical Analysis

Statistical analyses were performed using GraphPad Prism 9.0 software. All the data
were presented as mean ± SD. Normal distribution was determined by Shapiro-Wilk tests.
Data were analyzed using one-way analysis of variance (ANOVA) followed by Dunnett’s
test, p values less than 0.05 were considered statistically significant (* p < 0.05, ** p < 0.01, or
*** p < 0.001).

3. Results

3.1. Isolation and Purification

In HPGPC profiles of both the BCG-PSN and total polysaccharide (BCG), a wide peak
can be observed (Figure 1A and Figure S1, in the supplementary materials), suggesting
that they contain distinct polysaccharides with different molecular weights. Three pure
polysaccharides (BCG-1, BCG-2, and BCG-3) were further isolated from total polysaccha-
ride BCG, their HPGPC profiles showed a single peak and symmetrical peak (Figure 1A),
indicating that they are homogeneous polysaccharides. Furthermore, all the polysaccha-
ride fractions (BCG, BCG-1, BCG-2, and BCG-3) had no absorption at 280 or 260 nm in
UV spectra, indicating the absence of nucleic acids (Figure 1B). Additionally, in the RID
profile of BCG-PSN, the peak in about 16 min disappeared after hydrolysis by α-amylase
(Figure S1, in the supplementary materials); this indicates that BCG-PSN is rich in α-glucan
as in previous reports [2,11]. The following study focused on polysaccharides BCG-1 and
BCG-2 because our preliminary results, as well as the literature [25,26], showed that BCG-3
has a complicated structure (its structural analysis requires plenty of work and will be
reported alone in future).
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Figure 1. Purification and structural characterization of polysaccharides from BCG-PSN. (A) HPGPC
profiles of BCG-PSN, BCG, BCG-1, BCG-2, and BCG-3; (B) UV absorption spectra of BCG-PSN, BCG,
BCG-1, BCG-2, and BCG-3; (C) HPLC-DAD profiles of PMP derivatives of standard monosaccharides
and the monosaccharides from polysaccharides; (D) FT-IR spectra of BCG-PSN, BCG, BCG-1, and
BCG-2; (E) The TIC profile of PMAAs from the polysaccharide BCG-1; (F) The TIC profile of PMAAs
from the polysaccharide BCG-2; noncarbohydrate signals are marked with ×.

3.2. Molecular Weight and Monosaccharide Composition Analysis

Based on the calibration curve of standard dextrans (LogM = 11.24 − 0.501 x + 0.006049
x2 − 4.485e − 005x3), the weight-average molecular weights (Mw) of BCG-1 and BCG-2
were determined to be 4600 Da and 23,588 Da, respectively (Table S2, in the supplementary
materials). Their molecular weight distributions (Mw/Mn) were 1.14 and 1.49, respectively,
indicating that both polysaccharides were homogeneous.
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The molecular weights of these polysaccharides were also confirmed by MALDI-TOF-
MS spectrometry analysis [18,19]. In the MALDI-TOF-MS profiles of permethylated BCG-1,
a mass gap between two neighboring peaks was 204.1 Da (Figure S2, in the supplementary
materials). The permethylated derivative was ionized as [M + Na]+ ions (its relative error
between experiment and theory is lower than that of [M + K]+ [14]), and the mass was
calculated as (219.1232 (a terminal sugar) + 204.0998 (2,4,6-trimethyl glucosyl unit) × n
+ Na+31.0184 (OMe at reducing end residue)) Da [27] (Table S3, in the supplementary
materials). The Mn and Mw of BCG-1 permethylated derivative were calculated to be
4158 Da and 5210 Da, respectively, the Mw was slightly higher than that measured by
HPGPC (Table S4, in the supplementary materials). It is reported that the Mw upper limit
of MALDI-TOF-MS spectrometry by current technology was about 5000 Da [19]. Due to
the larger molecular weight of BCG-2, its signals were inadequate [15], hence further work
is required to achieve optimal conditions to analyze BCG-2 [18].

Monosaccharide compositions of the polysaccharides were analyzed by reverse-phase
HPLC after PMP precolumn derivatization (Figure 1C). BCG-PSN contained five monosac-
charides (mannose, ribose, glucose, arabinose, and traces of galactose), among them glucose
was in the highest content. Combined with the result of α-amylase hydrolysis, this indi-
cates that BCG-PSN contains a large portion of glucan (Figure S1, in the supplementary
materials). The total polysaccharide BCG was composed of mannose, glucose, and a small
amount of arabinose, whereas, the purified polysaccharides BCG-1 and BCG-2 consisted
exclusively of mannose and glucose, respectively (Figure 1C).

3.3. FT-IR Analysis

The functional groups of polysaccharides were analyzed by FT-IR spectroscopy. In the
spectrum of BCG-1 (Figure 1D), the intense bands in the 3405 cm−1 region were ascribed to
the stretching vibration of O-H, and those at 2933 cm−1 were produced by C-H stretching
vibration [28]. The signal at 1640 cm−1 might be caused by the vibration of crystallized
water [22,29]. A strong band between 975 and 1130 cm−1 was assigned to the stretching
vibration of pyranose ring. The sharp peak at 814 cm−1 was attributed to the characteristic
absorption of α-glycosidic bond of mannan [30,31], which was consistent with the results
of monosaccharide composition.

Likewise, the FT-IR profile of the polysaccharide BCG-2 was also identified (Figure 1D).
The signals at 3416 cm−1 and 2928 cm−1 were due to the stretching vibration of O-H and
C-H, respectively. The peaks at around 1017, 1059, and 1150 cm−1 indicated that the
monosaccharide in BCG-2 belonged to pyranose ring. Signals at 930, 840, and 760 cm−1

were ascribed to the characteristic absorption of α-D-glycosidic bond of glucose.

3.4. Methylation Analysis

For linkage analysis, methylation was conducted, and the total ion chromatograms
(TIC) of the partially methylated alditol acetates (PMAAs) from BCG-1 and BCG-2 were
studied. GC-MS analysis revealed that both BCG-1 and BCG-2 derivatives contained four
PMAAs (Figure 1E,F). The data on glycosidic linkage and molar ratio were summarized in
Table 1. According to the ESI-MS information (Figure S3, in the supplementary materials)
and the GC-EIMS databases of PMAAs (Complex Carbohydrate Research Center, University
of Georgia), the peaks in TIC of BCG-1 were identified as 1,5-di-O-acetyl-2,3,4,6-tetra-
O- methyl-D-mannitol (2,3,4,6-Me4-Man), 1,2,5-tri-O-acetyl-3,4,6-tri-O-methyl-D-mannitol
(3,4,6-Me3-Man), 1, 5,6-tri-O-acetyl-2,3,4-tri-O-methyl-D-mannitol (2,3,4-Me3-Man), and
1,2,5,6-tri-O-acetyl-3,4-di-O-methyl-D-mannitol (3,4-Me2-Man), with the molar ratio of
35.86:1.00:3.10:1.52 based on the peak areas (Table 1). The results indicated the presence of
terminal 2-, 6-, 2,6-linked Manp pyranoside residues.
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Table 1. GC-MS of alditol acetate derivatives of the BCG-1 and BCG-2 methylated products.

PMAA
Derivatives a Type of Linkage

Relative
Retention Time b Molar Ratio

Mass Fragments
(m/z)

BCG-1

2,3,4,6-Me4- Manp t-Manp 1.00 35.86 71, 87, 101, 129,
145, 162, 205

3,4,6-Me3-Manp 2- Manp 1.08 1.00 87, 129, 161, 189

2,3,4-Me3-Manp 6- Manp 1.11 3.10 71, 87, 101, 118,
129, 161, 189

3,4-Me2- Manp 2,6- Manp 1.18 3.52 87, 99, 129, 189
BCG-2

2,3,4,6-Me4-Glcp t-Glcp 1.00 5.16 87, 102, 118, 129,
145, 162, 205

2,3,6- Me3- Glcp 4- Glcp 1.09 10.38 87, 100, 118, 129,
233

2,3,4-Me3- Glcp 6- Glcp 1.17 1.13 87, 100, 118, 129,
161, 189

2,3-Me2- Glcp 4,6- Glcp 1.18 1.00 100, 117, 129, 261
a 2,3,4,6-Me4-Man = 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-mannose, etc. b Relative retention times of the corre-
sponding alditol acetate derivatives compared with 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-D-mannitol (for BCG-1)
and 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-D-glucitol (for BCG-2).

Similarly, the PMAAs of BCG-2 were identified as 1,5-di-O-acetyl-2,3,4,6-tetra-O-
methyl-D-glucitol (2,3,4,6-Me4-Glc), 1,4,5-tri-O-acetyl-2,3,6-tri-O-methyl-D-glucitol (2,3,6-
Me3-Glc), 1,5,6-tri-O-acetyl- 2,3,4-tri-O-methyl-D-glucitol (2,3,4-Me3-Glc), and 1,4,5,6-tri-O-
acetyl-2,3-di-O-methyl-D-glucitol (2,3-Me2-Glc), with the molar ratio of 5.16:10.38:1.13:1.00
(Figure 1F, Table 1, and Figure S4, in the supplementary materials). These results indicated
the presence of terminal 4-,6-, 4,6-linked Glcp residues.

3.5. NMR Analysis

The structural features of BCG-1 and BCG-2 were further elucidated by 1H and 13C
NMR analysis. Their chemical shifts were assigned according to 1D (1H, 13C) and 2D COSY,
ROESY, HSQC-TOCSY, and HMBC data (Figures 2 and 3 and Table 2).

 
 

  

  

Figure 2. 1H (A,B), 13C (C), COSY (D), HSQC-TOCSY (E), ROESY (F), HMBC (G) NMR spectra of
BCG-1. Chemical shifts are relative to internal trimethylsilylpropionic acid sodium at 0 ppm. The letters
A (maroon) and B (blue) represented 2,6-O-α-Manp (Residue A) and t-α-Manp (Residue B), respectively.
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Figure 3. 1H (A), 13C (B), COSY (C), TOCSY (D), HSQC-TOCSY (E), HMBC (F) NMR spectra of
BCG-2. Chemical shifts are relative to external trimethylsilylpropionic acid sodium at 0 ppm. The
letters A/B (maroon) represented →4)-α-Glc→1 (residue A)/→4,6)-α-Glc(1→ (residue B). The letters
C (blue) represented t-α-Glc (1→ (residue C).

Table 2. 1H and 13C NMR chemical shifts of the BCG-1 and BCG-2 in D2O.

Sugar Residues
Chemical Shifts (ppm)

1 2 3 4 5 6a 6b

BCG-1

2,6-O-α-Manp (A) H 5.12 4.04 3.94 3.82 3.77 4.01 3.68
C 98.2 78.6 70.5 66.4 73.1 65.6 -

t-α-Man (B)
H 5.04 4.08 3.82 3.82 3.68 3.90 3.76
C 102.2 70.0 70.6 66.4 72.8 61.0 -

BCG-2

→4)-α-Glc→1 (A)
H 5.41 3.63 3.96 3.66 3.86 3.88 3.76
C 102.6 74.5 76.3 79.8 74.1 63.4 -

→4,6)-α-Glc(1→
(B)

H 5.39 3.63 3.96 3.66 3.83 3.86 3.85
C 102.6 74.5 76.3 79.8 74.1 65.5 -

t-α-Glc(1→ (C)
H 4.96 3.61 3.71 3.41 4.04 3.85
C 101.6 74.5 75.7 72.3 73.4 63.4

In the 1H NMR spectrum of BCG-1, an anomeric zone (δH 4.9–5.5 ppm) exhibited two
signals at 5.12 and 5.04 ppm (Figure 2A,B), which were unambiguously assigned as the
anomeric proton resonance of residue A and B, respectively. The molar proportion of A and
B residues was about 1:1.04 according to the signal integration. The 13C NMR spectrum
also displayed two signals in the anomeric region at 98.2 ppm and 102.2 ppm (Figure 2C),
which were correlated with anomeric protons [31]. We thus deduced that BCG-1 may
contain two mannosyl units, 2,6-O-α- Manp (Residue A), and t-α-D-Manp (Residue B).
The detailed proton signals from H-2 to H-6 of the two residues were assigned using the
1H-1H COSY (Figure 2D) and HSQC-TOCSY (Figure 2E) data. The chemical shifts from δH
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3.3 ppm to δH 4.0 ppm, showing overlapping peaks, were assigned to the protons of C-2 to
C-6 in glycosidic rings [32,33]. For residue A, the typical signals of C-2 at ~78.6 ppm were
shifted ~6 ppm to low-field of δC-2 for α-mannose, and the H-2 signals at ~4.04 ppm were
shifted ~0.2 ppm to δH-2 for α-mannose, indicating that residue A was O-substituted at
2 position. In addition, the C-6 signals at ~65.6 ppm for residue A were shifted ~4.6 ppm
to low-field of δC-6, supporting the high substitution at C-6 of residue A. Combining the
results of methylation analysis (Table 1) and NMR data, it suggested that BCG-1 has (1→2)
and (1→6)-linkages. The linkages of the glycosyl residues were further confirmed by 2D
ROESY (Figure 2F) and HMBC analysis (Figure 2G). The H-1 of residue A had a strong
inter-residue ROE connected to H-6 of adjacent residue in addition to intra-residue ROE,
indicating that residue A was linked to C-6 of adjacent residue. Similarly, the H-1 of residue
B had a strong inter-residue ROE with H-2 of residue A, indicating that residue B was
linked to C-2 of residue A. In addition, the HMBC spectrum (Figure 2G) also showed
the sequence-defining C-1 of residue A and H-6 of adjacent residue. Accordingly, BCG-1
should have the linear backbone of →6-A-1→6-A-1→ and the side chain of B-1→2-A. To
further confirm the configurations at the glycosidic linkages, the direct coupling constants
(1JC–H) of C-1 of each saccharide from the HMBC spectrum were analyzed (Figure 2G). The
large values of ~170 Hz for these mannose residues indicated that the protons at C-1 were
equatorial [34], therefore the configurations of C-1 were determined to be α-D-mannose.
This was consistent with the strongly specific rotation (+84◦) and proton shifts of anomeric
signals of mannan residue (Table 2). Taken together, the structure of BCG-1 was proposed
in Figure 4A.

 

Figure 4. Proposed structures of BCG-1 (A) and BCG-2 (B) purified from BCG-PSN.

For BCG-2, its chemical shifts in 1D and 2D NMR spectra were also assigned (Table 2
and Figure 3). In the 1H NMR spectrum (Figure 3A), the chemical shifts at 5.41 ppm,
5.39 ppm, and 4.96 ppm were anomeric proton signals of Residues A, B, and C, respec-
tively [35], which corresponded to two low-field signals at 102.6 and 101.6 ppm in its 13C
spectrum (Figure 3B). The molar ratio of A and B to C was about 4:1, according to the integral
area. The signals at δH 3.4–4.1 ppm were assigned to protons in other locations of saccharide
rings [11,22,35,36]. Based on COSY and TOCSY spectra (Figure 3C,D), the chemical shifts
of H2~H6 were in 3.63, 3.96, 3.66, 3.86, 3.88, and 3.76 ppm, respectively. The carbon signals
were assigned based on the assignment of the protons in HSQC spectrum. The HSQC-TOCSY
and HMBC spectra clearly showed the related signals between C-H on the saccharide ring
(Figure 3E,F). In the 13C NMR spectrum (Figure 3B), the downfield signals at 102.6 ppm
and 101.6 ppm were attributed to anomeric carbons of A/B and C, respectively. The typical
C-4 signals at ∼79.8 ppm for A and B residues were shifted ~8 ppm to low-field of δC-4,
demonstrating that A and B residues were substituted at 4-position [22,35,37]. The signals of
O-substituted C-6 and unsubstituted C-6 were at 65.4 ppm and 63.4 ppm, respectively [22].
Furthermore, the methylation analysis (Table 1) and HMBC spectrum (Figure 2G) indicated
that BCG-2 has the (1→4) linked glucan main chain and (1→6)-linked branches (Figure 4B).
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The branching point presented on the average of every tetrasaccharide fragment, indicating a
high branching degree of the α-glucan. The structure proposed for BCG-2 was similar to that
of the glucans from M. bovis [2,11] and M. tuberculosis [38], while BCG-2 exhibited different
saccharide sequences from these reported glucans.

3.6. Effects of BCG-1 and BCG-2 on the NO Stimulation

To study the immunomodulatory activity of polysaccharides BCG-1 and BCG-2, their
effects on NO production and inducible nitric oxide synthase (iNOS) expression were
tested using RAW264.7 cells. NO is known as a signaling molecule released by activated
macrophages, which is critical to defense against microbe invasion and tumor cells [39].
Additionally, iNOS is a crucial enzyme responsible for NO generation [40]. After stimula-
tion with LPS or BCG-PSN injection, RAW264.7 cells significantly increased NO secretion,
compared with control (Figure 5A). Both BCG-1 and BCG-2 dose-dependently increased
NO production by macrophages, at 10 μg/mL or above their effects were significant,
and at 50 μg/mL or above stronger than BCG-PSN. Consistently, BCG-1 and BCG-2 at
1~100 μg/mL also potently enhanced the mRNA expression of iNOS (Figure 5B). These
results suggested that BCG-1 and BCG-2 can enhance NO production from macrophages.

Figure 5. Effects of LPS, BCG-PSN, BCG-1, and BCG-2 on the production of NO (A) and mRNA
expressions of iNOS (B) in RAW264.7 cells. LPS was at 100 ng/mL, BCG-PSN was at 87.5 μg/mL.
* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control, one-way ANOVA, Dunnett’s multiple comparisons test.

3.7. Effects of BCG-1 and BCG-2 on the Production of Cytokines

Activated macrophages can release inflammation cytokines, such as TNF-α, IL-6,
IL-1β, and IL-10 [41]. In turn, the levels of these cytokines can be used to evaluate the
activation degree of macrophage. At the tested concentration, BCG-1, BCG-2, and BCG-PSN
injection could potently promote the release of TNF-α from RAW264.7 cells (Figure 6A),
BCG-1 and BCG-2 at 1 μg/mL increased TNF-α to more than four folds of the control,
comparable to the effect of LPS (100 ng/mL), and the production of TNF-α seemed to
plateau without further increase with higher doses. BCG-1, BCG-2, and BCG-PSN injection
also significantly increased the production of IL-6 to more than 1000 folds of the control,
with the activity comparable to LPS (100 ng/mL) (Figure 6B). Although the activity of BCG-
1 and BCG-2 in promoting IL-1β secretion was much weaker (exhibiting only significant
effects at 10 μg/mL or above), it is also comparable to the potency of LPS (Figure 6C).
Our results showed that BCG-1 and BCG-2 can also stimulate the production of IL-10 in a
dose-dependent manner (Figure 6D). These results are consistent with previous reports of
the immunomodulatory effects of polysaccharides [42–44]. TNF-α, IL-6, IL-1β, and IL-10
are essential immunomodulatory cytokines and play critical roles in innate and adaptive
immune responses [45,46]. The results suggested that BCG-1 and BCG-2 exhibit potent
immunomodulatory effects, comparable to or stronger than BCG-PSN, indicating that they
may be the major active ingredients of BCG-PSN injection.
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Figure 6. Effects of LPS, BCG-PSN, BCG-1, and BCG-2 on cytokines TNF-α (A), IL-6 (B), IL-1β (C),
IL-10 (D) produced by the RAW 264.7 cells. LPS was at 100 ng/mL, BCG-PSN was at 87.5 μg/mL.
* p < 0.05, ** p < 0.01, and *** p < 0.001 vs. control, one-way ANOVA, Dunnett’s multiple comparisons test.

3.8. Effects of BCG-1 and BCG-2 on the Expression of Inflammation Genes

Since cytokine productions are related to their gene expressions, we next examined
the effects of BCG-1 and BCG-2 on their relevant mRNA expression using RT-qPCR tests
(Figure 7). Obviously, untreated RAW264.7 cells expressed low mRNA levels of all in-
flammatory cytokines (TNF-α, IL-6, IL-1β, and IL-10). After stimulation with BCG-PSN
injection, the mRNA expression of cytokines TNF-α, IL-1β, and IL10 significantly increased
except for IL-6. BCG-1 and BCG-2 at 1 μg/mL or above markedly up-regulated the ex-
pression levels of TNF-α and IL-1β, while it required 10 μg/mL or above to significantly
increase IL-6 and IL-10. Taken together, it suggested that BCG-1 and BCG-2 increased the
production of inflammation cytokines from RAW264.7 cells, at least partly by enhancing
their expression at the transcriptional level.

Figure 7. Effects of LPS, BCG-PSN, BCG-1, and BCG-2 on the mRNA expressions of TNF-α (A), IL-6
(B), IL-1β (C), IL-10 (D) in the RAW 264.7 cells. LPS was at 100 ng/mL, BCG-PSN was at 87.5 μg/mL.
*** p < 0.001 vs. control, one-way ANOVA, Dunnett’s multiple comparisons test.
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In summary, the purified polysaccharides BCG-1 and BCG-2 showed obvious im-
munomodulatory effects by promoting the production of NO, TNF-α, IL-6, IL-1β, and
IL-10 from macrophages, similar to BCG-PSN injection.

4. Discussion

Clinical trials have demonstrated that BCG-PSN is effective in the treatment of asthma,
atopic dermatitis, chronic urticaria, oral, and cutaneous lichen planus [1,47]. The polysac-
charide components are believed to be the active ingredients of BCG-PSN injection. Our
present study indicated that BCG-PSN was composed of three polysaccharides, mostly
α-D-glucan, a small amount of α-D-mannan, and arabinomannan. The chemical structures
of two purified polysaccharides, BCG-1 and BCG-2, from BCG-PSN was characterized. The
polysaccharide BCG-1 was an α-D-(1→4) mannan with (1→2)-linked branches, and BCG-2
was a glucan with α-D-(1→4)-linked backbone and (1→6)-linked branches.

In the past decades, lipomannan (LM), arabinomannan (AM), and mannosylated lipoara-
binomannan (ManLAM) from M. bovis BCG were reported [25,26], while the structure–
function relationship of these polysaccharides from BCG-PSN injection was less studied.
A polysaccharide BDP and a water-soluble glucan (BCG-PASW) from BCG-PSN were re-
ported [2,11], but their biological activity remains unclear. The present study has extended
our knowledge in the structural diversity and immunostimulatory capability of polysac-
charides from Mycobacterium species. Moreover, our results have important implications
both for the understanding of active ingredients and quality control of BCG-PSN.

Macrophage activation is primarily regulated by recognizing pathogens through pat-
tern recognition receptors such as Toll-like receptors (TLRs) [39,48]. TLRs could induce
MyD88- and TRIF- dependent pathways, resulting in the activation of transcription fac-
tors NF-κB (nuclear factor kappa-B) and IRF3 (interferon regulatory factor 3), and the
up-regulation of co-stimulatory markers and proinflammatory gene expression such as
iNOS, TNF-α, IL-6, IL-1, and IL-8 [48,49]. Furthermore, TLR-MyD88 pathway is involved in
dendritic cell maturation, thereby bridging the innate and adaptive immune response [50].
It is reported that BCG-PSN can enhance adaptive immunity via activating TLR signal-
ing pathways and inducing the secretion of proinflammatory cytokines [1]. In our study,
macrophages stimulated by BCG-1, BCG-2, or BCG-PSN injection increased the gene expres-
sion of proinflammatory cytokines TNF-α, IL-6, IL-1β, as well as inflammatory mediator
iNOS (Figure 7). Consequently, these polysaccharides all substantially increased proin-
flammatory cytokines (NO, TNF-α, IL-6, and IL-1β) produced by macrophages (Figure 6).
Therefore, the active ingredients in BCG-PSN, such as BCG-1 and BCG-2, may strengthen
the immune responses, owing to activating the TLR pathway and inducing the production
of inflammatory cytokines.

Additionally, BCG-PSN can induce macrophages to kill bladder cancer cells, possibly
by expression of and synergy with Th1-stimulating cytokines [51,52]. IL-10 is a Th2 cytokine
with anti-inflammatory and immunosuppressive properties; it may prevent the secretion
of proinflammatory cytokines (TNF-α and IL-1β) and NO by macrophages [53,54]. Some
studies have suggested that blockade of IL-10 may improve the therapeutic efficacy of the
BCG vaccine in the treatment of bladder cancer patients [55,56]. Our in vitro data showed
that although BCG-1 and BCG-2 increased IL-10 production, their activities were weaker
than the positive control LPS. It is suggested that the polysaccharide chondroitin sulfate
may possess both pro-inflammatory and anti-inflammatory effects [44]. However, the exact
in vivo effect of these polysaccharides requires further study.

Taken together, BCG-1 and BCG-2 are most likely the functional components of BCG-
PSN. However, given the difference of isolation, purification, and structural characterization,
there may be other active ingredients that have not been purified and identified in BCG-PSN.
For instance, in our study, we obtained another polysaccharide (arabinomannan, BCG-3),
but its complex structure remains to be clarified in our future work. Since the bioactivity of
polysaccharides depends on their structural features, different polysaccharide components or
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proportions may impact the immunomodulatory activity of BCG-PNS. Thus, it is essential to
elucidate the structure–activity relationship of polysaccharides in BCG-PSN.

5. Conclusions

In conclusion, two polysaccharides, BCG-1 and BCG-2, were obtained from BCG-PSN.
Chemical characteristic analysis revealed that BCG-1 was an α-D-(1→4) mannan with
(1→2)-linked branches, and BCG-2 was an α-D-(1→4) glucan with (1→6)-linked branches.
Both polysaccharides showed potent immunomodulatory effects, similar to BGC-PSN
injection, significantly inducing the production of NO, TNF-α, IL-6, IL-1β, and IL-10, and
their mRNA expression by RAW 264.7 cells. These results suggested that BCG-1 and BCG-2
were most likely the functional ingredients of BCG-PSN injection.
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Abstract: High molecular weight hyaluronic acids (HMW-HAs) have been used for the palliative
treatment of osteoarthritis (OA) for decades, but the pharmacological activity of HA fragments
has not been fully explored due to the limited availability of structurally defined HA fragments.
In this study, we synthesized a series glycosides of oligosaccharides of HA (o-HAs), hereinafter
collectively referred to as o-HA derivatives. Their effects on OA progression were examined in a
chondrocyte inflammatory model established by the lipopolysaccharide (LPS)-challenged ATDC5
cells. Cell Counting Kit-8 (CCK-8) assays and reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) showed that o-HA derivatives (≤100 μg/mL) exhibited no cytotoxicity and
pro-inflammatory effects. We found that the o-HA and o-HA derivatives alleviated LPS-induced
inflammation, apoptosis, autophagy and proliferation-inhibition of ATDC5 cells, similar to the
activities of HMW-HAs. Moreover, Western blot analysis showed that different HA derivatives
selectively reversed the effects of LPS on the expression of extracellular matrix (ECM)-related proteins
(MMP13, COL2A1 and Aggrecan) in ATDC5 cells. Our study suggested that o-HA derivatives may
alleviate LPS-induced chondrocyte injury by reducing the inflammatory response, maintaining cell
proliferation, inhibiting apoptosis and autophagy, and decreasing ECM degradation, supporting a
potential oligosaccharides-mediated therapy for OA.

Keywords: osteoarthritis; hyaluronic acid; hyaluronic acid oligosaccharide derivatives; ATDC5;
lipopolysaccharide

1. Introduction

OA is a chronic disorder characterized by articular cartilage degradation, periarticular
bone sclerosis, cysts, and inflammation. It is a major cause of inactivity, pain, and disability
in middle-aged and elderly populations globally [1–3]. The disease affects the whole
articular organ and seriously increases the public health burden, and has no effective
treatment except for terminal patients to undergo joint replacement surgery [4–6]. OA
also can affect multiple tissues surrounding the joints including articular cartilage, and
chondrocytes are the major cellular component in the cartilage tissues [7,8]. The shift
of chondrocyte phenotypes has been well documented to be involved in the onset and
development of OA [8,9].

Lipopolysaccharide (LPS), a crucial metabolite and biomarker of gut microbiota, has
been identified to cause the inflammation of OA [10,11]. ATDC5, a mouse teratocarcinoma-
derived chondrogenic cell line, is regarded as an excellent in vitro cell model to explore
the molecular mechanisms underlying chondrocyte biology, chondrogenesis, and skeletal
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development because it can recapitulate the main aspects of chondrocyte differentiation,
cartilage extracellular matrix (ECM)-processing machinery, and synthesis of cartilage
matrix [12–14]. LPS-treated ATDC5 cells have been used as an in vitro model to investigate
the molecular basis of OA-related cartilage damage [15,16].

HA is a long-chain polysaccharide found in connective tissue, skin, eyes, cartilage,
bone and synovial fluid. It consists of repeated disaccharide units [17,18]. In the joint,
HA mainly concentrates on the surface of articular cartilage and synovial superficial
layer, forming a semi-permeable barrier cartilage between synovial fluid and the synovial
membrane. HA depletion is one of the pathologic factors of OA [19,20]. Moreover, the
decrease of HA concentration and molecular weight (MW) in the joints is related to OA
onset and progression [21,22]. Certain exogenous HA-based formulations have been
demonstrated to be effective in the amelioration of OA-related symptoms (e.g., pain) by
several mechanisms including the increase of HA content, inhibition of pro-inflammatory
responses, and restoration of viscoelasticity of intra-articular fluid [22–24]. The molecular
weight of HA ranges from 103 to 107 Da, and the complete hyaluronic acid chain can contain
up to 25,000 disaccharide repeat units. Based on molecular weight, HA can be divided
into several groups: HA oligosaccharide (o-HA), low molecular weight HA (LMW-HA),
medium molecular weight HA (MMW-HA), high molecular weight HA (HMW-HA) and
very high molecular weight hyaluronic acid (vHMW-HA) [25].

The size of HA decreases under pathological conditions, which increases the mechan-
ical load of cartilage and induces cartilage damage [26,27]. In previous studies, HA was
found to reduce the rate of chondrocyte apoptosis in OA patients [28]. In addition, it may
promote not only chondrocyte proliferation and metabolism, but also promote extracellular
matrix formation [19,20,29]. However, the underlying mechanisms are not well under-
stood. Similarly, the effect of changes in the molecular mass of HA in the extracellular
environment on the inflammatory processes is not fully understood [30]. Previous studies
suggest that HMW-HA preparations are generally considered to have more positive phar-
macological effects and stronger effects than LMW-HA or MMW-HA [27,31]. HMW-HA is
considered as a physiological protective agent of cells and can act as a scaffold to assem-
ble a proteoglycan matrix. It binds and aggregates its cell-surface receptors [32–34]. HA
fragments (MW ranging from LMW-HA to o-HA) produced by hyaluronidases are formed
in the inflammatory microenvironment and have been reported to induce defensive or
pro-inflammatory responses in many cell types [35–37]. Endogenous HA oligosaccharides
are recognized as the inflammatory response inducer by interacting with CD44 and toll-like
receptor 4 (TLR-4) and 2 (TLR-2) in different types of cells [38–40]. However, several studies
published in recent years have reported that HA fragments (including HA oligosaccharides)
may fail to induce proinflammatory factors or other signaling effects in some cell types,
especially in the area of OA [30,41,42].

The effects of o-HAs on the inflammation of articular chondrocytes are still unclear.
Despite advances in the chemical synthesis of o-HAs [43–45], obtaining structurally defined
derivatives is difficult. We developed a semi-synthesis route starting from acidolysis and
enzymolysis of HAs to obtain HA oligosaccharides, which were further modified at the
terminal position to to obtain methylation and azidation oligosaccharides. And their
anti-inflammatory effects were examined in ATDC5 cells. Our results show that o-HA
derivatives alleviated LPS-induced inflammation by multiple potential mechanisms.

2. Results

2.1. Study Design

Figure 1 briefly introduces the synthetic routes and molecular biological function
detection of six glycosides of HA oligosaccharides
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2.2. Synthesis of o-HA Derivatives
2.2.1. Synthesis of o-HA2OMe (6) and o-HA2N3 (7)

The HA disaccharides modified by β-methyl and β-azide were synthesized (Figure 2)
using HA polysaccharide (MW. ~500 kDa) as the starting material. Disaccharide 1 was
obtained by acid hydrolysis [46]. Acetylation in pyridine (Pyr)/acetic anhydride (Ac2O)
resulted in medium to low yield due to the presence of a large amount of inorganic salts.
A more efficient procedure for acetylation of 1 using Ac2O/dichloromethane (DCM) as
the solvent and dimethyl aminopyridine (DMAP) as the catalyst was used to obtain 2 in
31% yield with α/β = 2.5/1 [47]. The oxazoline intermediate 3 was generated from 2 in
82% yield [48], and the disaccharides 4 and 5 were obtained through a copper(II)-mediated
ring-opening reaction from the intermediate 3 in 85% and 83% yield [49], respectively. The
disaccharides 6 and 7 were provided by deprotection of the disaccharides 4 and 5 through
a standard procedure in 86% and 85% yield, respectively [50] (Figure 2).

Figure 1. Synthesis of glycosides of HA oligosaccharides and evaluation of their biological activity in
ATDC5 cells.

Figure 2. Synthesis of o-HA2OMe (6) and o-HA2N3 (7). Reagents and conditions: (a) 0.5 M HCl,
80 ◦C, 2 d; (b) 0.06 M HCl, MeOH, 4 ◦C, 4 d; (c) Ac2O, Et3N, DMAP, DCM, 2 h, α/β = 2.5/1, 31% for
3 steps; (d) TMSOTf, DCM, 4 ◦C to room temperature (rt), 82%; (e) CuCl2, MeOH/TMSN3, CHCl3,
reflux, 82% for 4, 85% for 5; (f) LiOH/H2O2, THF/H2O, −5 ◦C to rt, then 4 M NaOH, MeOH, 0 ◦C to
rt, 85% for 6, 86% for 7.
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2.2.2. Synthesis of o-HA4N3 (11) and o-HA6N3 (12)

As shown in Figure 2, HA polysaccharide (MW. ~500 kDa) was digested with bovine
testis (or testicular) hyaluronidase (BTH) (200 mg for 10 g HA polysaccharide) in NaCl/NaOAc
buffer (pH = 5.0) for 7 days to generate HA tetrasaccharide and hexasaccharide mix-
ture [51]. The mixture was converted into β-azide derivatives through a (2-chloro-N,N′-1,
3-dimethylimidazolium chloride)-mediated nucleophilic reaction with NaN3 in water with-
out protecting groups [52]. Through a continuous esterification method by sequentially
methylating and acetylating the degradation mixture, the tetrasaccharide 8 and hexas-
accharide 9 were isolated via chromatography in a three-step overall yield of 42% and
34%, respectively. The tetrasaccharide 10 and hexasaccharide 11 were provided by the
deprotection of tetrasaccharide 8 and hexasaccharide 9 through a standard procedure in
85% and 82% yield, respectively (Figure 3).

 

Figure 3. The synthesis of o-HA4N3 (11) and o-HA6N3 (12). Reagents and conditions: (a) 2.5% bovine
testis hyaluronidase, NaOAc/NaCl buffer, pH 5.0, 37 ◦C, 7 days; (b) DMC, N-methylmorpholine,
NaN3, H2O, 0 ◦C to rt; (c) 0.06 M HCl, MeOH, 4 ◦C, 4 d; (d) Ac2O, Et3N, DMAP, DCM, 2 h, 42% for 8,
34% for 9; (e) LiOH/H2O2, THF/H2O, −5 ◦C to rt, then 4 M NaOH, MeOH, 0 ◦C to rt, 85% for 10,
86% for 11.

2.2.3. Synthesis of o-HA4OMe (14) and o-HA6OMe (15)

As shown in Figure 4, the HA tetrasaccharide and hexasaccharide mixture digested by
BTH was dissolved in a high concentration of HCl/MeOH (0.5 M) solution to convert into
β-methyl derivatives, following a standard procedure of acetylation. The β-methyl deriva-
tives 12 and 13 were separated in a three-step overall yield of 21% and 19%, respectively
(Figure 4). The tetrasaccharide 14 and hexasaccharide 15 were provided by the deprotection
of tetrasaccharide 12 and hexasaccharide 13 in 85% and 82% yield, respectively.

 

Figure 4. Synthesis of o-HA4OMe (14) and o-HA6OMe (15). Reagents and conditions: (a) 0.5 M
HCl, MeOH, 0 ◦C to rt, overnight; (b) Ac2O, Et3N, DMAP, DCM, 2 h, 21% for 12, 19% for 13.
(c) LiOH/H2O2, THF/H2O, −5 ◦C to rt, then 4 M NaOH, MeOH, 0 ◦C to rt, 85% for 14, 82% for 15.

2.3. Evaluation of the Cytotoxicity and Pro-Inflammatory Activity of o-HA Derivatives in ATDC5 Cells

Before evaluating anti-inflammatory activity, we tested the cytotoxicity of the synthetic
o-HA derivatives in ATDC5 cells using the CCK-8 assay. The cell inhibitions of the six o-
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HA derivatives at different doses (0, 1, 10, 100 or 1000 μg/mL) were examined after 24 h.
o-HA2N3 and o-HA4N3 showed little effect on cell viability (Figure 5A). o-HA6N3 and
o-HA6OMe demonstrated good safety at concentrations of less than 1000 μg/mL. The
other two derivatives o-HA2OMe and o-HA6OMe showed a dose-dependent inhibition
of ATDC5 cell viability. This showed that the β-azide derivatives exhibited better safety
compared to β-methyl derivatives and the safe concentrations between 0–100 μg/mL of
the β-azide derivatives and o-HA6OMe were used in the following experiments.

Figure 5. Evaluation of the cytotoxicity and pro-inflammation of o-HA derivatives in ATDC5 cells.
(A) ATDC5 cells were seeded into 96-well plates. After 12 h of incubation, cells were treated with
different concentrations (0, 1, 10, 100, 1000 μg/mL) of o-HA derivatives for 24 h. Next, cell viability
was examined by the CCK-8 assay. (B,C) RT-qPCR was used to confirm the expression levels of pro-
inflammatory cytokines (IL-1β, IL-6) after co-culture with ATDC5 cell of o-HA derivatives (40 μg/mL)
for 24h. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. each 0 μg/mL group; ns = not statistically significant vs
Control group.

In the past study [36], HA oligosaccharides (40 μg/mL) were reported to induce
inflammatory response of mouse chondrocytes. We tested the related activity on ATDC5
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cells after treatment with the synthetic o-HA derivatives at 40 μg/mL. After treatment
with o-HA derivatives for 24 h, RT-qPCR for IL-1β (Figure 5B) and IL-6 (Figure 5C) was
performed to confirm the inflammatory effect. Results showed that all six derivatives had
no inflammation causing effect on the mRNA levels of these two inflammatory cytokines at
40 μg/mL. Moreover, to verify whether the o-HA derivatives exhibit inflammatory activity,
we added the experiment related to THP-1 cells and obtained similar results (Figure S2).

2.4. Evaluation of the Protective Effect of Different HA Derivatives on LPS-Induced Inflammatory Injury
of ATDC5 Cells

To investigate the anti-inflammatory potential of the synthetic o-HA derivatives,
we tested their effects on the expression of pro-inflammatory cytokines IL-1β and IL-6
in LPS challenged ATDC5 cells. As shown in Figure 6A,D, compared with the control
group, the mRNA levels of IL-1β and IL-6 were significantly elevated by LPS. All the
synthetic derivatives groups showed decreased mRNA levels of both pro-inflammatory
markers (IL-1β and IL-6) compared with the LPS group. The results also suggested that
the disaccharides and hexasaccharides exhibited higher potency against LPS-induced
inflammation. Considering the lower cytotoxicity of hexasaccharide derivatives, o-HA6N3
and o-HA6OMe were selected for further investigation. RT-qPCR was used to investigate
the anti-inflammatory effects of o-HA hexasaccharides, HMW-HAs (HMW-HA1 with MW.
800~1500 kDa and HMW-HA2 with MW. 1800 kDa), and o-HA6 which were obtained
from the enzymolysis of HA. We found that the mRNA levels of two HMW-HA groups
were significantly decreased compared with the control group, and o-HA6 could also
reduce the levels of IL-1β and IL-6 mRNA (Figure 6B,E). Compared with o-HA6, the other
two synthetic o-HA6 derivatives showed higher anti-inflammatory activity at a similar
level of HMW-HA.

To further verify the effect on inflammatory response, enzyme-linked immunosorbent
assay (ELISA) was used to determine the release of pro-inflammatory cytokines (IL-1β and
IL-6) (Figure 6C,F) after treatment with different HA derivatives (HMW-HA1/2, o-HA6, o-
HA6N3 and o-HA6OMe). It was found that the release of inflammatory cytokines decreased
significantly after 24 h treatment with different HA derivatives. For the inhibition of IL-1β,
all derivatives showed high potency and had no significant difference, except that the
difference between HWM-HA2 and o-HA6N3 was significant (p < 0.05) (Figure 6C). For the
inhibition of IL-6, o-HA6 and o-HA6 derivatives showed superior activity to HMW-HA2
with statistically significant difference (p < 0.05, p < 0.01), but showed no difference among
the three o-HA6 derivatives (Figure 6F). The anti-inflammatory activity of different HA
derivatives was also confirmed by Western blot analysis (Figure S3). We also examined
the anti-inflammatory activity of different HA derivatives in THP-1 cells by RT-qPCR, and
the result confirmed the anti-inflammatory activities of different HA derivatives (Figure
S4). However, a different activity pattern among the tested group was observed compared
with that in ATDC5 cells, which may be related to the different cell line and experimental
condition. Further experimental study is needed.

2.5. The Proliferation Effect of Different HA Derivatives on LPS Challenged ATDC5 Cells

To confirm the proliferation effects of different HA derivatives on LPS-challenged ATDC5
cells, flow cytometry was used to evaluate the 5-Ethynyl-2’-deoxyuridine (EdU)-positive cell
rate. As shown in Figure 7A,B, the percentage EdU-positive cells decreased significantly
after LPS was added. In contrast, treatments with different HA derivatives (HMW-HA1,
HMW-HA2, o-HA6, o-HA6N3 and o-HA6OMe) for 24 h significantly increased the per-
centage of EdU-positive ATDC5 cells, indicating that various HA derivatives can restore
cell proliferation ability (Figure 7C–G). However, according to the statistical results of
Figure 7H, there was no significant difference in the alleviating effects of different HA
derivatives on LPS-induced inflammatory injury.
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Figure 6. Effects of different HA derivatives on LPS-induced inflammatory responses in ATDC5
cells. ATDC5 cells in the LPS group were stimulated with LPS (10 μg/mL) for 24 h and then cultured
in a medium containing 10% FBS for another 24 h. For different HA derivatives groups, ATDC5
cells were treated with LPS (10 μg/mL) for 24 h followed by treatment with corresponding samples
(40 μg/mL) for an additional 24 h, respectively. (A–C) IL-1β mRNA expression levels and cytokine
level were measured by RT-qPCR and ELISA. (D–F) IL-6 mRNA expression levels and cytokine level
were measured by RT-qPCR and ELISA. **** p < 0.0001 vs. Control group; # p < 0.05, ## p < 0.01,
### p < 0.001, #### p < 0.0001 vs. LPS group.

2.6. Anti-Apoptotic Effect of Different HA Derivatives on LPS Challenged ATDC5 Cells

To study the effects of different HA derivatives on apoptosis, the TUNEL (TdT medi-
ated dUTP Nick End Labeling) assay was used to analyze apoptosis of ATDC5 cells after
LPS treatment. TUNEL assay showed that LPS-induced apoptosis of ATDC5 cells with a
significantly increased apoptotic cell ratio. All HA derivatives (HMW-HA1, HMW-HA2,
o-HA6, o-HA6N3 and o-HA6OMe) significantly inhibited LPS-induced apoptosis, among
which HMW-HA1 showed the most potent effect. o-HA6N3 and o-HA6OMe showed mod-
erate alleviating effect on apoptosis, and the difference between o-HA6N3 and o-HA6OMe
was statistically significant (p < 0.05) (Figure 8A,B). The Bcl-2 gene is known as an apoptosis-
suppressing gene. Bcl-2 can homodimerize and form heterodimers with Bax, in which
Bcl-2 acts as the apoptosis inhibitor and Bax acts as the apoptosis promoter. Therefore, we
also analyzed the protein expression of Bcl-2 and Bax by Western blot assay. The result
showed that the expression of Bcl-2 was selectively increased and that of Bax was decreased,
indicating increased cell resistance to apoptosis due to the protective effect of different HA
derivatives. Compared with the control group, Bcl-2 expression was significantly decreased
and Bax expression was significantly increased in the LPS group. After treatment with
different HA derivatives in the LPS group, the expression of Bax decreased significantly.
However, o-HA or o-HA derivatives did not significantly alter the expression of Bcl-2 in
the LPS group, but HMW-HA treatment restored the expression of Bcl-2 (Figure 8C).
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Figure 7. Effects of different HA derivatives on cell proliferation after inflammatory injury.
(A–H) ATDC5 cells in the LPS group were stimulated with LPS (10 μg/mL) for 24 h and then
cultured in the medium containing 10% FBS for another 24 h. For different HA derivatives groups,
ATDC5 cells were treated with LPS (10 μg/mL) for 24 h and different HA derivatives (40 μg/mL) for
an additional 24 h, respectively. (A–G) The positive cell ratio was measured by EdU flow cytometry
assay. (H) Histogram quantification was performed for the triplicate results. **** p < 0.0001 vs.
Control group; #### p < 0.0001 vs. LPS group.
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Figure 8. Anti-apoptotic effects of different HA derivatives on ATDC5 inflammatory injury. ATDC5
cells in the LPS group were stimulated with LPS (10 μg/mL) for 24 h and then cultured in a medium
containing 10% FBS for another 24 h. For different HA derivatives groups, ATDC5 cells were treated
with LPS (10 μg/mL) for 24 h and different HA derivatives (40 μg/mL) for an additional 24 h,
respectively. (A) Cell apoptotic pattern was examined by TUNEL assay. (B) Positive cell counts
were plotted for each treatment group for three independent replicates. (C) Western blot assay
was used to detect the protein expression levels of Bcl-2 and Bax after treatment with different HA
derivatives. **** p < 0.0001 vs. Control group; # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001,
ns = not statistically significant vs. LPS group.

2.7. Anti-Autophagy Effect of Different HA Derivatives on LPS Challenged ATDC5 Cells

The most commonly used indicator for autophagy detection is the microtubule-
associated protein light chain 3 (LC3) [53]. LC3 conversion (LC3-I to LC3-II) can be detected
by immunofluorescence analysis because the level of LC3-II correlates with the number of
autophagosomes. Our results showed that compared with control group LPS promoted
the autophagy process of ATDC5 cells (Figure 9A,B). Most of the autophagy structures
appeared at the outside of the cell membrane after LPS injury, showing the highest fluo-
rescence intensity. After treatment with the HA derivatives, the aggregation of autophagy
around the cell membrane was alleviated significantly with decreased fluorescence inten-
sity. Different HA derivatives showed prominent anti-autophagy effects revealed by the
decreased immunofluorescence intensity, but the differences among them were not statisti-
cally significant. The endogenous LC3 protein exhibits two bands expressed from the same
mRNA, LC-I with MW of 18 kDa and LC-II with MW of 16 kDa. The ratio of LC3-II/LC3-I
is closely correlated with the number of autophagosomes, serving as a reliable indicator
of autophagosome formation [54]. Therebefore, we used Western blot assay to measure
the LC3-II/LC3-I ratio in the study. The ratio of LC3-II/LC3-I increased significantly after
LPS treatment (Figure 9C). In comparison, after treatment with 40 μg/mL of different HA
derivatives for 24 h, the ratio of LC3-II/LC3-I decreased significantly. The results of o-HA
and o-HA derivatives suggest that they may be more beneficial in inhibiting autophagy in
LPS-stimulated ATDC5 cells. In addition, the autophagy-inhibiting effect of HA derivatives
was investigated in the presence of an autophagy inhibitor (Figure S5). The results showed
that in the absence of the autophagy inhibitor, o-HA derivative (o-HA6OMe) and HMW-HA
(HMW-HA1) had similar decreasing effects on the LC3-II/LC3-I ratio increase caused by
LPS (p < 0.0001). However, after the addition of the inhibitor, the decreasing effect on
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the ratio was weakened. HMW-HA1 showed a decreasing effect that was not statistically
significant, and o-HA6OMe showed a statistically significant (p < 0.05) decreasing effect.

Figure 9. Anti-autophagy effect of different HA derivatives on ATDC5 cells after inflammatory injury.
ATDC5 cells in the LPS group were stimulated with LPS (10 μg/mL) for 24 h and then cultured in
the medium containing 10% FBS for another 24 h. For different HA derivatives groups, ATDC5 cells
were treated with LPS (10 μg/mL) for 24 h and different HA derivatives (40 μg/mL) for an additional
24 h, respectively. (A) Cell autophagy pattern was assessed by LC3 immunofluorescence analysis.
(B) Relative fluorescence intensity was plotted for each treatment group for three independent
replicates. (C) LC3 protein expression level and LC3-II/LC3-I ratio were detected by Western Blot
assay. **** p < 0.0001 vs. Control group; # p < 0.05, ### p < 0.001, #### p < 0.0001 vs. LPS group.

2.8. Alleviation of the ECM Degradation by Different HA Derivatives

ECM degradation is an important pathogenic mechanism of OA, inducing a degen-
erative cycle of inflammation and degradation of cartilage by proteinases such as matrix
metalloproteinases (MMPs). MMP13 plays a key role in cartilage degradation in OA, de-
stroying not just type II collagen, but proteoglycan, type IV and type IX collagen, as well
as osteonectin and basement membrane [55]. Proteoglycans (such as Aggrecan), glyco-
proteins (such as COMP), polysaccharides and fibrins (such as collagen type II alpha 1
(COL2A1) and elastin) synthesized by chondrocytes are the main components in ECM, and
they are closely related to the progress of OA [56–58]. To evaluate the effects of different
HA derivatives on ECM degradation we measured the levels of MMP13, COL2A1 and
Aggrecan by Western blot to determine the protein indexes of cell matrix and collagen.
Results of Western blot assay showed that stimulated by LPS (Figure 10A), MMP13 was
significantly increased, and the different HA derivatives reduced the increased level; espe-
cially, o-HA6OMe showed high potency (Figure 10B). COL2A1 and Aggrecan of ATDC5
cells decreased significantly under LPS stimulation. Moreover, the treatment of different
HA derivatives (HMW-HA1, HMW-HA2, o-HA6 and o-HA6N3, except o-HA6OMe group)
reversed the decreasing trend of COL2A1 at different degrees. However, for Aggrecan,
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almost all the different HA derivatives did not show protective effects except for o-HA6N3,
which showed a slightly significant protective effect (Figure 10C,D).

Figure 10. Effects of different HA derivatives on the degradation of ECM caused by ATDC5 inflam-
matory injury. ATDC5 cells in the LPS group were stimulated with LPS (10 μg/mL) for 24 h and then
cultured in the medium containing 10% FBS for another 24 h. For different HA derivatives groups,
ATDC5 cells were treated with LPS (10 μg/mL) for 24 h and different HA derivatives (40 μg/mL) for
an additional 24 h, respectively. (A–D) The protein expression levels of ECM degradation related
indicators (MMP13, Aggrecan and COL2A1) were detected by Western blot assay. **** p < 0.0001 vs.
Control group; # p < 0.05, ## p < 0.01, ### p < 0.001, ns = not statistically significant vs. LPS group.

3. Discussion

OA is a chronic degenerative disease of the joints that leads to pain and loss of
mobility [59]. Intra-articular injection of high molecular weight HA to replace synovial
fluid that has lost its viscoelastic properties is widely used in the treatment for OA [60].
HA plays a dual role in the process of inflammation and damage of cartilage, as a pro-
inflammatory molecule or an anti-inflammatory molecule [31] It basically depends on the
molecular weight of HA. In addition, a study of rheumatoid arthritis have shown that HA
modulates inflammation based on its molecular weight, and HMW-HA was reported to
inhibit the production of pro-inflammatory mediators and down-regulate NF-kB by binding
to ICAM-1 [61]. It is well known that the immune system is essential in protecting the
body from environmental threats and pathogens [62]. However, excessive activation of the
immune system can lead to a variety of chronic and acute inflammation and cause a variety
of diseases. As members of the pattern recognition receptor (PRRs) family, 13 Toll-like
receptors (TLRs) have been identified in laboratory mice and 10 functional TLRs identified
in humans. These recognize various PAMPs (pathogen-associated molecular patterns),
including lipopolysaccharides (LPS) [63]. LPS-induced cartilage inflammation model is
often used to mimic OA in humans, which has several advantages including convenient
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operation and inflammatory effects consistent with the OA disease. Multiple studies have
shown that LPS exposure can trigger marked up-regulation in the expression levels of
pro-inflammatory cytokines (e.g., IL-1β, IL-6), pro-apoptotic protein Bax, and a noticeable
reduction in the expression of anti-apoptotic protein Bcl-2 in ATDC5 cells [64]. However,
although HMW-HAs had been demonstrated to be effective in reducing the inflammation
induced by LPS, the effects of HA fragments such as o-HAs or their derivatives on LPS-
induced cartilage inflammation are still not clear.

Great advances have been made in the chemical synthesis of HA oligosaccharides in
recent years, but the extremely long routes, low yields, small scale and high cost limit the
biological activity evaluations of HA oligosaccharides [43–45]. In addition, hyaluronic acid
can be degraded into oligosaccharides by acids and enzymes, but the main limitation of
inhomogeneity of degradation products remains [46,65,66]. In our study, HA oligosaccha-
rides were prepared in only four to five steps after acidolysis and enzymolysis of the HA
polysaccharide. In addition to obtaining structurally defined oligosaccharides, HA oligosac-
charides were modified by β-azide and β-methyl at the terminal position. The effects of
these o-HA compounds on OA development were investigated in the LPS-induced ATDC5
cell model. Our results showed that the six o-HA derivatives had similar anti-inflammatory
activity, but some differences remained. The following general conclusions were obtained:
(1) hyaluronic acid oligosaccharides derivatives exhibited anti-inflammatory activity in
a manner as effective as HMW-HAs in an LPS-challenged inflammatory model; (2) the
cytotoxicity of methylation derivates seemed to be higher than that of azide derivatives;
(3) the modifications at the terminal group might benefit the anti-inflammatory activity.

We found there were significant differences in cell viability at 24 h between the cells
treated with o-HAs modified with β-methyl group or with β-azide group. Methylated
disaccharides and tetrasaccharides showed a certain cytotoxicity, while the cytotoxicity
of methylated hexasaccharides and azide-modified hexasaccharides remained low. It is
generally believed that the longer the sugar chain of HA, the more stable the compound
and the less toxic it is to the cells. To be consistent, we selected two hexasaccharides with
terminal modifications for activity comparison with HMW-HA and unmodified o-HA6.

Although different cell sources and models were used, our results are consistent with
a previous report that various HA fragments with low endotoxin content (including o-HAs)
cannot induce or enhance proinflammatory cytokine release from chondrocytes [42]. An-
other study reported that exogenous HA fragments up to about 40 kDa in molecular weight
do not show pro-inflammatory activity in human articular chondrocytes [30]. Contrary
to most studies in this field in recent years, this suggests that the accumulation of HA-
fragment in inflammatory tissues may be the result of inflammation rather than a driver
of it. This conclusion is challenged by concerns of the purity and endotoxin content of
earlier samples. Our study has now confirmed that the HA oligosaccharide derivatives
exhibited anti-inflammatory activity comparable to HMW-HA. A recent study showed that
the enzymatically obtained HA disaccharide, ΔHA2, inhibited LPS-induced inflammation
in different cell lines (including THP-1 cells). In addition, hyaluronic acid oligosaccha-
rides (2mer–8mer) prepared by acid hydrolysis can reduce LPS-induced inflammatory
damage to varying degrees in RAW 264.7 cells [67]. Our experiment verified the activ-
ity of different HA derivatives against LPS-induced inflammatory injury in THP-1 cells.
However, evidence for the therapeutic application of hyaluronic acid oligosaccharides and
their derivatives in the treatment of osteoarthritis is still lacking. Admittedly, our study of
the ATDC5 cell line is only the first step in advancing the application of o-HAs and their
derivatives in OA.

Chondrocyte apoptosis and autophagy have been implicated in the pathogenesis of
OA [68,69]. Cell apoptosis is mediated by multiple pathways, including caspase family
members, of which anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax regulate
the release of apoptotic activators such as cytochrome C by controlling mitochondrial
membrane permeability. The Bax dimer opens channels in the membrane and increases
permeability. Bcl-2 and Bax form a heteromer and reduce permeability. Therefore, the
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increased expression of Bcl-2 and the decreased expression of Bax indicate that the cells
are more resistant to apoptosis [68]. Our study showed that LPS facilitated cell apoptosis,
while these effects were inhibited by different HA derivatives. The expression of Bax
decreased significantly after treatment with different HA derivatives in the LPS group.
However, HMW-HAs restored the protein expression level of Bcl-2. And o-HA6 or o-HA6
derivatives did not change the expression. This result may be related to the different
molecular mechanisms underlying the actions of oligosaccharides and HWM-HA. The
TUNEL assay indicated HMW-HA had the most significant anti-apoptotic effect compared
with o-HA6 derivatives, followed by o-HA6N3 and o-HA6OMe. The effect of o-HA6N3
was higher than that of o-HA6OMe.

During autophagy, the target structures are sequestered by phagophores, matured
into autophagosomes, and finally delivered to lysosomes for degradation. Autophagy is
involved in the pathophysiology of many diseases, and the study of its regulation helps
understand the outcome of many diseases. Lysosomal inhibitors that primarily block lyso-
somal degradation, such as Bafilomycin A1 (Baf-A1), protease inhibitors, and chloroquine
(CQ) [70], are used to block the final step of the autophagy process. We found that the
anti-autophagy effects of HA derivatives were weakened in the presence of the autophagy
inhibitor. After administration of lysosomal inhibitor, o-HA6OMe showed stronger in-
hibition. Compared with HMW-HA1, the number of autophagosomes was significantly
reduced. (Figure S5). Inflammation can induce the remodeling of ECM of cartilage, which
is closely associated with OA development [71]. ECM, a complex molecular network sur-
rounding the cells, plays vital roles in the maintenance and regulation of cell phenotypes,
cell/tissue functions, and tissue homeostasis [72,73]. Type II Collagen (COL2) is secreted
by chondrocytes in the form of soluble collagen. Its supramolecular structure is gener-
ally composed of three identical alpha chains (triple helices), which is held together by
interchain or intra-chain hydrogen bonds [74]. Aggrecans are the most abundant proteogly-
cans in cartilage, which is mainly composed of anionic sulfated glycoaminoglycan (GAG),
chondroitin sulfate (CS) and keratin sulfate (KS) covalently bound with the core protein
backbone. Aggrecans only exist as aggregates within the ECM. For example, the compo-
nents mentioned above are non-covalently linked to another long GAG chain, hyaluronic
acid, to form larger protein aggregates via “link proteins” [75]. Our results of Western blot
assay suggested that the effect of HA oligosaccharide derivatives on ECM supramolecular
structure in OA may depend on the down-regulation of MMP, a degradation factor, and
restoration of the three-dimensional structure of ECM (up-regulation of COL2A1). The
abnormal remodeling of ECM is related to the pathogenesis of multiple diseases [72,76].
Moreover, the destruction and disorganization of cartilage ECM is a common feature of
OA [77]. Chondrocytes play vital roles in the production, maintenance, and remodeling
of cartilage ECM by inflammatory mediators, growth factors, and enzymes [78]. In OA,
anomalous cartilage ECM signals can be transmitted to chondrocytes and lead to the ab-
normality in the phenotypes and behaviors of chondrocytes, which further triggers ECM
remodeling and cartilage disturbance, and facilitates OA progression [71,77]. Moreover,
previous studies have shown that HA can exert its biological and pharmacological activities
by regulating the chemical and physical properties of ECM [79,80]. Given the impact of the
o-HA derivates on inflammation, we further demonstrated that these o-HA derivates could
exert their protective functions by altering ECM composition and structure. Consistent with
a previous report [64], our study also demonstrated that the expression levels of aggrecan
and COL2A1 were notably reduced, and ECM degradation-related protein MMP13 was
markedly increased, in ATDC5 cells following LPS stimulation. In conclusion, the different
HA derivatives selectively alleviated LPS-induced ECM destruction in ATDC5 cells by
abating the expression of ECM-related proteins.

The o-HA derivatives with β-azide or β-methyl modification were synthesized with
a shortened procedure; these compounds can be easily produced at a large scale. These
o-HA derivatives inhibited LPS-induced pro-inflammatory responses and cell apoptosis
and autophagy in ATDC5 cells. They also restored the inhibition of cell proliferation caused
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by LPS inflammatory injury. Moreover, these o-HA derivatives partially reversed the effects
of LPS on the expression of ECM proteins (i.e., COL2A1, aggrecan) and ECM degradation-
related proteins (i.e., MMP13) in ATDC5 cells. These data suggest that o-HA derivatives
could alleviate LPS-induced chondrocyte injury by reducing inflammation and altering
ECM components, suggesting the potential therapeutic value of these HA oligosaccharides
in OA management.

4. Materials and Methods

4.1. Material and Reagents

LPS (Escherichia coli 055: B5) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). HMW-HA (0.8–1.5 × 106 Da, 1.8 × 106 Da) was obtain from Meilunbio (Dalian,
China). CCK-8 and One Step TUNEL Apoptosis Assay Kit were purchased from Beyotime
(Shanghai, China). DAPI solution and FITC conjugated Goat Anti-Rabbit IgG (H + L) was
obtained from Servicebio (Wuhan, China). All primary antibodies used in this study were
from Proteintech Group (Chicago, IL, USA) except the anti-β-actin (Medical Discovery
Leader (MDL) Biotechnology, Beijing, China), anti-IL-1β (Abcam, Cambridge, UK) and
anti-COL2A1 (Santa Cruz Biotechnology, Dallas, TX, USA). Bafilomycin A1 (Baf-A1) was
purchased from Selleck (Houston, TX, USA). The reagents used for synthesis of o-HA
derivatives were of analytical grade.

4.2. Chemical Synthesis

The detailed synthesis procedures of HA oligosaccharides are shown in Figures 2–4
and Materials and Methods S1. The 1H NMR, 13C NMR, HRMS and HPLC spectra of the
compounds are presented in Figure S1.

4.3. Cell Culture and Treatment

The mouse chondrogenic cell line ATDC5 obtained from FuHeng Cell Center (Shang-
hai, China). ATDC5 cell line was cultured in DMEM medium (Hyclone, Thermo Scientific,
Waltham, MA, USA) supplemented with 10% fetal bovine serum (Gibco, Thermo Scientific)
and penicillin/streptomycin solution (Solarbio Science & Technology, Beijing, China) at
37 ◦C in the humidified atmosphere of 5% CO2 in air. For ATDC5 inflammation damage,
the medium was replaced with medium containing 10% FBS and LPS Supplement (final
concentration 10 μg/mL) for inflammatory injury of chondrocytes.

Human monocyte cell line THP-1 cells were obtained from Procell Life Science &
Technology (Wuhan, China). RPMI-1640 was a suitable medium for THP-1 cells and was
obtained from Gibco. THP-1 cells in FBS concentration and CO2 incubator conditions were
the same as ATDC5 cells. PMA (Phorbol 12-myristate 13-acetate, 25 ng/mL, Meilunbio,
China) induced THP-1 monocytes to differentiate into macrophages. After 48 h of induction,
THP-1 cells were incubated in RPMI-1640 containing LPS (final concentration 200 ng/mL)
or LPS plus different HA derivates (40 μg/mL) for 24 h.

4.4. CCK-8 Assay

The CCK-8 assay was performed using the CCK-8 kit (Beyotime) to measure the
cytotoxicity of six o-HA derivatives in ATDC5 cells. Briefly, cells were seeded into 96-well
plates and then treated with different doses of HA oligosaccharides. At 24 or 72 h after
treatment, 10 μL of CCK-8 solution was added to each well. After 1 h of incubation, the
absorbance was measured at 450 nm. Three replicates were performed for each group.

4.5. RT-qPCR Assay

RNA was extracted from ATDC5 and THP-1 cells using the Trizol reagent (Thermo
Scientific) following the protocols of the manufacturer. RNA was reversely transcribed into
cDNA using the SuperScript III First-Strand Synthesis SuperMix for RT-qPCR (Thermo
Scientific). Real-time quantitative PCR reactions were performed on the Applied Biosys-
tems StepOne Real-time PCR system (Thermo Scientific) using the SYBR Select Master Mix
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(Thermo Scientific) and corresponding quantitative PCR primers under the reaction condi-
tions: 95 ◦C for 5 min and 40 cycles of 95 ◦C for 10 s, 58 ◦C for 20 s, and 72 ◦C for 20 s. The
quantitative PCR primers for ATDC5 were as follows: 5′-CTCCTGAGCGCAAGTACTCT-3′
(forward) and 5′-TACTCCTGCTTGCTGATCCAC-3′ (reverse) for β-actin; 5′-GTGAAATGC
CACCTTTTGACA-3′ (forward) and 5′-GATTTGAAGCTGGATGCTCT-3′ (reverse) for IL-
1β; 5′-CTTCCATCCAGTTGCCTT-3′ (forward) and 5′-CTGTGAAGTCTCCTCTCCG-3′ (re-
verse) for IL-6. The quantitative PCR primers for THP-1 were as follows: 5′-TCCTCCTGAGC
GCAAGTACTCC-3′ (forward) and 5′-CATACTCCTGCTTGCTGATCCAC-3′ (reverse) for β-
actin; 5′-CTCTCTCCTTTCAGGGCCAA-3′ (forward) and 5′-GCGGTTGCTCATCAGAATGT-
3′ (reverse) for IL-1β; 5′-ACTCACCTCTTCAGAACGAATTG-3′ (forward) and 5′-CCATCTT
TGGAAGGTTCAGGTTG-3′ (reverse) for IL-6.

4.6. ELISA

After treating the cells according to the experimental requirements, cell culture su-
pernatants were collected, and the expression of IL-1β and IL-6 was detected by ELISA
using Mouse IL-1β (BOSTER, Wuhan, China) and Mouse IL-6 ELISA kits (BOSTER, Wuhan,
China) according to the manufacturer’s instructions.

4.7. Western Blot Assay

Protein was extracted from ATDC5 cells using the Protein Extraction Solution (MDL)
supplemented with protease inhibitor (MDL). A BCA protein analysis kit (MDL) was used
to quantify protein concentration. Protein was separated by 10% sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride
membranes (0.22 μm; Millipore, Bedford, USA). After blocking non-specific interactions, the
membranes were incubated overnight at 4 ◦C with primary antibody against β-actin (MDL),
Aggrecan, Bax, Bcl-2, LC3 (Proteintech), and COL2A1(Santa Cruz). Next, the membranes
were incubated for 1 h with corresponding HRP*Polyclonal Goat Anti-Rabbit IgG (H + L)
(MDL) conjugated with horseradish peroxidase at room temperature. Finally, the proteins
were stained and captured using Pierce ECL Western Blotting Substrate (Thermo Scientific)
on the Bio-Rad ChemiDoc MP imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

4.8. TUNEL Assay

Cells were seeded into 24-well plates containing the chamber slides and cultured
overnight. Next, cells were treated with LPS (10 μg/mL) for 24 h alone or in combination
with different HA derivatives (40 μg/mL) for an additional 24 h. The cell apoptotic pattern
was detected using the One Step TUNEL Apoptosis Assay Kit (Beyotime) according to
the protocols of the manufacturer. Briefly, the cells were fixed with 4% paraformaldehyde
in phosphate buffered saline for 30 min, rinsed with PBS, and permeabilized with 0.3%
TritonX-100 for 5 min on ice followed by TUNEL for 1 h at 37 ◦C in the dark. After rinsing
f3 times with a PBS solution containing 0.1% Triton X-100 and 5 mg/mL BSA, cells were
stained with DAPI solution (Servicebio) for 5 min at room temperature. The cells with green
fluorescence were detected as apoptotic cells. After washing with PBS again for three times,
cells were observed under a fluorescence microscope (Leica, Wetzlar, Germany). TUNEL-
positive apoptotic cells were labeled with FITC (green), and cell nuclei were stained with
DAPI (blue).

4.9. Immunofluorescence (IF) Assay

Cells were seeded into 24-well plates containing the chamber slides and cultured
overnight. Cells were treated with 10 μg/mL of LPS, followed by 40 μg/mL of different
HA derivatives for 24 h. The cells growing on the chamber slides (cell-climbing films) were
fixed with 4% paraformaldehyde and blocked with goat serum (Beyotime) for 1 h at 37 ◦C.
Next, cells were incubated overnight at 4 ◦C with anti-LC3 primary antibody (Proteintech).
Subsequently, cells were incubated with fluorescence-labeled goat anti-rabbit secondary
antibody (MDL) for 1 h in the dark at 37 ◦C. Then, cells were stained with DAPI solution
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(Servicebio) for 10 min in the dark. Finally, cells were imaged under the Leica DM3000
fluorescent microscope.

4.10. EdU Flow Cytometry Assay

Cell proliferative activity was examined using the Cell-Light EdU Apollo567 In Vitro
Flow Cytometry Kit (Ribo Biotechnology, Guangzhou, China) according to the instructions
of the manufacturer. Briefly, cells were treated with 10 μg/mL of LPS, then 40 μg/mL of
different HA derivatives for 24 h. Next, 50 μM EdU solution was added to cells. After
2 h of incubation, cells were fixed with 4% paraformaldehyde for 20 min and treated with
2 mg/mL glycine for 5 min. The cells were then incubated with 0.5% TritonX-100 solution
for 10 min and stained with Apollo staining solution for an additional 10 min in the dark at
room temperature. After rinsing for 3 times with PBS, the cells were suspended again and
analyzed by flow cytometry.

4.11. Statistical Analysis

Data were analyzed using the GraphPad Prism software Version 8.3.0 (San Diego, CA,
USA). Results are shown as mean ± standard deviation. The difference among groups was
analyzed using one-way or two-way ANOVA and the Turkey test. A statistically significant
difference was defined at p < 0.05.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27175619/s1, Supplementary Materials: Materials
and Methods S1 The detailed synthesis procedures of glycosides of HA oligosaccharides and its
derivatives. Figure S1 1H NMR, 13C NMR HRMS and HPLC spectra of the compounds 2–15. Table
S1 HPLC of compounds 6, 7, 10, 11, 14 and 15. Figure S2 o-HA derivatives had no pro-inflammatory
effect on THP-1 cells. Figure S3 Different HA derivatives down-regulated IL-1β and IL-6 protein
levels in LPS-induced inflammatory injury in ATDC5 cells. Figure S4 Different HA derivatives
alleviated the inflammatory injury of THP-1 cells induced by LPS. Figure S5 The ratio of LC3-II/LC3-I
was determined by Western blot analysis after using autophagy inhibitor.
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Abstract: Recently, the strategy of multivalency has been widely employed to design glycosidase
inhibitors, as glycomimetic clusters often induce marked enzyme inhibition relative to monovalent
analogs. Polyhydroxylated pyrrolidines, one of the most studied classes of iminosugars, are an
attractive moiety due to their potent and specific inhibition of glycosidases and glycosyltransferases,
which are associated with many crucial biological processes. The development of multivalent
pyrrolidine derivatives as glycosidase inhibitors has resulted in several promising compounds
that stand out. Herein, we comprehensively summarized the different synthetic approaches to
the preparation of multivalent pyrrolidine clusters, from total synthesis of divalent iminosugars
to complex architectures bearing twelve pyrrolidine motifs. Enzyme inhibitory properties and
multivalent effects of these synthesized iminosugars were further discussed, especially for some less
studied therapeutically relevant enzymes. We envision that this comprehensive review will help
extend the applications of multivalent pyrrolidine iminosugars in future studies.

Keywords: iminosugar; pyrrolidine; multivalent effect; glucosidase inhibitors

1. Introduction

Iminosugars, containing an endocycling nitrogen atom that effectively mimics car-
bohydrates by facilitating the reversible and competitive inhibition of their processing
enzymes, have generated much attention in recent years as targets in the treatment of a
wide range of illnesses (e.g., diabetes, cancer, tuberculosis, and lysosomal storage disor-
ders, etc.) [1–6]. Given the enormous range of biochemical events in which carbohydrate
processing enzymes are implicated, iminosugars have enormous potential to be developed
as inhibitors of glycosidases (glycoside hydrolases), glycosyltransferases (glycoside syn-
thases), metalloproteinases, and nucleoside-processing enzymes [7–11]. It is worth noting
that structural modifications to find potent inhibitors of the above enzymes among two of
the most studied classes of iminosugars, polyhydroxylated pyrrolidines and piperidines,
arouse great interest because of the wide range of their biological properties, such as
glycosidase inhibition, shown over the past five decades [12–16].

The most famous representative iminosugars belonging to piperidine are derivatives
of 1-deoxynojirimycin (DNJ, Figure 1). Since DNJ’s isolation from white mulberry root
bark in 1976, hundreds of artificial iminosugars based on DNJ have been synthesized
and their bioactivities evaluated [17–21]. Two N-alkylated DNJ derivatives are approved
drugs, N-hydroxyethyl-1-deoxynojirimycin (Miglitol, Figure 1) to treat type II diabetes,
and N-butyl-1-deoxynojirimycin (Miglustat, Figure 1) to treat lysosomal storage disor-
ders (e.g., Gaucher disease). Similarly, five-membered iminocyclitols, also known as
pyrrolidine iminosugars, exhibited excellent inhibition toward glycosidases. For example,
2,5-dihydroxymethyl-3,4-dihydroxypyrrolidine (DMDP, Figure 1), the first pyrrolidine
iminosugar extracted from the leaves of Derris elliptica in 1976 [22], proved to be a potent
glycosidase inhibitor; subsequently, its analogs were also found to have significant effects
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on glycosidases [23–25]. 1,4-Dideoxy-1,4-imino-D-arabinitol (DAB, Figure 1), isolated from
the fruit of Angylocalyx boutiqueanus, exhibited strong inhibition of glycogen phosphorylase,
and is currently being explored for the treatment of type II diabetes [26,27]. 1,4-Dideoxy-
1,4-imino-L-arabinitol (LAB, Figure 1), the enantiomer of DAB, displayed more potent
specific glycosidase inhibition. A new α-glucosidase inhibitor based on LAB was reported
by Kato et al. in 2012, which showed huge potential in reducing elevated plasma glucose
after food intake when tested in vivo with a carbohydrate load at doses approximately ten
times lower than the required dose of miglitol [27–30]. In addition, Radicamines A and B
have attracted extensive interest because of their potent inhibition of α-glucosidases and
potential pharmaceutical applications [31–33]. Overall, ample evidence has established
that iminosugars have anti-diabetic effects [34–38]. Both classes of iminosugar derivatives
would be promising drug candidates, and therefore the development of synthetic strategies
and the evaluation of bioactivities are of decisive importance.

 
Figure 1. Examples of natural and synthetic iminosugars.

However, as previously introduced, only a few drugs are on the market. New strate-
gies for developing iminosugar-based glycosidase inhibitors to understand vital biological
processes or as clinical candidates are therefore major challenges in both academia and the
pharmaceutical industry [39–41]. In the last decade, a multivalent glycosidase inhibition ef-
fect, which has been extensively used in developing lectin inhibitors to seek new therapeutic
opportunities for carbohydrate-related diseases, was found and rapidly developed [42–49].
Johns and Johnson first reported the synthesis of divalent iminosugars and explored the
contribution of the multivalent strategy to biological activity in 1998 [50]. Probably due to
the reported multivalent compounds, which could not exhibit the expected inhibition ability
to glycosidase enzymes, the design of glycosidase inhibitors has not been able to attract the
interest of researchers [51,52]. The factors that hampered the application of multivalency to
iminosugars may be as follows: Firstly, there is an intrinsic structural difference between
glycosidases and lectins. The surface of lectins shows multiple carbohydrate-binding sites,
while glycosides and other carbohydrate-processing enzymes are usually monomeric and
therefore bind relatively weakly to multivalent substrates [53–55]. Secondly, the synthesis of
multivalent iminosugars is challenging. Since the click reaction was immature before 2001,
it was particularly hard to graft several monomers to a skeleton simultaneously [56,57].
In addition, the experimental results obtained were not encouraging [50–52]. It was not a
rapidly emerging area with exciting potential until the discovery of a small but quantita-
tive multivalent effect in α-mannosidase inhibition [58]. Based on the extensive literature
involving lectins and glycoclusters, several potential interactions have been proposed to
explain the multivalent effect. The “bind-and-recapture” process is a classical mode due to
the increased concentration of active molecules concentration in proximity to the binding
site (Figure 2a). The chelate effect can occur when the enzyme presents more than one
active site (Figure 2b). In addition, stronger interactions will occur when some non-catalytic
subsites interact with glycoclusters (Figure 2c). Moreover, cross-linking and aggregation

186



Molecules 2022, 27, 5420

processes may prevail with glycoclusters if the enzyme possesses a multimetric nature
(Figure 2d) [59,60].

 
Figure 2. Proposed binding models accounting for the multivalent effect: (a) Bind and recapture;
(b) Chelate process; (c) Subsite binding; (d) Cross-linking and aggregation.

The construction of multivalent iminosugars follows conventional strategies, includ-
ing modifications and protecting group chemistry of the iminosugars [50,61,62], coupling
reactions using click chemistry [45,48,63], and recently developed supramolecular self-
assembly based on π–π stacking or hydrophobic interactions [64–66]. Multimerization of
the pyrrolidines using these strategies resulted in some interesting results. For example,
multimeric pyrrolidine iminosugars were reported to be the first example of multivalent
enhancers of human α-galactosidase A (α-Gal A), an enzyme involved in Fabry disease [49].
Multivalent dendrimers decorated with the DAB exhibited a relevant multivalent effect to-
ward the lysosomal enzyme N-acetylgalactosamine-6-sulfatase (GALNS), which is involved
in a rare metabolic disorder [67]. Other multivalent effects of multivalent pyrrolidine imi-
nosugars were obtained with carbohydrate-active enzymes such as Golgi α-mannosidase
II [68], β-N-acetylglucosaminidase [69], and α-L-fucosidase [70]. This unique class of
compounds may provide new pharmaceutical opportunities to treat diseases involving
carbohydrate-processing enzymes.

Several reviews on the topic of multivalent iminosugars have been published; how-
ever, large parts deal with the synthesis and biological properties of multivalent piperidine
iminosugars rather than pyrrolidine [12,14,71,72]. Moreover, the latter research field was
scarcely reviewed in the decade of its rapid development (2012–2022) [73]. The present re-
view illustrates the detailed synthesis and multivalent effects of all multivalent pyrrolidine
iminosugars that have been assayed against various glycosidases and provide an overview
of the main achievements made to date.

2. Syntheses of Multivalent Pyrrolidine Iminosugars

2.1. Synthesis of Di- and Trivalent Iminosugars

The first synthesis of tethered di- and trivalent pyrrolidine iminosugars to interfere
with carbohydrate processing enzymes was reported by Robina and co-workers in 2013 [70].
At that time, the advantages of the multivalent effect for glycosidase inhibition over the
corresponding monomer were gradually realized (e.g., for α- and β-glucosidases [74],
for β-galactosidases [75]). Taking advantage of their experience in designing glycosidase
inhibitors [76,77], the authors investigated the multivalent approach by comparing the
α-L-fucosidase inhibitory activities of multi- and mono-pyrrolidine iminosugars. For this
purpose, four di- and trivalent pyrrolidine derivatives (1–4) were synthesized based on fuco-
configured 1,4-imino-cyclitols 5 and 6, which displayed good inhibitory activity towards
α-L-fucosidase (Figure 3). The benzylamino pyrrolidine 5, designed as a monovalent
reference for dimer 1 and trimers 2 and 3, was synthesized for the first time, while the
furyl-substituted pyrrolidine 6, previously reported by the same research group [78], was
selected for comparison with trimer 4.
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Figure 3. Structures of multivalent pyrrolidine iminosugars 1–4 and monovalent α-L-fucosidase
inhibitors 5 and 6.

The authors employed a classical amide coupling reaction to synthesize the desired
iminosugars, starting from commercially available benzylamine and the O- and N-protected
carboxylic acid 7 [70], using PyBOP as the coupling agent and DIPEA as base gave protected
intermediates. Then, the excess benzylamine was easily separated by column chromatog-
raphy. A similar method was used to remove excess amines for the preparations of 1–4.
Finally, isopropylidene deprotection with HCl and subsequent catalytic hydrogenation
with H2/Pd/C gave the corresponding target product 5 in 84% yield. Di- and trivalent
iminosugars were obtained with commercially available m-xylylenediamine 9 and triamine
10 as the scaffolds for bi- and trivalent glycomimetics, respectively. Moreover, the long-
tethered triamine 11 reported by the same research group [79] was chosen as C-3 symmetric
template to yield the long spacer trivalent iminosugar 3. Amide coupling reactions between
scaffolds and compound 7 under the same condition above gave the corresponding target
products 1–3 in moderate-to-good yields. Similarly, trimer 4 was obtained by the coupling
reaction between a previously synthesized pyrrolidine-furan carboxylic acid 12 [78] and
template 10, followed by standard reductive hydrogenation in 46% yield (Scheme 1).

To further understand the complicated multivalent effect on α-fucosidase inhibition,
Behr, Robina, and co-workers reported a library of divalent pyrrolidine iminosugars 13–17

using polyamine and triazole benzene as spacers to evaluate the contributions of the length
and rigidity of the bridge, the number of nitrogen atoms present, and the moieties close
to the pyrrolidine to the biological activity of divalent inhibitors [80]. Since there is no
report of the monovalent references 18–20, their synthesis routes were also introduced. The
inhibitory effect of chemically diverse spacers in dimers on α-fucosidase was systematically
investigated, and a potent and specific α-fucosidase inhibitor (compound 17, Ki = 3.7 nM)
was thus discovered (Figure 4).

The target monovalent inhibitors 18 and 19 were synthesized from the known allyl-
pyrrolidines 21 and 24 [81]. Starting from the (2R)-configured 21, after dihydroxylation,
oxidative cleavage with NaIO4 gave a stable intermediate 22. Pyrrolidinyl ethanol 18a was
obtained in 37% yield by reducing 22 with sodium borohydride, followed by deprotection
with hydrogen and acidification in three steps. The congener 18b was obtained by reacting
23 with benzylamine followed by deprotection with H2/Pd–C (10%), in 43% yield. How-
ever, the stereoisomers 19a and 19b of compounds 18a and 18b could not be obtained by
the same synthetic route through (2S)-configured 24, mainly due to the key intermediate
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25 after reaction with 24. The authors reported that the aldehyde 25 would go through
an epimerization process, which spontaneously opened the pyrrolidine ring to form the
conjugated aldehyde 22, impeding the synthetic purpose [81,82]. Alternatively, protection
of the amino group by switching from Bn to Boc solved this problem and gave the clean
and stable (2S)-configured 26. Target iminosugars 19a and 19b were afforded by reduction
and reductive amination under the same conditions as introduced above (Scheme 2).

 
Scheme 1. Synthesis of di- and trivalent pyrrolidine iminosugars 1–4.

 
Figure 4. Structures of divalent iminosugars 13–17 and monovalent references 18–20.
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Scheme 2. Synthesis of divalent iminosugars 13, 16, and the corresponding monomers.

The synthetic routes for dimers 13 and 16 were similar to those of their corresponding
monomers. An excess of compound 26 (2.2-fold) reacted with hexamethylene-diamine or
spermine to produce the corresponding di-imines, which were then reduced via sodium
borohydride. Silica gel chromatography was employed to separate the excess 26 and
yield the corresponding protected dimers 13 and 16, which were further deprotected
to give the target products. It is worth noting that under this method, homologue 16

with a spermine bridge contained some impurities. Hence, a further sequence of Boc
protection/purification/deprotection (MeOH: HClaq) was required to obtain pure 16 in
29% yield (Scheme 2).

The synthesis of the divalent iminosugars 14 and 15 was started from the known
compound 28 [83], which was reacted with benzylamine and sodium triacetoxyborohy-
dride, followed by acidification and deprotection to afford compound 15a in 26% yield.
Dimer 15b was obtained by debenzylation of 15a under the H2/Pd/C system in 65% yield.
Reacting 28 (2-fold excess) with hexamethylenediamine by similar methods (MgSO4 then
NaBH4 or amine then NaBH(OAc)3) both gave dimer 29 in a low yield (25%) with an
undesired trivalent product 31 (27%). Gratifyingly, the yield of 29 could be increased to
49% by reacting 28 with ethylenediamine in the presence of sodium borohydride and
2,2,2-trifluoroethanol. For exploration, the amino-protected dimer 29 and trimer 30 were
both deprotected under hydrochloric acid to generate the target products 14 and 31, which
were likewise tested towards α-fucosidase. Dimer 17 was synthesized due to the good
inhibitory activities of (pyrrolidin-2-yl)triazoles shown by the researchers previously [83].
Thus, after the reduction of 28 to 32, target dimer 17 was generated through a two-step
reaction by treating excess 32 with 1,3-bis(azidomethyl)benzene under the catalysts of CuI
and DIPEA, followed by acidification. Column chromatography was carried out to remove
unreacted 32 and yield 17 in 44% yield (Scheme 3). Increasing results began to highlight the
advantages of multivalent effects. However, some contradictory experimental results were
still reported. Elucidating the specific binding mechanisms of multi-ligands with enzymes
is urgent and challenging. Behr and co-workers reported three stereoisomeric pyrrolidine
dimers in 2016 to explore the divalent effect on fucosidase inhibition [84]. The divalent
iminosugars (33, ent-33, and meso-33) were constructed based on a known fucosidase
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inhibitor 34 reported by Steensma [85]. The monovalent iminosugars 35, ent-35, and 36

were also synthesized as referenced (Figure 5).

 
Scheme 3. Synthesis of divalent iminosugars 14, 15, and 17.

 
Figure 5. Structures of divalent inhibitors and the corresponding monomers by Behr.

Known compound 37 and its enantiomer ent-37 were used as starting materials for
synthesizing homodimer 33 and its enantiomer ent-33, respectively [86]. Hemiacetal
ent-37 was converted to 38 by amination with benzylamine. The intermediate 38 was then
subjected to a highly stereoselective ethynylmagnesium bromide-mediated nucleophilic
addition to aminoalcohol ent-39 in 70% yield for two steps [87]. Then, azide ent-40 was ob-
tained in 68% yield from ent-39 upon intramolecular nucleophilic reaction in the presence
of MsCl, which was employed to activate the secondary hydroxyl to invert the configura-
tion at C(OH). Homodimerization was carried out simply via the oxidation coupling of
pyrrolidine ent-40 using Pd(PPh3)2Cl2 and CuI as catalysts in the presence of i-PrNH2 to
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generate the diyne ent-41 in 84% yield. Finally, the target homodimer ent-33 was prepared
in 38% yield by alkyne reduction, hydrogenolysis of the benzyl groups, and acidolysis of
ent-41. Monomer ent-35 was readily prepared by the same reduction/acidolysis sequence
from ent-40. The same synthetic route was applied to the known 37 to prepare compounds
33 and 35 (Scheme 4).

 
Scheme 4. Synthesis of divalent iminosugars 33, ent-33 and monovalent references 35, ent-35.

The meso analog meso-33 cannot be obtained by coupling ent-40 with its enantiomer di-
rectly, due to the formation of hard-to-remove mixture ent-41/41. In order to avoid reaction
monitoring and isolation problems, ent-40 and known N-allyl protected enantiomer 42 [88]
were employed to obtain meso-33 through the same way used to generate 41 described
above. An excess of enantiomer 42 was necessary to decrease the production of com-
pounds ent-41 and 43. As expected, the target hetero-diyne 44 was obtained and isolated
in high yield (61%). Cleavage of the N-allyl group from 44 in the presence of NDMBA and
Pd(PPh3)4, followed by hydrogenolysis of the benzyl groups and final acidolysis, afforded
the target dimer meso-33. Monomer 36, an analog of 33 whose second pyrrolidine moiety
was replaced by a phenyl group, was prepared from the known diyne 46 [53] using classic
hydrogenation (H2, Pd/C, MeOH) in 93% yield (Scheme 5).

Two years later, Moreno Vargas and co-workers pioneered a valuable methodology for
rapid, efficient screening of the divalent inhibitors to α-fucosidases and β-galactosidase, as
well as studying the multivalent approach in the inhibition of glycosidases [89]. The Cu(I)-
catalyzed alkyne-azide cycloaddition (CuAAC) reaction, a fantastic chemical reaction based
on Huisgen 1,3-dipolar cycloaddition chemistry [90,91] and then developed by Meldal [56]
and Sharpless [57], was employed to generate three libraries of divalent iminosugars
(47a–l, 48a–l, and 49a–l) between alkynyl pyrrolidines 47–49 and the set of diazides a–i.
Due to the high efficiency of the CuAAC reaction, the obtained crude products could be
directly screened for enzyme inhibitors without purification. It is worth noting that the
discovery of the CuAAC reaction extensively promoted the development of the multivalent
approach (Figure 6).
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Scheme 5. Synthesis of divalent iminosugar meso-33 and monovalent reference 36.

 

.

Figure 6. Generation of libraries of dimeric iminosugars (47a–l, 48a–l, and 49a–l) for in situ screening.

Alkynyl pyrrolidines 47–49 were selected as the skeletons because their analogs
(pyrrolidin-2-yl)triazole and (pyrrolidin-2-yl)furans were previously shown to exhibit signif-
icant glycosidase inhibition to α-fucosidases and β-galactosidases by the same group [83,92].
The initial step was to prepare the different tethered alkynyl pyrrolidine derivatives 47–49.
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Known compounds 32 [84] and 53 [93], previously prepared by the same group from
D-lyxose and D-glucose, were employed as starting materials. Alkynyl pyrrolidine 47 was
readily prepared from 32 via Boc-deprotection in TFA in 87% yield. As expected, the
CuAAC coupling reaction was carried out between alkynyl pyrrolidine 32 and azide 50 [94]
to yield quantitative triazole 51. Then, propargylation of triazole 51 with NaH followed by
acidic deprotection of derivative 52 quantitatively provided the desired alkynyl derivative
48. Classic amide coupling conditions (PyBOP/propargylamine) were employed to form
the epimers 54a and 54b from compound 53, further separated by chromatography. Based
on the previous report, cis-configured epimer 54b was chosen for deprotection to yield
the target pyrrolidine-furan hybrid 49, since trans-configured epimer 54a exhibited weak
α-fucosidase inhibition. Finally, the diazides a–l, another part for CuAAC coupling, were
prepared according to the design of the spacer. (Pyrrolidin-2-yl)triazole libraries were
generated by parallel CuAAC couplings between alkynyl functionalized pyrrolidines 47–49

and diazides a–l under the catalysts of CuI or CuSO4. Due to the high efficiency of CuAAC
coupling, granting almost quantitative yields with no side reactions, the desired products
were all processed and directly screened for enzyme inhibition testing (Scheme 6).

 
Scheme 6. Synthesis of alkynyl pyrrolidines 47–49.

Crude screening indicated that dimer 47i was the best inhibitor of α-fucosidases
from the bovine kidney (ki = 0.15 nM), and that dimer 49e was the best inhibitor of β-
galactosidase from the bovine liver (ki = 5.8 μM). Hence, compounds 47i and 49e were
scaled up for detailed and complete analysis. To evaluate the multivalent effect on enzyme
inhibition, monovalent references 56–59 were prepared. The synthesis routes adopted the
same reaction conditions with compound 51 and CuAAC cycloaddition, and therefore will
not be repeated here (Scheme 7).

The generation and in situ bio-screening of compound libraries mediated by efficient
chemical reactions such as click reactions has proven to be an economical, rapid and efficient
screening method for enzyme inhibitors, mainly in the context that the spatial structure
of most enzymes is still unknown. More recently, Moreno and co-workers continued
their work by screening a library of divalent pyrrolidine iminosugars to find inhibitors of
human hexosaminidase [69]. A nanomolar and remarkably selective inhibitor of human
nucleocytoplasmic β-N-acetylglucosaminidase was thus discovered.
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Scheme 7. Synthesis of monovalent references 56–59.

The authors selected pyrrolidine derivative 60 as the skeleton of the divalent imi-
nosugar libraries. Compound 60 was proved to be an outstanding inhibitor of β-N-
acetylhexosaminidase in 2001 by Wong’s group [95], which is consistent with the pur-
pose of this research. Amino and azido functional groups were introduced based on 60

through molecular modification to carry out the subsequent click reaction. Azide 63 was
obtained via reduction of cyanide in the known compound 61 [96], followed by acylation
and reductive amination with 6-azidohexanal using NaBH3CN as catalyst in 49% yield
(Scheme 8) [97]. Catalytic hydrogenation of 63 by H2/Pd/C gave the amine 64 in 76% yield
(Scheme 8).

Scheme 8. Synthesis of azide 63 and amine 64.
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A sub-library I was generated via CuAAC reaction between 63 (2.4–2.5 equiv.) and
dialkynes a–e (1.0 equiv.) in the presence of CuSO4·5H2O (0.14 equiv.), sodium ascor-
bate (0.44 equiv.), and t-BuOH/H2O with high yield (Scheme 9). In parallel, (thio)urea-
bond forming reactions between compound 64 (2.4–2.5 equiv.) and diisothiocyanates A–E

(1.0 equiv.) were carried out in solvent DMSO to give a sub-library II (Scheme 10). Finally,
the crude divalent iminosugars 63a–e and 64A–E were assayed as β-N-acetylglucosaminidase
inhibitors, and thus compounds 63A and 64D, with the highest inhibitory potency, were
screened and studied in detail. Similar to the previous protocol [89], the inhibition po-
tency of divalent iminosugars was compared with corresponding monomers to evaluate
the multivalent effect. Compound 65, the reference of 63A, was synthesized by CuAAC
cycloaddition between 63 and methyl propargyl ether in 61% yield. Similarly, compound
66, as control of 64D, was generated through (thio)urea-bond forming reactions between
64 and phenyl isothiocyanate in 62% yield (Scheme 11).

 
Scheme 9. Synthesis of divalent iminosugars 63a–e.

 
Scheme 10. Synthesis of divalent iminosugars 64A–E.

As described above, several examples of multivalent pyrrolidine iminosugars were
successfully prepared and used for biological activity exploration through the efficient
CuAAC reaction. However, this reaction also brings some problems. For example, the
catalyst copper ion required has a high chance of complexing with multiple nitrogen
atoms in the triazole produced by the reaction, increasing the risk of metal ion contami-
nation [98]. Moreover, the CuAAC reaction is usually carried out in the last step between
the monovalent skeleton and scaffold, which limits the choice of monomer part of the
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final iminosugars. Therefore, developing new strategies without metal catalysts for the
preparation of bio-related iminosugars is highly desirable [61].

 
Scheme 11. Synthesis of monovalent references 65–66.

Cardona and co-workers reported an alternative way to synthesize multivalent pyrro-
lidine iminosugars without metals in 2019 [62]. The synthesis relies on iminosugar pyrroli-
dine DAB and three selective and high-yielding steps (1,3-dipole cycloaddition with nitrone
67, N–O bond cleavage of the adduct, and selective N- and/or O-allylation), and allows
the preparation of different topologies in the DAB clusters. Nitrone 67, obtained from the
commercially available tribenzylated D-arabinose [99], and allyl benzyl ether 68 [100] were
employed to prepare exo-anti isoxazolidine 69 in 85% yield through 1,3-dipole cycloaddition
(1,3 DC). The 1,3 DC process is a crucial step since a high degree of stereoselectivity in the
reaction must be guaranteed to reduce isomer formation. Previous research showed that
high exo-anti selectivity is ascribed to the tans-trans configurated nitrone 67, whose C-3 and
C-5 substituents on the same face are opposite to C-4. Thus, the exo mode was preferred to
avoid repulsive steric interactions with a substituent at C-4 [99,101,102]. Then, the cleavage
of the N–O bond of 69 in the presence of 10 equiv. of Zn afforded 70 quantitatively. Note
that compound 70 is a key intermediate since the selective N-and/or O-allylation would
generate new dipolarophiles 71–73, which would introduce a second or third DAB moiety
by 1,3 DC with nitrone 67. MW-assisted selective N-allylation of 70 was carried out using
electrophile allyl bromide to afford intermediate 71 in 86% yield. Protecting the amine of 70

using benzyl bromide, followed by selective O-allylation in the presence of allyl bromide
and K2CO3, gave intermediate 72 in 71% yield. The N,O-bis allylated pyrrolidine 73 was
obtained by treating 70 with a high excess of allyl bromide (6 equiv.) and NaH (8 equiv.) in
81% yield (Scheme 12).

The synthesis of multivalent DAB iminosugars was carried out as initially designed.
1,3 DC reaction between 71 and nitrone 67, followed by catalytic hydrogenation with Pd/C
in MeOH/HCl, gave the bis-pyrrolidinium hydrochloride 75 in quantitative yield, which
was submitted to the ion exchange resin Dowex 50WX8–200, followed by treatment with
the strongly basic Ambersep 900-OH resin to afford the divalent DAB-based iminosugar
76 in 40% yield (Scheme 13). A similar approach was applied to the preparation of dimer
79 and trimer 82 from corresponding intermediates O-allylated 72 and N,O-allylated 73
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(Scheme 14). After three steps—1,3 DC, catalytic hydrogenation, and ion exchange resin—
DAB-based iminosugars 79 and 82 were generated in 95% and 60% yield.

 
Scheme 12. Synthesis of crucial intermediates 71–73.

 
Scheme 13. Synthesis of DAB-based iminosugar 76.

2.2. Synthesis of Multivalent Iminosugars

In 2016, Cardona and co-workers explored the inhibition of sulfatases using the first
two examples of pyrrolidine clusters [67]. Nonavalent pyrrolidine iminosugars 83 and
84 were obtained from DAB and 1,4-dideoxy-1,4-imino-D-ribitol (86), prepared by the
deprotection of the starting nitrones 67 [103] and 85 [104]. Upon selective N-alkylation
with 1-azido-6-bromohexane [105] in the presence of K2CO3 under MW irradiation, DAB
gave the deprotected azide 87 in 92% yield. Reacting 87 with the nonadiyne scaffold
89 [106] using the standard CuAAC cycloaddition condition (CuSO4 (30 mol%), sodium
ascorbate (60 mol%), THF/H2O) afforded a mixture of unreacted 87 and desired product 83,
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which was further purified by column chromatography and size exclusion chromatography
Sephadex LH-20, obtaining pure 83 in 81% yield. Similar synthetic routes were applied for
the synthesis of target iminosugar 84. Starting from a different configuration of bioactive 1,4-
dideoxy-1,4-imino-D-ribitol (86), selective N-alkylation afforded 88, and CuAAC coupling
gave ribose configured 84 in 71% yield (Scheme 15).

 
Scheme 14. Synthesis of DAB-based iminosugars 79 and 82.

 
Scheme 15. Synthesis of nonavalent iminosugars 83 and 84.

The monovalent references 90 and 91 corresponding to compounds 83 and 84 were
synthesized to explore the multivalent effect further (Scheme 16). The reference 90 was
synthesized from known D-arabinose derived nitrone 67. Two-step reduction by NaBH4
followed by Zn in AcOH gave amine 92 in 98% yield, which was treated with 1-azido-6-
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bromohexane in basic conditions under microwave irradiation to afford azide 93 in 88%
yield. The CuAAC coupling between azide 93 and 3-butyn-1-ol was carried out under MW
irradiation to give 94 (93%), which was further deprotected using H2 and Pd/C in acidic
MeOH to give the final product 90 in 74% yield. Compound 91, generated through one-step
synthesis, was obtained by cycloaddition of azide 88 to 3-butyn-1-ol in the presence of
CuSO4 and sodium ascorbate under MW irradiation in 89% yield (Scheme 16).

 
Scheme 16. Synthesis of monovalent references 90 and 91.

Results showed that the nonavalent pyrrolidine iminosugar 83 exhibited impressive in-
hibition of N-acetylgalactosamine-6-sulfatase (GALNS). Considering that the DAB motif in
83 is a widely available glycosidase inhibitor, and the fact that GALNS and α-mannosidases
both have dimer properties, the same research group continued to explore the interaction
of α-mannosidases with different multivalent architectures based on iminosugar DAB in
2017 [107].

Similar to the method for synthesizing compound 83, the CuAAC cycloaddition of
intermediate azide 87 and multivalent alkyne scaffolds was exploited to generate new tetra-
and trivalent pyrrolidine iminosugars 96 and 98 (Scheme 17). Microwave-assisted CuAAC
of azide 87 (3.5 or 4.5 equiv.) with trivalent scaffold tris[(propargyloxy)methyl]amino-
methane 97 and tetravalent scaffold 95 (1.0 equiv.) in the presence of CuSO4 (0.3 equiv.)
and sodium ascorbate (0.6 equiv.) in THF/H2O a, followed by purification through flash
column chromatography and size-exclusion chromatography Sephadex LH-20 (H2O) to
separate the excess azide 87, gave the pyrrolidine iminosugar clusters 98 (48%) and 96

(76%) in good yields. In addition, inhibitory performance against a panel of glycosidases
was evaluated among the nona-, tetra-, and trivalent iminosugars 83, 96, and 98, as well as
monovalent references DAB and its derivative 90.

Two years later, Moreno Vargas and co-workers prepared four multivalent pyrrolidine
iminosugars for GH1 β-glucosidases A and B (BglA and BglB) to continue their study on
binding modes and key determinants responsible for the inhibitory effect displayed by
pyrrolidine-based clusters [108]. Therefore, as before, the CuAAC click reaction between
pyrrolidine-azide derivatives (99 and 101) and two different tri- or hexavalent alkynyl
spacers (97 and 102) was exploited to give the target clusters (103–106). It was found that
spacers containing aromatic moieties in multivalent inhibitors showed excellent inhibition
against octameric BglA (μM range) compared to the similar monomeric BglB. Moreover, a
modest multivalent effect was detected for the hexavalent inhibitor 106.

Starting from the azidomethyl pyrrolidine 107 reported by the same group, the pro-
tected azide 99 was obtained in good yield by reacting with the aromatic alkyne 108 [109]
through CuAAC and then treating with NaN3 in 93% yield. Then, classic conditions
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(HCl/THF) were used to get rid of the protecting group to give the unprotected derivative
100 quantitatively. The same reactions performed in 107 and alkyne 109 [95] via a sequence
of CuAAC coupling, nucleophilic displacement with NaN3, and acidic deprotection af-
forded 101 in high yield. The synthesis of azides 100 and 101 was not only to obtain the
final multivalent clusters but also as monomers for bioactivity control. However, due to the
poor solubility of azide 100, protected azide 99 was selected in the subsequent synthesis
and then deprotected again with hydrochloric acid (Scheme 18).

 
Scheme 17. Synthesis of DAB-based iminosugars 96 and 98.

 
Scheme 18. Synthesis of monovalent references 99–101.

Finally, microwave-assisted CuAAC cycloaddition of azide 99 or 101 with scaffolds
97 [110] and 102 [108] in the presence of CuSO4, sodium ascorbate in THF/H2O (2:1),
followed by checking reactions through 1H NMR spectra of the crude mixtures, gave the
pyrrolidine-based iminosugar clusters 103–106 in good yields (57–93%, Scheme 19). It is
worth noting that the resulting crudes, mixed with excess azide 99 or 101 and desired
products, were purified by stirring with Quadrasil® MP followed by chromatography
column (silica gel or Sephadex LH-20).

Moreno Vargas and co-workers have long worked on the design and synthesis of
mono- and multivalent iminosugars to evaluate their inhibition activities toward vari-
ous disease-related enzymes. Because two enzymes, β-glucocerebrosidase (GCase) and
α-galactosidase (α-Gal A), are involved in Fabry and Gaucher diseases, respectively, and
combined with the experimental results that pyrrolidine-3,4-diol skeleton-based iminosug-
ars exhibit bioactivity to human lysosomal GCase reported by his group [111,112], exploring
the multivalent effect on these two enzymes became their target. The author reported four
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sets of multivalent pyrrolidine iminosugars with different valency, configuration, and
spacers to perform a systematic analysis of the inhibition of the lysosomal glycosidases in
2020 [49].

 

Scheme 19. Synthesis of multivalent iminosugars 103–106.

The six azidoalkyl pyrrolidines shown in Figure 7 were selected as monovalent refer-
ences as well as anchoring moieties for CuAAC coupling reactions. Compounds 100, 101,
110, and 111 were all known compounds reported by the same group [108,111], while 112

and 113 were newly synthesized. The synthetic routes of 112 and 113 were the same as
the preparation for their epimers 101 and 100 described in Scheme 18 [108]. The known
scaffolds shown in Figure 8 were selected to synthesize the tri-, tetra-, hexa- and nonavalent
iminosugars via CuAAC coupling with azido derivatives.

 
Figure 7. Azidoalkyl pyrrolidines used as anchoring moieties.

General reaction conditions of the click reaction involved using CuSO4 and sodium
ascorbate as catalysts and in THF–H2O under microwave irradiation at 80 ◦C. Similar
to the methods for compounds 103–106, chromatography column (silica gel or Sephadex
LH-20) was employed to separate the unreacted azidoalkyl pyrrolidines. Multimeric
derivatives (114–133) were generated in high yields (55–99%). The monovalent references
(134–139) were prepared via CuAAC reaction between monomers (110 and 111) and the
corresponding alkynes in high yields (79–91%), which were submitted to evaluate inhibition
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against human GCase and α-Gal A along with the corresponding multivalent iminosugars
114–133 (Figure 9, Scheme 20).

 
Figure 8. Alkynyl scaffolds for CuAAC reaction.

 

Figure 9. Tri-, tetra-, hexa- and nonavalent iminosugars 114–133.

 
Scheme 20. Synthesis of monovalent references 134–139.
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More recently, Gaeta, Cardona, and co-workers constructed pyrrolidine-based multi-
valent clusters, employing the less researched scaffold resorcinarene [113], which exhibited
conformationally mobile ability [114–116], to explore the role of both conformability and
valency in the inhibition of therapeutically relevant enzyme Golgi α-mannosidase IIb
(GMIIb) [68].

Resorcinarene 140–142 [113,116] are macrocycles consisting of four to six rings of resor-
cinol obtained by resorcinol/aldehyde acid-catalyzed condensation reaction (Scheme 21).
Interestingly, each aromatic moiety of the macrocycle contains two hydroxyl functional
groups, making it suitable for constructing multivalent iminosugars. Azides 87 and 143,
belonging to the DAB-derived pyrrolidine family, were selected as skeletons (Scheme 21).
Azide 87 [67] was reported by the same group previously, and new azido-ending ligand
143, which possessed a more hydrophilic linker, was newly synthesized to explore the role
of the nature of linkers in bioactivity [68].

 

Scheme 21. Synthesis of multivalent iminosugars 147–150.

Different scaffolds C-methyl-resorcin [4] arene 140, resorcin [4] arenes 141, and resor-
cin [6] arenes 142 were allowed to react with propargyl bromide 2 equivalents per hydroxyl
in acetone by treatment with excess K2CO3 to give alkyne-ending scaffolds 144–146 in high
yields (58–98%). Then, target resorcinarene-based iminosugars 147–149 were obtained by
reacting azide 87 with scaffolds 144–146 through the CuAAC click reaction in moderate
yields (27–44%). The unsubstituted azides 87 and 143 were purified through chromato-
graphic column (silica gel, gradient: from MeOH to ammonia solution 4 M in MeOH).
Finally, the compound 150, featuring a more hydrophilic linker, was obtained by CuAAC
reaction between azide 143 and scaffold 146 (Scheme 21). It is worth pointing out that,
although the valency of 147 and 148 was the same, the scaffold resorcin [4] arene (140) was
conformationally blocked in a cone conformation, thanks to the presence of CH3CH bridges
between aromatic rings [117]. As a result, iminosugar 147 was more flexible than 148.
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3. Biological Activity of Multivalent Pyrrolidine Iminosugars

3.1. Inhibition of α-Fucosidases

α-Fucosidases (AFU) are lysosomal acid hydrolase enzymes that catalyze the hydroly-
sis of α-fucose units located on the cell surface oligosaccharides and participate in various
biological processes, including immune response, signal transduction, and antigenic de-
termination [118–120]. Changes in the activity of AFU in serum or tissue significantly
correlate with the occurrence of tumors, such as hepatocellular carcinoma [121], colon
adenocarcinoma [122,123], and gastric cancer [124]. Since the discovery of pyrrolidine
1,4-iminocyclitols as potent inhibitors of AFU [77,78], Robina and co-workers first explored
the AFU-inhibitory activity of di- (1) and trivalent pyrrolidine iminosugars 2–4 in 2013
(Figure 3) [70]. Results showed that all the newly synthesized compounds displayed high
AFU inhibition (IC50: 1.6–17 μM) and excellent selectivity. However, compared with the
monomer references 5 and 6 (Figure 3), the effect of multivalency was not convincing,
except for the trivalent iminosugar 2 (Ki = 0.3 μM, Table 1), which showed seven-fold
more potent inhibition activity than monovalent reference 5 (Ki = 2.1 μM). Compounds
2 and 3 (Ki = 0.4 μM, Table 1) displayed almost equivalent activities, indicating that the
increase in the length of multivalent iminosugars was not clearly linked to the inhibitory
properties of the enzyme. Divalent iminosugars with more diverse spacers were also
reported subsequently [80]. Polyamino and triazole-benzyl bridged iminosugars (13–17,
Figure 4) were constructed to develop potential inhibitors for AFU. Dimers 13, 14, and
16 showed stronger inhibition than their corresponding monomers, while compounds 14,
15, and 31 yielded the opposite results. Triazole-benzyl bridged iminosugar 17 showed
excellent enzyme inhibition to AFU (IC50 = 74 nM, Ki = 3.7 nM, Table 1) while dimer 13

(IC50 = 1.2 μM, Table 1) indicated the existence of multivalency compared with its control
19b (IC50 = 13 μM, Figure 4), a 10.8-fold potency enhancement. The result that compound
17 exhibited excellent inhibition toward AFU was consistent with the fact that the presence
of an additional aromatic or heteroaromatic binding component close to the five membered
iminocyclitols notably increases their inhibitory activity to AFU, which was shown by
Robina [83], Behr [125], and Wong [126]. To further explore the ligand-enzyme binding
modes, stereoisomeric pyrrolidine dimers (33, ent-33, and meso-33, Figure 5) with short
and flexible space were synthesized [84]. Dimer 33 showed potential inhibition of AFU
(IC50 = 0.108 μM, Ki = 23 nM, Table 1) when compared to its monovalent reference 35

(IC50 = 2.0 μM, Ki = 0.18 μM, Figure 5), which to some extent confirmed the existence
of the multivalent effect. The divalent meso-33 also showed potential inhibition of AFU
(IC50 = 0.365 μM, Ki = 0.051 μM), while compound ent-33 was significantly less potent
(IC50 = 84 μM, Ki = 12 μM). Through detailed controlled trials and structural analysis, the
authors suggested that the inhibition enhancement obtained with divalent compounds
could be explained by additional interactions of the hydrophobic moiety with a lipophilic
binding pocket other than the active site. This hypothesis was confirmed by the 3-D struc-
ture of the bacterial fucosidase BtFuc2970 complexed with the best divalent inhibitor 33.
However, other mechanisms such as rebinding could not be completely ruled out. In 2018,
Moreno Vargas and co-workers successfully screened a batch of AFU inhibitors through
the CuAAC click reaction followed by in situ biological screening and identified one of
the most effective enzyme inhibitors, 47i (IC50 = 48 nM, Ki = 15 nM, Figure 6, Table 1) [89].
The higher inhibition shown by dimer 47i compared to its analogue 48i could be argued to
be due to non-specific interactions of the diphenylsulfone spacer in the loop regions near
the GH29 family’s enzymatic active site. Due to controversy over the reference selection, a
valid multivalent effect could not be given, but the discovery of compound 47i proved the
rapidity and efficiency of the methodology, which should be highlighted in the screening
of enzyme inhibitors. To some extent, these results indicated that the multivalent effect
of iminosugars on α-fucosidases is probably due to the additional unspecific interactions
with a noncatalytic subsite, which would be beneficial to medicinal chemists in the rational
design of α-fucosidase inhibitors.
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Table 1. Inhibition activities (Ki or IC50 [μM]) and relative inhibition potencies (rp and rp/n) of some
selected pyrrolidine iminosugars described in the previous section of the present review.

Enzyme Compound Valency (n) Ki
a IC50

b Rp c Rp/n d Ref.

α-fucosidase e 2 3 0.3 1.6 7.0 2.3 [70]
“ 3 3 0.4 3.8 5.3 1.8 [70]
“ 13 2 - 1.2 10.8 5.4 [80]
“ 17 2 0.0037 0.074 4.1 2.1 [80]
“ 33 2 0.023 0.108 7.8 3.9 [84]
“ 47i 2 0.48 × 10−3 0.15 × 10−3 - - [89]

α-mannosidase f 83 9 - 0.095 13,684 1520 [107]
“ 147 8 - 5.3 245 31 [68]
“ 148 8 - 14.8 88 11 [68]
“ 149 12 - 1.2 1083 90 [68]
“ 150 12 - 10.5 124 10 [68]

Golgi α-mannosidase IIb g 147 8 – 3.7 47 6 [68]
“ 148 8 5.3 33 4.1 [68]
“ 149 12 - 0.7 250 21 [68]
“ 150 12 - 28.5 6 0.5 [68]

N-acetylgalactosamine-6-
sulfatase h

83 9 - 47 83 9.2 [67]
84 9 - 85 59 6.5 [67]

iduronate-2-sulfatase i 83 9 - 140 23 2.5 [67]
“ 84 9 - 31 177 19.7 [67]

β-N-acetylhexosaminidase j 64D 2 168 - 1.9 0.96 [69]
β-N-acetylglucosaminidase k 64D 2 0.0061 - 7.8 3.9 [69]

α-galactosidase A l 133 9 0.2 1.2 378 42 [49]
a Glycosidase inhibition constant (Ki, μM). The Ki on glycosidases was calculated from the measured IC50 value
using the Cheng–Prusoff equation. b Half maximal inhibitory concentration (IC50, μM). c Relative inhibitory
potency: Ki(monovalent reference)/Ki(glycocluster) or IC50(monovalent reference)/IC50 (glycocluster). d In-
hibitory potency per iminosugar unit. e Bovine kidney. f Jack bean. g Drosophila melanogaster. h Human leukocytes.
i Human leukocytes. j Human recombinant enzyme (pichia pastoris). k Human recombinant enzyme (escherichia
coli). l Human lysosome.

3.2. Inhibition of α-Mannosidases

α-Mannosidases are mainly involved in the biosynthesis and catabolism of N-glycans
in cells. Such processes are, for instance, involved in the treatment of cancers and lysoso-
mal diseases [127–129]. The first evidence of the multivalent effect on iminosugars was
gained through the interaction between Jack bean α-mannosidase (JBMan) and a trivalent
DNJ conjugate [58]. Due to the successful analysis of its crystal structure and the ease
of purchase, JBMan has become the most investigated enzyme for multimeric inhibition
studies [48]. Novel tri-, tetra-, and nonavalent pyrrolidine iminosugars (98, 96, and 83,
Schemes 15 and 17) were constructed by Cardona and co-workers to investigate the binding
modes to α-mannosidases [107]. A large multivalent effect was observed from the three
iminosugars (rp/n >> 1). The DAB-based nonavalent iminosugar 83 (Scheme 15) was the
best inhibitor of JBMan (IC50 = 95 nM, Table 1), with a 13,684-fold (rp/n = 1520) stronger
inhibitory potency than the corresponding the monovalent reference 90 (IC50 = 1300 μM,
Scheme 16). The trivalent compound 98 and the tetravalent 96 also showed good multi-
valent effects towards JBMan, with rp/n values of 46 and 10, respectively. Transmission
electron microscope (TEM) analysis, nuclear magnetic resonance (NMR), and molecular
dynamic studies were carried out to elucidate the binding mode of the multivalent imi-
nosugars and α-mannosidases. NMR studies showed the existence of specific interactions
of the multivalent ligands with JBMan, which presumably take place within the enzyme
active site. TEM studies indicated that the binding mode would probably be intermolecular
cross-linking, due to the formation of ligand–JBMan aggregates. It is worth noting that a
remarkable selectivity of iminosugars (83, 96, and 98) for Golgi α-mannosidase IIb (GMIIb)
over lysosomal α-mannosidase II (LManII), two biologically relevant enzymes (GMIIb:
tumor growth and cell metastasis; LManII: disorder mannosidosis), was observed. The
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interesting selectivity appeared particularly relevant for selective application of multivalent
compounds in anticancer therapy without the undesirable side effect of mannosidosis
syndrome. Subsequently, scaffold resorcinarene was employed to explore the role of both
the conformability and the valency of multivalent iminosugars to therapeutically relevant
target GMIIb [68]. Similarly, both the 8-valent (147, 148, Scheme 21) and 12-valent imi-
nosugars (149, 150, Scheme 21) exhibited greater selectivity to JBMan and GMIIb over
LManII. Biological assay indicated that 12-valent 149 had stronger inhibition, for example,
towards GMIIb (IC50 = 0.7 μM, Table 1) than 8-valent 147 (IC50 = 3.7 μM, Table 1) and 148

(IC50 = 5.3 μM, Table 1), which further showed that the inhibitory activity of resorcinarene-
based conjugates was related to their valency. The 12-valent iminosugar 150, possessing a
more hydrophilic group, showed weaker inhibition (GMIIb, IC50 = 28.5 μM, Table 1) than
the same valent 149 (GMIIb, IC50 = 0.7 μM, Table 1). This was ascribed to the unfavorable
repulsions between oxygen atoms on the linker with electron-rich atoms of the amino
acid residues of the GMIIb protein. In addition, the 12-valent 149 showed a remarkable
multivalent effect towards JBMan (IC50 = 1.2 μM) compared to its monovalent reference 90

(Scheme 16, IC50 = 1300 μM, rp/n = 90). Computational studies suggest that the binding
mode should be the rebinding process, since the resorcinarene ligands bind the dimer of the
JBMan by coordination of one Zn ion at a time. From these results, we can know that the
multivalent effect of pyrrolidine iminosugars on α-mannosidases has a great relationship
with valency. Generally, higher valency iminosugars usually exhibit better inhibitory activi-
ties. The multivalent effect is also affected by the type of linker and the conformation of the
scaffold. In addition, the proposed binding modes—cross-linking and aggregation, and
bind and recapture (Figure 2)—are more likely involved in better responses of multivalent
pyrrolidine iminosugars toward α-mannosidases. However, a binding mode that involves
both the active site and non-catalytic subsites cannot be completely excluded.

3.3. Inhibition of Other Disease-Related Glycosidases

Besides the α-fucosidases and α-mannosidases introduced above, Cardona and co-
workers explored the impact of multivalency on sulfatases involved in lysosomal stor-
age disorders (LSD) for the first time [67]. A decrease in two lysosomal enzymes, N-
acetylgalactosamine-6-sulfatase (GALNS) and iduronate-2-sulfatase (IDS) could cause
diseases of mucopolysaccharidoses: Morquio A syndrome and Hunter disease, respec-
tively [130–132]. Nonavalent DAB-based iminosugars 83 (GALNS: IC50 = 47 μM, IDS:
IC50 = 140 μM, Scheme 15, Table 1) and 84 (GALNS: IC50 = 85 μM, IDS: IC50 = 31 μM,
Scheme 15, Table 1) exhibited strong inhibition to both enzymes compared to the negligible
monovalent references 90 (GALNS: IC50 = 3900 μM, IDS: IC50 = 3200 μM, Scheme 16) and
91 (GALNS: IC50 = 5000 μM, IDS: IC50 = 5500 μM, Scheme 16). The results demonstrated
that a good multivalent effect was achieved with pyrrolidine-based clusters towards sulfa-
tases. For example, 84 showed a remarkable multivalent effect toward IDS (rp/n = 19.7,
Table 1). However, detailed kinetic studies and proposed binding modes were not given.
On the basis of this result, DAB-based iminosugars 79 (Scheme 14) and 82 (Scheme 14)
with different ligand topologies were synthesized for GALNS inhibition two years later by
changing CuAAC coupling to a new strategy which avoided contamination with copper
ions [62]. Dimer 79 and trimer 82 showed IC50 to GALNS in the low micromolar range
(0.3 and 0.2 μM, respectively), confirming that multimerization of DAB epitopes generates
potent GALNS inhibitors. Comparing the inhibitory activities of 79 and 82 with 83 and
84, we can learn that the ligand topology strongly affected the affinity of the DAB-based
multivalent iminosugars for GALNS. Divalent iminosugar 64D (Scheme 10) was discov-
ered to be a potent inhibitor of human hexosaminidases, the potential pharmacological
targets for drug development, via the screening of two libraries of divalent pyrrolidine
iminosugars [69]. The results showed that compound 64D exhibited remarkable inhibition
of human β-N-acetylglucosaminidase (hOGA) in the nanomolar range (Ki = 6.1 nM, Ta-
ble 1) compared to the monovalent reference 66 (Ki = 47.6 nM, Scheme 11). No significant
multivalent effect was observed in the inhibition of any of the hexosaminidases by dimers
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63 and 64. However, compound 64D displayed excellent selectivity towards hOGA com-
pared with human lysosomal β-N-acetylhexosaminidases (hHexB, Ki = 168 μM, Table 1),
with an approximately 27500-fold enzyme affinity enhancement. It was observed very
clearly from the result that multivalency could also be a promising tool to modulate the
inhibition selectivity of multivalent iminosugars. Similarly, the (2R)-nonavalent iminosugar
133 (Figure 9) was screened by Moreno-Vargas and co-workers for human α-galactosidase
A (α-Gal A), which is involved a common lysosomal storage disorder, Fabry disease [49].
Compound 133 displayed remarkably potent inhibition and multivalent effect (Ki = 0.2 μM,
rp/n = 42, Table 1) towards α-Gal A, being a 375-fold more potent inhibitor than the mono-
valent reference 139 (Ki = 75 μM, Scheme 20). The author suggested that the multivalent
effect was probably due to the involvement of interaction mechanisms such as statistical
rebinding, additional binding with allosteric sites, and/or aggregative processes. More
importantly, the activity enhancement effect of compound 133 towards α-Gal A in Fabry
fibroblasts constitutes the first evidence of the potential of multivalent iminosugars to act
as pharmacological chaperones in the treatment of this LSD.

4. Conclusions

The last decade has witnessed the rapid development of multivalent effects in gly-
cosidase inhibition and drug discovery. In this review, we systematically summarized the
process of fabricating multivalent iminosugars based on pyrrolidine in terms of design
strategies, synthesis routes, and glycosidase inhibition investigations. Up to 12-valent
pyrrolidine iminosugars were synthesized through classic click reactions, and thus several
outstanding inhibitors were discovered. For example, nonavalent inhibitors based on DAB
and one of its epimers demonstrated the existence of the multivalent effect in sulfatases
for the first time [67]. Moreover, nonavalent iminosugars based on pyrrolidine-triazole
moieties exhibited a remarkable multivalent effect on one important therapeutic enzyme,
human α-galactosidase A, and constitute the first evidence of a multivalent enzyme activ-
ity enhancer for Fabry disease [49]. Despite advances in the design and investigation of
multivalent iminosugars based on pyrrolidines, some problems and challenges remain.

The enzymes used for studying the multivalent approach are mostly limited to the
more researched models, such as α-mannosidase and α-fucosidase, which means the
importance of some therapeutically relevant glycosidases is overlooked. The complex and
confusing enzyme–ligand binding mechanism is not a negligible issue when developing
new relevant multivalent inhibitors. Elucidating the binding mode(s) would improve
glycosidase inhibition efficiency and selectivity, two major problems currently existing.
Despite the many challenges, we hope that, with the information presented in this review,
researchers in this field will continue to explore multivalent effects based on pyrrolidine
for developing new glycosidase inhibitors, as well as for candidates for advanced clinical
trials or markets.
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Abstract: Rhamnose-associated molecules are attracting attention because they are present in bacteria
but not mammals, making them potentially useful as antibacterial agents. Additionally, they are
also valuable for tumor immunotherapy. Thus, studies on the functions and biosynthetic pathways
of rhamnose-containing compounds are in progress. In this paper, studies on the biosynthetic
pathways of three rhamnose donors, i.e., deoxythymidinediphosphate-L-rhamnose (dTDP-Rha),
uridine diphosphate-rhamnose (UDP-Rha), and guanosine diphosphate rhamnose (GDP-Rha), are
firstly reviewed, together with the functions and crystal structures of those associated enzymes.
Among them, dTDP-Rha is the most common rhamnose donor, and four enzymes, including glucose-
1-phosphate thymidylyltransferase RmlA, dTDP-Glc-4,6-dehydratase RmlB, dTDP-4-keto-6-deoxy-
Glc-3,5-epimerase RmlC, and dTDP-4-keto-Rha reductase RmlD, are involved in its biosynthesis.
Secondly, several known rhamnosyltransferases from Geobacillus stearothermophilus, Saccharopolyspora
spinosa, Mycobacterium tuberculosis, Pseudomonas aeruginosa, and Streptococcus pneumoniae are discussed.
In these studies, however, the functions of rhamnosyltransferases were verified by employing gene
knockout and radiolabeled substrates, which were almost impossible to obtain and characterize
the products of enzymatic reactions. Finally, the application of rhamnose-containing compounds in
disease treatments is briefly described.

Keywords: rhamnose; deoxythymidinediphosphate-L-rhamnose; guanosine diphosphate rhamnose;
uridine diphosphate-rhamnose; rhamnosyltransferase; rhamnose biosynthesis

1. Introduction

Glycans are important components of various glycoconjugates, such as glycopro-
teins, glycolipids, and proteoglycans, and play pivotal roles in many biological processes,
including intracellular trafficking, cell adhesion and development, cancer progression,
host–pathogen interactions, and immune responses [1]. For a detailed structure–activity
relationship analysis of functional glycans, it is necessary to obtain molecules in structurally
homogeneous forms, which is not easy to achieve via the isolation of natural products from
biological sources. Therefore, the total synthesis of polysaccharides and their oligomeric
analogs has become a hot research topic. Rhamnose (Rha)-containing compounds (RCCs)
are especially interesting due to their potential applications, including antibacterial vac-
cines and killing tumors [2,3]. Additionally, Rha is a common component of various
bacterial polysaccharides, such as lipopolysaccharides (LPSs) [4], extracellular polysac-
charides (EPSs) [5], capsular polysaccharides (CPSs) [6], and cell wall polysaccharides [7].
In addition to bacteria, Rha is also found in viruses [8], fungi [9], plants [10], and lower
animals [11]. Interestingly, Rha has not been found in humans or other mammals. In recent
years, more evidence has emerged about its essential roles in many pathogenic bacteria,
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making it a potentially attractive therapeutic target. Furthermore, RCCs are also candidates
for vaccines, antitumor drugs, and antibacterial drugs [3,12]. Thus, there is a keen desire to
obtain and characterize RCCs. However, due to the complexity of the target molecules and
the difficulty in constructing certain glycosidic linkages, such as β-linked Rha, via chemical
glycosylation, enzymatic synthesis is particularly attractive [13]. For the enzymatic synthe-
sis of RCCs or their conjugates, rhamnosyl donors are the key substrates [14,15], which are
utilized by rhamnosyltransferases (Rha-Ts) and attached to sugar acceptors [16]. Therefore,
the catalysis of Rha-Ts and the preparation of Rha donors and acceptors in vitro are hot
topics [13,17,18]. In this paper, the biosynthetic pathways of Rha donors are reviewed,
and the development of Rha-Ts and their medical perspectives are also explored. Such
knowledge expands our understandings of the biosynthetic pathways of RCCs and could
facilitate their enzymatic synthesis.

2. Biosynthetic Pathways of Donors of RCCs

Three sugar nucleotides, including deoxythymidinediphosphate-L-rhamnose (dTDP-
Rha), guanosine diphosphate rhamnose (GDP-Rha), and uridine diphosphate-rhamnose
(UDP-Rha), can serve as Rha donors in reactions catalyzed by Rha-Ts. dTDP-Rha and GDP-
Rha are present in bacteria and fungi, whereas UDP-Rha is only found in plants. There
are probably other Rha donors involving in Rha biosynthetic pathways in Mycoplasma [19].
The biosynthetic pathways of these three Rha donors and structural, mechanistic, and
biochemical aspects of the key enzymes involved are reviewed below.

2.1. Biosynthetic Pathways of dTDP-Rha

The dTDP-Rha is one of the most important sugar precursors. Four enzymes, glucose-1-
phosphate thymidylyltransferase (RmlA), dTDP-D-glucose 4,6-dehydratase (RmlB), dTDP-
4-keto-6-deoxy-D-glucose3,5-epimerase (RmlC), and dTDP-4-keto-L-Rha reductase (RmlD),
are responsible for the formation of dTDP-Rha (Figure 1) [20]. The rmlA, rmlB, rmlC,
and rmlD genes are usually located in biosynthetic gene clusters of polysaccharides in
conserved gene orders with few exceptions [20]. Below, we discuss what is known about the
steps involved in the biosynthesis of dTDP-Rha, as well as the functions, physicochemical
properties, and crystal structures of RmlA, RmlB, RmlC, and RmlD [21].

 
Figure 1. The biosynthetic pathway of dTDP-Rha from Glc-1-P in bacteria [22,23].

RmlA is a nucleotidyltransferase that catalyzes the first reaction to form dTDP-
glucose (dTDP-Glc) by transferring a deoxythymidine triphosphate (dTTP) to glucose-
1-phosphate (Glc-1-P) via a single sequential displacement mechanism [24]. Based on the
reverse reaction, RmlA is also known to be a pyrophosphorylase [24]. RmlA has attracted
more attention because it displays unusual promiscuity toward both sugar-1-phosphates
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and nucleotide triphosphate substrates, which could be harnessed in glycorandomiza-
tion [25,26]. The inherent sugar-1-phosphate and/or nucleotide triphosphate (NTP) promis-
cuity of RmlA was further expanded by mutation studies. For example, L89T [27], E162D,
Y177F [27], T201A, and W224H [28] mutants increased its sugar-1-phosphate tolerance
and conversion [27], whereas Q24S [29] and Q83D/S [30] mutants altered the preference
for the NTP of wildtype RmlA (also called the inherent NTP purine/pyrimidine bias).
RmlA and its variants can utilize 57 sugar-1-phosphates ranging from all epimers [26],
substituted compounds (amino [30], N-acetyl [31], methyl [32], azido [32], thiol [32], and
alkyl [33]), deoxy sugars of D-glucose [32], two anomers of L-fucose [34], to pentofuranosyl-
1-phosphate [34]. In addition to sugar-1-phosphate substrates, Moretti et al. reported that
RmlA could recognize all eight natural NTPs as substrates despite its reduced activity to-
ward purine NTPs [35]. Furthermore, Cps2L (a RmlA homolog) can act on deoxythymidine
5-tetraphosphate (p4dT) and Glc-1-P to form dTDP-Glc and triphosphate (PPPi) [32]. To
date, 154 (d) nucleotide diphosphate (NDP)-sugars have been produced by RmlA and its
variants (Figure 2 and Supplementary information Table S1) [36–42].

Figure 2. Sugar-1-phosphates recognized by RmlA [22].
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The activity of RmlA is inhibited by dTDP-Glc, inorganic pyrophosphate (PPi) and
dTDP-Rha [43], and dTDP-Rha is both a competitive and a noncompetitive inhibitor [43].
Although the mechanism of noncompetitive inhibition of RmlA by dTDP-Rha proposed
by Mmot et al. remains unclear and needs to be further studied [43], the mechanism of
competitive inhibition is well understood [44], which involved: (1) dTDP-Rha occupies
the same site as dTDP-Glc; E161 of RmlA interacts with O2′ and O3′ of Rha through a
bidentate hydrogen, similar to the dTDP-Glc complex (Figure 3D); (2) The two phosphates
of dTDP-Rha move into the active site and form strong salt bridges with R194, which is
absent in the dTDP-Glc complex; (3) A hydrogen bond between ribose O3 of dTDP-Rha and
the side chain of D110 is likely replaced by the α-phosphate, resulting in the decomposition
of dTDP-Rha. Thus, it was concluded that targeting these sites could provide a potential
basis for inhibitor design. In addition, the R15 loop probably affects catalytic activity
because it is different in the active site of the dTDP-Rha complex [44]. Crystal structures of
RmlA from Pseudomonas aeruginosa [44], Escherichia coli [45], and Salmonella typhimurium [45]
showed that RmlA is a homotetramer (Figure 3A).

Figure 3. Stereo views of RmlA (Protein Data Bank (PDB) entry 4HO3) (A), dTTP (PDB entry 4HO3)
(B), Glc-1-P (PDB entry 1G23) (C), and dTDP-Rha (PDB entry 1G3L) (D) bound to RmlA. Hydrogen
bonds are shown as red lines. Helices, sheets, and loops of RmlA are colored blue, purple, and
beige, respectively. C, N, O, and P elements of ligands are shown in green, blue, red, and brown,
respectively. RmlA is shown in cartoon representation, and ligands are shown as sticks [22].

The active center of RmlA lies in a deep pocket formed by core and sugar-binding
domains [45]. G11, Q80, and G85 form hydrogen bonds with the thymine: N3 and O4 of
thymine engage in hydrogen bonds with Q80; O4 of thymine also forms hydrogen bonds
with the N atom of G85; O2 of the thymine base engages in hydrogen bonds with G11
(Figure 3B) [45]. Neither methyl group of the pyrimidine ring nor the 2-OH of ribose
interacts with RmlA, which explains why RmlA can accept UTP and dTTP as substrates.

The 3-hydroxyl group of ribose contacts Q24 (Figure 3B) [45], and glucose residue
interacts with RmlA via hydrogen bonds. Specifically, O2 and O3 of glucose form hydrogen
bonds with E161; O2, O3, and O4 of glucose form hydrogen bonds with G146 and L172; O6
of glucose forms hydrogen bonds with N111 (Figure 3C). In addition, Q26, G11, S13, and
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two water molecules bind magnesium. Therefore, the crystal structures of RmlA helped to
reveal the reaction mechanism and provide a basis for active site engineering of RmlA [35].

The second step in the dTDP-Rha biosynthetic pathway is the dehydration of dTDP-
Glc to form dTDP-4-keto-6-deoxy-D-glucose (dT4k6dG), which is catalyzed by RmlB.
Four steps have been proposed during the reaction: (1) NAD+ extracts a hydride from C4
of the glucose ring; (2) Glu135 removes a C5 proton; (3) elimination of a water molecule
between C5 and C6 generates 4-keto-5,6-glucosene as an intermediate; and (4) a hydride
is transferred from NADH to C6 of the glucose ring [46]. The substrate tolerance of
RmlB is more limited compared with that of RmlA, probably because it catalyzes the
committal step in the dTDP-Rha biosynthetic pathway [47]. The crystal structure of RmlB
from Salmonella enterica serovar Typhimurium showed that it functions as a homodimer
(Figure 4A). RmlB has two domains: a larger N-terminal domain consisting of seven
β-strands and ten α-helices to bind the nucleotide cofactor NAD+; and a smaller C-terminal
domain composed of four β-strands and six α-helices to bind dTDP-Glc [46]. The two
domains create a deep cavity in the enzyme to form the active site (Figure 4A) [46]. The key
residues interacting with NAD+ include (1) a hydrogen bond (Asp62) and a hydrophobic
crevice consisting of Ile21, Ala57, Ile59, Val77, Ala81, and Leu107 binding to the adenine
portion of NAD+, and (2) Asp37, Tyr161, and Lys171 forming hydrogen bonds with the
ribose sugar (Figure 4B) [46]. In addition, Thr133, Asp134, Glu135, Asn196, Arg231, and
Asn266 make contacts with dTDP-Glc (Figure 4C) [46]. Specifically, Thr133, Glu135, and
Asp134 bind to the 4, 6-hydroxyl groups of the glucose ring (Figure 4C), while Asn196 and
Arg231 interact with the phosphoryl oxygen atom (Figure 4C), and Asn266 hydrogen binds
to the 3-hydroxyl group of the ribose sugar (Figure 4D) [46]. Notably, Asn266 may also
control the selectivity for the deoxy-nucleotide sugar substrate in the binding site [46].

Figure 4. Stereo view of RmlB (PDB entry 1KEP) (A), NAD+ (PDB entry 1KEP) (B), and dTDP-Glc
(PDBentry 1KEU) (C) bound to RmlB, and the position of the Asn266 side chain as the sugar moves
to stack against Tyr224 (D). Hydrogen bonds are shown as red lines. Helices, sheets, and loops of
RmlB are colored blue, purple, and beige, respectively. C, N, O, and P elements of ligands are green,
blue, red, and brown, respectively. RmlB is shown in cartoon representation, and ligands are shown
as sticks [22].
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RmlC catalyzes the third step in the dTDP-Rha biosynthetic pathway, in which the C3
and C5 positions of dT4k6dG are epimerized to generate dTDP-4-keto-Rha [48]. The cat-
alytic mechanism of this catalytic reaction is proposed as follows: (1) a proton is abstracted
from C5 of glucose of dT4k6dG accompanied by epimerization, then proton donation to C5,
resulting in a mono-epimerized intermediate; (2) a proton from C3 of glucose is abstracted
accompanied by epimerization, followed by proton donation to C3; (3) a ring flip occurs [49].
These reactions need strict stereo control and a cofactor is not required [50]. RmlC and/or
RmlC co-complex structures have been obtained with dTDP-phenol, dTDP, dTDP-Glc and
dTDP-D-xylose [49,51]. RmlC functions as a homodimer (Figure 5A). The monomer con-
sists of 11 β-strands and seven α-helices that can be divided into three parts, including an
N-terminal portion, a core active site, and a C-terminal portion. A His-Asp dyad (Figure 5B)
in the active site is crucial in the RmlC catalytic mechanism because a conserved His65
residue from the His-Asp dyad extracts C5 and C3 protons (Figure 5B). Moreover, Tyr134 is
essential for epimerization and for proton incorporation at C5. However, a water molecule
may replace Tyr134 to facilitate C3 proton incorporation (Figure 5B) [49].

Figure 5. Stereo view of the RmlC (PDB entry 2IXL) (A) and His-Asp dyad of RmlC (PDB entry
2IXT) (B). Helix, sheet, and loop of RmlC are shown as blue, purple, and beige, respectively. C, N, O,
and P elements of ligands are green, blue, red, and brown, respectively. RmlC is shown in cartoon
representation, and ligands are shown as sticks [22].

RmlD catalyzes the last step in the dTDP-Rha biosynthetic pathway, in which the
C4 keto group of dTDP-4-keto-Rha is reduced to a hydroxyl group to produce dTDP-Rha
(Figure 1) [52,53]. During the reaction, proton transferred from the nicotinamide ring of the
cofactor to the C4 keto group requires the assistance of Mg2+ [52]. RmlD is a homodimer,
and the monomer consists of two domains: an N-terminal domain that binds NAD(H), and
a C-terminal domain that binds substrate [52]. Various residues are involved in interactions
with NAD(P)H, including (1) a ribose moiety located in the space formed by Ala62, Ala63,
Gly7 and Gly10, in which the 2′- and 3′-hydroxyl groups of the ribose ring and Lys132 from
the conserved YXXXK motif engage in two hydrogen bonds (Figure 6A); (2) the adenine
ring of the cofactor located in a pocket formed by Val31, Asp39, Phe40, Ala62, Ala63,
Leu80, and Phe40, in which Asp39 interacts with adenine via hydrogen bonds (Figure 6A);
(3) Gln11 and Thr 65 interact with diphosphate (Figure 6A) [52]. Three glutamic acids
(Glu15, Glu190, and Glu292) of two monomers bind to Mg2+ [52], and dTDP-Rha binds
in a pocket of RmlD built from the hydrophobic parts of the side chains of Thr65, Tyr106,
Tyr128, and Val67, together with the nicotinamide ring of the cofactor [52]. Additionally,
Thr104, 105, Trp153, the carboxamide group of the cofactor, and a water molecule interact
with L-Rha (Figure 6B) [52].
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Figure 6. Stereo view of RmlD bound to NADH (PDB entry 1KC3) (A) and dTDP-Rha (PDB entry
1KC3) (B). Hydrogen bonds are shown as red lines. Helices, sheets, and loops of RmlD are colored
blue, purple, and beige, respectively. C, N, O, and P elements of ligands are green, blue, red, and
brown, respectively. RmlD is shown in cartoon representation, and ligands are shown as sticks [22].

2.2. Biosynthetic Pathway of GDP-Rha

D-Rha is a rare 6-deoxy monosaccharide found in the LPS of pathogenic bacteria [54].
GDP-Rha is the precursor for the biosynthesis of D-Rha-containing compounds, and it is
synthesized in two steps: (1) GDP-mannose-4,6-dehydratase (GMD) catalyzes the conver-
sion of GDP-D-mannose (GDP-Man) to GDP-4-keto-6-deoxy-D-Man; (2) GDP-6-deoxy-D-
lyxo-hexos-4-ulose-4-reductase (RMD) catalyzes the production of GDP-Rha (Figure 7).
Both GMD and RMD are members of the short-chain dehydrogenase/reductase (SDR) fam-
ily. GMD is homologous to RmlB, while RMD is homologous to RmlD. However, GMD and
RMD cannot catalyze the conversion of dT4k6dG to dTDP-Rha, indicating that enzymes
involved in the GDP-D-Rha biosynthesis pathway possess strict substrate specificity. The
functions of GMD and RMD from Aneurinibacillus thermoaerophilus strain L420-91 (T) [55]
and Pseudomonas aeruginosa [56] have been confirmed in vitro.

 
Figure 7. Biosynthesis pathway of GDP-Rha [22].

GMD is present in bacteria [57], plants [58], and animals [59], and its production
serves as a branch point for several different deoxyhexoses, such as GDP-Rha, GDP-L-
fucose, GDP-6-deoxy-D-talose, and the GDP-dideoxy amino sugars [56]. GMD functions
as a homodimer [60] or a homotetramer [56] in cells. In particular, PBCV-1 GMD be-
haves as a bifunctional enzyme, displaying not only dehydratase activity but also a strong
NAD(P)H-dependent reductase activity toward GDP-4-keto-6-deoxy-D-Man (the dehydra-
tion product), leading to the formation of GDP-Rha [61]. The crystal structures of GMD
from E. coli [62], Arabidopsis thaliana [58], P. aeruginosa [56], and Paramecium bursaria Chlorella
virus 1 (PBCV-1) [63] have been reported. The GMD monomer folds into two domains:
a N-terminal cofactor-binding domain and a C-terminal substrate-binding domain. Residues
of GMDs that contact the GDP moiety are highly conserved, including Val190, Asn179,
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Lys193, Arg218, Arg279, and Glu282. However, the hexose moiety has not been success-
fully crystallized. The crystal structure of RMD from Aneurinibacillus thermoaerophilus was
reported in 2008, but the quality of the crystal structure was not good [64].

2.3. Biosynthesis Pathway of UDP-Rha

UDP-Rha is found in fungi and plants, and its biosynthesis pathway involves dehydra-
tion, epimerization, and reduction, similar to dTDP-Rha (Figure 8) [9]. Three isoenzymes
(UDP-Rha synthases, RHMs) RHM1, RHM2/RHM4 and RHM3 convert UDP-Glc to UDP-
Rha via UDP-4-keto-6-deoxy-glucose (U4k6dG) as an intermediate [65]. All the RHMs
function as the activities of UDP-D-Glc 4,6-dehydratase, UDP-4-keto-6-deoxy-D-Glc 3,5-
epimerase, and UDP-4-keto-L-Rha4-keto-reductase, respectively [66]. Other enzymes, such
as a bifunctional enzyme named nucleotide-Rha synthase/epimerase-reductase (NRS/ER),
can also act on the intermediate U4k6dG to form UDP-Rha [56,65]. Notably, it is not known
what substrates are utilized by Rha-Ts as donors in plants because there are two rhamnose
donors in plants (UDP-Rha and dTDP-Rha).

 
Figure 8. Biosynthesis pathway of UDP-Rha [22].

3. Rha-Ts Generating RCCs in Bacteria

Glycosyltransferases (GTs) are a large family of enzymes that catalyze the transfer of
saccharide moieties from glycosyl donors to a broad range of acceptor substrates, including
monosaccharides, oligosaccharides and polysaccharides, lipids, proteins, nucleic acids,
and small organic molecules, to form complex carbohydrates and glycoconjugates that
are essential to many fundamental biological processes [1]. There are three main methods
for the classification of GTs: Firstly, based on the anomeric configuration of reactants
and products, GTs are classified as inverting or retaining enzymes; Secondly, GT-A, GT-
B, and GT-C topologies of GTs are divided based on Rossmann-fold domains and the
locations of donors and acceptors; Thirdly, according to sequence similarity, GTs are
divided into 114 different families, as listed in the carbohydrate-active enzymes (CAZy)
database (http://www.cazy.org accessed on 14 March 2022). Rha-Ts are GTs that generate
RCCs, which are universally present in bacteria [67,68]. However, biochemical knowledge
on Rha-Ts is still limited.

3.1. Rha-Ts from Geobacillus Stearothermophilus

The S-layer protein of Geobacillus stearothermophilus NRS 2004/3a serves as a model for inves-
tigating O-glycosylation pathways in bacteria, and the glycans of this protein are 2-OMe-α-L-Rha-
(1→3)-β-L-Rha-(1→2)-α-L-Rha-(1→[2)-α-L-Rha-(1→3)-β-L-Rha-(1→2)-α-L-Rha-(1→]n=13–18[2)-
α-L-Rha-(1→]n=1–23)-α-L-Rha-(1→3)-β-D-Gal-(1→Protein (Figure 9) [69,70].

The polycistronic S-layer glycosylation (slg) gene cluster encodes four GTs, of which
three Rha-Ts (WsaC, WsaD and WsaF) catalyze the biosynthesis of the glycan [70]. The
biosynthesis pathway for this glycan is initiated by the transfer of a galactose residue
to a membrane-associated lipid carrier, followed by two steps catalyzed by α-1,3-Rha-Ts
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(WsaC and WsaD) that add Rha to build up the [2)-α-L-Rha-(1→]n=1–23)-α-L-Rha-(1→3)
linker, and two Rha-Ts (WsaE and WsaF) then extend the glycan chain by adding the
repeating trisaccharide motif [→2)-α-L-Rha-(1→3)-β-L-Rha-(1→2)-α-L-Rha-(1→]n=13–18
through addition of Rha. The complete glycan chain is thereafter transported across the
membrane by an ATP-binding cassette transporter (ABC transporter) and transferred to the
S-layer protein by oligosaccharyltransferase WsaB [70]. The functions of WsaC−WsaF were
proved by using the chemically synthesized β-D-Gal-(1→O)-octyl as substrate. Among
them, both WsaC and WsaD are transmembrane proteins, and the activity of WsaC requires
membranes, while WsaD can only recognize the natural substrate; WsaE is a multifunctional
enzyme, and the N-terminal domain of WsaE possesses methylase activity, whereas the
central and C-terminal domains of WsaE possess Rha-Ts activity, generating α-1,2 and α-1,3
linkages; WsaF is a β-1,2-Rha-T enzyme (Figure 10) [70].

 

Figure 9. The glycan structure of the Geobacillus stearothermophilus S-layer glycoprotein.

Figure 10. Diagram of the biosynthesis pathway of the S-layer glycoprotein glycan of Geobacillus
stearothermoph ilus NRS 2004/3a.
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WsaF is a dimer formed by two monomers that consist of two GT-B-fold domains
and a cleft between the two domains [69]. dTDP-Rha interacts with WsaF, and the dTDP-
WsaF and dTDP-Rha-WsaF complex structures revealed that thymidine contacts with
K302 and L303, while V282 and G283 interact with thymidine via van der Waals forces,
pyrophosphate binds to G63, R249 and K302 through hydrogen bonds, Rha contacts N227,
K225 and E333 directly, and Y329 engages in a stacking interaction with the hydrophobic
face of Rha [69]. The crystal structure of the WsaF–acceptor complex has not been reported.
However, the acceptor fragments of both α-L-Rha-(1-2)-α-L-Rha-(1-3)-α-L-Rha and α-L-
Rha-(1-2)-α-L-Rha-(1-3)-α-L-Rha-(1-3)-α-D-Gal were modeled manually in the tunnel using
PyMOL, suggesting that G63, I65, P54, S55, A140, Q170, D171, E173 and F176 would
form van der Waals interactions with the acceptor fragments. This was confirmed by
mutant studies [69].

3.2. Spinosyn SpnG Rha-T from Saccharopolyspora Spinosa

Spinosyn from S. spinosa is a type of macrocyclic lactone that has been used as an
agricultural antibiotic [71,72]. The entire spinosyn biosynthetic gene cluster contains
19 genes, including 5 large genes (spnA, spnB, spnC, spnD, and spnE) encoding a type I
polyketide synthase, 4 genes (spnF, spnJ, spnL, and spnM) encoding proteins involved in
intramolecular C-C bond formation, 4 genes (spnG, spnI, spnK, and spnH) encoding proteins
involved in Rha attachment and methylation, and 6 genes (spnP, spnO, spnN, spnQ, spnR,
and spnS) encoding proteins involved in forosamine biosynthesis [72]. SpnG is known to
be capable of transferring Rha from dTDP-Rha donors to spinosyn aglycone (AGL) and to
display relaxed substrate specificity [73].

SpnG forms a C2-symmetric homodimer, and each monomer contains two domains
connected by a long loop (residues 183–209) [71]. The C-terminal domain binds the donor
substrate (dTDP-Rha) and the N-terminal domain binds the acceptor substrate [71,73].
Specifically, interactions between dTDP-Rha and SpnG include thymine contacting L279,
V277, P257, and L279; α-phosphate forming hydrogen bonds with G296, T297, and T297;
β-phosphate making hydrogen bonds with M227 and V228; the 3-OH group of deoxyribose
directly forming a hydrogen bond with N202; and Rha contacting with D316, Q317, Y314,
and W142 [71]. The crystal structure of a SpnG–acceptor complex has not been reported.

3.3. WbbL from Mycobacterium Tuberculosis

The cell wall of M. tuberculosis, essential for cell proliferation and growth, is composed
of peptidoglycan, arabinogalactan, and mycolic acids [7]. The galactan of arabinogalac-
tan combines with peptidoglycan via a disaccharide linker, α-L-Rha-(1→3)-α-D-GlcNAc-
(1→P), to form the integrated mycobacterial cell wall [74]. The Rha-T enzyme WbbL forms
the disaccharide linker by transferring Rha from dTDP-Rha to decaprenyldiphosphoryl-α-
D-N-acetyl glucosamine (GlcNAc-PP-DP) [75]. The wbbL gene is essential for mycobacterial
viability and is found in the genomes of all mycobacteria [76]; hence, it is an attractive
target for antituberculosis therapeutics. Activity analysis of WbbL was performed using en-
dogenous GlcNAc-PP-DP as a substrate, and a microtiter plate method was established [74].
The bioinformatics analysis of WbbL showed that it belongs to the GT2 family with a fold
characteristic of the GT-A superfamily [74], members of which can utilize dTDP-β-Rha as a
substrate and produce an α-Rha product. In addition, this protein has a N-terminal GT do-
main, no signal peptide or transmembrane helices, and it is located outside the membrane.

3.4. Rha-Ts from Pseudomonas Aeruginosa

Pseudomonas aeruginosa is a pathogen of plants and animals, and an opportunistic
human pathogen that causes serious nosocomial infections [77]. LPSs are major virulence
factors composed of three distinct regions, i.e., lipid A, core oligosaccharide (OS), and
O polysaccharide (O antigen), which contain diverse repeating saccharide units. In this
section, we focus on Rha found in OS and O antigens.
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OS is divided into two types: one is capped (linked to O polysaccharides) with O
antigen through an α-1,3-linked L-Rha, while the other is uncapped (devoid of O polysac-
charides) and contains an α-1,6-linked L-Rha [78]. Gene knockout analysis showed that
migA and wapR genes encode α-1,3 Rha-Ts and α-1,6 Rha-Ts, respectively, which are re-
sponsible for the biosynthesis of the α-1,3-linked L-Rha and α-1,6-linked L-Rha [78]. O
antigen can also be divided into two types: heteropolymeric O antigen (formerly called B
band), containing mannosuronic acid derivatives with N-acetyl-D-fucosamine (D-FucNAc),
and an alternative LPS containing the common polysaccharide antigen (CPA; formerly
called A band). There are repeating units of O-polysaccharides of A band, namely (→3-α-
D-Rha-(1→2)-α-D-Rha (1→3)-α-D-Rha α-1→), containing a D-Rha moiety [79]. D-Rha-Ts
(including WbpY, WbpX and WbpZ) catalyze the transfer of D-Rha to an acceptor [80,81].

Rhamnolipids are detergents composed of α-D-(α-D-hydroxyalkanoyloxy) alkanoic
acids (HAA) derivatized with one or two Rha sugars (monorhamnolipids and dirhamno-
lipids; Figure 11), which are secreted by P. aeruginosa [82]. Rha-Ts I [83] and Rha-Ts II [84]
generate rhamnolipids, and their mechanism has been determined: (1) Rha-Ts I are encoded
by rhlA and rhlB genes, and gene knockout analysis of these genes indicated that RhlA
forms HAA, while RhlB is a Rha-T enzyme [85], and the heterologous expression of RhlA
and RhlB was achieved [86]; (2) gene knock-in assay proved that RhlC encodes Rha-Ts II,
which transfers the second Rha to dirhamnolipids [84].

 
Figure 11. Rha-Ts involved in the biosynthesis of rhamnolipids [22].

Additionally, a Rha-T EarP derived from P. aeruginosa has been reported that transfers
Rha from dTDP-Rha to Arg32 of the translation elongation factor P (EF-P) [87,88]. This
rhamnosylation of Arg32 by EarP can activate the functions of EF-P, which is important in
the process of protein translation in ribosome. EarP is also discovered in other clinically
relevant bacteria [89,90], indicating that this type of post-translational modification strategy
is crucial for protein translation and bacteria pathogenicity [87,88].

3.5. Rha-Ts from Streptococcus Pneumoniae

Capsular polysaccharides (CPSs) are produced by almost all isolates of S. pneumoniae
recovered from cases of invasive disease, and they are major virulence factors and immuno-
gens [91]. Rha-containing CPS has been identified in at least 27 serotypes. Rha-containing
CPS of S. pneumoniae is particularly attractive: (1) L-Rha may increase the immunogenicity
of CPS based on the immune analysis of 23F CPS, showing that α-(1→2)-linked L-Rha is
a dominant antigen [92]; (2) modified L-Rha may increase the stability of CPS based on
the analysis of a 19F CPS analog in which a residue of carba-L-Rha was inserted into the
natural trisaccharide, and this increased the stability of CPS [93]; (3) Rha-Ts are the most
prevalent GT genes in S. pneumoniae cps loci [94]. Therefore, studies on Rha of S. pneumonia
CPS may provide a new strategy for developing novel drugs to treat anti-pneumococcal
infections. However, new serotypes should be identified, and attempts to determine the
structures of CPSs and Rha-Ts have been reported [95,96].
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3.6. Rha-Tss from Other Bacteria

Although numerous Rha-Ts have been predicted, the in vitro biochemical knowl-
edge of these enzymes is limited. Gene mutants have confirmed the functions of some
Rha-Ts, including RgpF [97], WbgA [97], AceR [98], AntB [99], and GacB [100]. Heterolo-
gous expression has also been used to confirm the functions of Rha-Ts, as exemplified by
HlpA/RtfA [101]. Rha-Ts from Mycobacterium smegmatis [93], Streptococcus anginosus [102],
serotype VIII capsular polysaccharide (CPS) of Group B Streptococci (GBS) [103], and Vibrio
cholera [104] have also been reported.

This review mainly overviews the research advance of the Rha-Ts derived from bacterial;
however, there are also other enzymes involved in RCC biosynthesis that will not be described
in detail here. For example, several Rha-Ts from plants have been reported [105–107]. Addi-
tionally, in recent years, α-L-rhamnosidase has been found to synthesize RCCs by a reverse
hydrolyzing mechanism, which has attracted extensive attention [108,109].

4. Application of RCC in the Research and Development of New Drugs

4.1. Rha Increases the Immunogenicity of Tumour-Associated Carbohydrate Antigen (TACA) Vaccines

TACAs are carbohydrates expressed at high levels on the surface of tumor cells [110,111],
and anti-TACA vaccines have been well developed [112]. However, the immunogenicity of
TACAs is very low [113]. Saccharide conjugating to proteins can increase its immunogenic-
ity, and this approach was then widely applied in conjugation vaccinations [114]. Although
some glycoconjugate TACA cancer vaccines have shown promising therapeutic potential,
no vaccine has yet achieved a satisfactory survival rate in clinical trials [115,116]. Guo
group developed both positive and negative immunotherapies with unnatural TACAs for
testing against cancers [117,118]. However, the quality control of reactions was difficult,
and unexpected immune responses to proteins and linkages limited their application.

To solve these problems, two strategies have been developed: using a low-molecular-
weight peptide (such as YAF) in place of proteins to increase immunogenicity of TACAs,
and antigens targeting antigen-presenting cells (APCs) [117,118]. Additionally, saccharide
binding to Rha can improve immunogenicity, as demonstrated by Oyelaran et al. who
reported that human serum contains high levels of anti-Rha antibody [119]. Zhang et al.
reported that L-Rha conjugated with truncated MAGE-A3 enhanced the immunogenicity of
melanoma-associated antigen A3, thereby stimulating antitumor immune responses [120].
A study by Sarkar et al. showed that L-Rha binding to carbohydrate antigens enhanced
antigenicity in mice [121]. In 2013, this team also successfully formulated a MUC1 VNTR
TACA conjugate into a liposome-based anticancer vaccine, and the immunogenicity of the
vaccine was further augmented by incorporating surface-displayed L-Rha epitopes onto
liposomes [122]. Li et al. reported a strategy targeting tumor cells using ligand-incorporated
Rha-functionalized liposomes [123]. Additionally, L-Rha epitopes can also enhance cellular
immunogenicity. Partha et al. reported that the Rha-decorated liposomal Pam3Cys-MUC1-
Tn vaccine showed higher cellular immunogenicity [2]. In addition, the immunogenicity
of Rha-decorated liposomal Pam3Cys-MUC1-Tn was further augmented in mice when
received human anti-Rha antibodies prior to its vaccination [124]. Additionally, Rha and
sTn antigen, co-conjugated to bovine serum albumin (BSA), significantly enhanced antigen
uptake through the involvement of Rha-specific antibodies [125]. Together, these studies
showed that TACA vaccines containing Rha can increase immunogenicity. Compared with
Galα1-3Galβ1-4GlcNAc-R (α-Gal epitope), Rha not only increases the immunogenicity of
TACAs, but also can be used directly in wild-type mice [126].

In addition to TACA vaccines, the strategies of enhancing the monoclonal antibodies’
(mAbs) efficacy were also developed by using high levels of anti-Rha antibody of the
human serum [127,128]. MAbs are one of the most rapidly growing drug classes used for
the clinical practice, such as cancer and infectious and autoimmune diseases. Complement-
dependent cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC)
are effector functions for antibodies to deplete target cells [128]. Rituximab is one of the
commercially available mAbs, which is site-specifically conjugated with the Rha hapten
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to generate rituximab–Rha conjugates, to recruit anti-Rha antibodies onto the cancer cell
surface and further form an immune complex that leads to magnifying ADCC and CDC si-
multaneously [128]. Ou et al. reported an efficient chemoenzymatic synthesis of structurally
well-defined conjugates of antibody–rhamnose clusters to recruit natural anti-rhamnose
antibodies for the enhancement of the CDC effects [127]. In addition, Coen et al. reported
on antibody-recruiting glycopolymers (ARGPs) that consist of polymeric copies of a rham-
nose motif, which can bind anti-Rha antibody of the human serum, for the design of potent
immunotherapeutics that mark target cells for destruction by the immune system through
ADCC [129]. These studies developed general and cost-effective approaches to augment
the mAb effector functions with the engagement of anti-Rha antibody of the human serum
that may have broad applications.

4.2. Rha-Containing Tumor-Killing Agents

Many natural products are known to have human health benefits, such as saponins and
tumor-killing agents. The relationships between biological activity and chemical structure
of some tumor-killing agents indicate that Rha may play a crucial role in determining bio-
logical properties. For example, kaempferol-3-O-(3′′,4′′-di-O-acetyl-α-L-rhamnopyranoside;
SL0101) from Forsteronia refracta can inhibit the activity of Ser/Thr protein kinases (RSKs)
that are closely related to the proliferation and metastasis of many tumor cells [130]. During
this process, acylation of the Rha moiety of SL0101 is required for high-affinity binding
and selectivity [118]. In addition, the Rha moiety of solamargine and solasonine is a key
factor in anticancer activity [131,132]. Lou group demonstrated why Rha plays an impor-
tant role in the anticancer activity of solasodine-derived rhamnosides; they reported that
Rha-binding lectins (RBLs) on the surface of tumor cells conjugated with Rha to mediate
the transportation of rhamnosides [133].

Furthermore, due to specificity of the interactions between carbohydrates and cell
receptors, a lectin-directed enzyme-activated prodrug therapy (LEAPT) strategy was devel-
oped [134]. Specifically, in the first phase of this strategy, a glycosylated enzyme is targeted
to specific cell types or tissues; in the second phase, prodrugs capped with sugars are
administered; the glycosylated enzyme is then able to activate the prodrugs at the site of
interest by cleaving the prodrug linkage; the interaction of both prodrug and enzyme relies
on their precise glycosylation, and Rha-doxorubicin and Rha-5-fluorouracil are effective
examples [134]. Although the Rha of tumor-killing agents is a key factor in tumor killing,
L-Rha cannot kill tumor cells directly because it does not affect energy metabolism [135].

4.3. Inhibitors of Rha Synthetases as Drug Targets

Many prevalent and opportunistic pathogens, including M. tuberculosis, P. aeruginosa,
and S. pneumoniae, are particularly difficult to treat due to their intrinsic chemo-resistance
and their ability to acquire further resistance mechanisms against antimicrobial agents.
Rha biosynthesis pathways have been discovered in numerous bacteria and fungi, but
they have not been discovered in humans, hence they might be potential therapeutic
targets [136,137]. The first nanomolar inhibitors of RmlA from P. aeruginosa were thymine
analogs, and some inhibitors also showed inhibitory activity against M. tuberculosis [138].
In addition, L-Rha-1-C-phosphonate is the best inhibitor of Cps2L, and a fluorine atom at
C1 can increase inhibition by 25%, but two fluorine atoms at C1 had an adverse effect [139].
Furthermore, RmlC is the most promising therapeutic target because it possesses high
substrate specificity and it does not require a cofactor [140].

5. Conclusions

RCCs are present in bacteria but not in humans and other mammals, making them
valuable for tumor immunotherapy and treating antibacterial infections. To date, RCCs
have been studied extensively, and produced a series of excellent results, i.e., the discovery
of the biosynthetic pathways of three rhamnose donors, the discovery of Rha-Ts, and their
application to the treatment of various diseases. In this review, the biosynthesis pathways
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and the properties of the related enzymes from three donor substrates, including dTDP-Rha,
GDP-Rha, and UDP-Rha, were reviewed in detail, which is of great significance for the
development of the strategies for the preparation of donor substrates of Rha-Ts in vitro.
In addition, the functions and properties of Rha-Ts were also reviewed, which provides
theoretical guidance for the development of Rha-Ts and the enzymatic synthesis of RCCs. It
is important to note the complex and diverse structures of the receptor substrates of Rha-Ts,
which need to be further studied. However, the research of the synthesis pathways of RCCs
from different cells, the properties of related enzymes and their catalytic mechanisms is
rather little; therefore, further studies on the biosynthesis and applications of RCCs are
being carried out at present and subsequently via the latest biochemical technologies, such
as molecular biology, structural biology, and computational biochemistry techniques.
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Abstract: A low molecular weight fucosylated glycosaminoglycan sodium (LFG-Na) is a novel
anticoagulant candidate from the sea cucumber Holothuria fuscopunctata that selectively inhibits
intrinsic tenase (iXase). The molecular weight, molecular weight distribution and bioactivities are
the critical quality attributes of LFG-Na. The determination of these quality attributes of such an
oligosaccharides mixture drug is challenging but critical for the quality control process to ensure its
safety and efficacy in clinical use. Herein, the molecular weight and molecular weight distribution
of LFG-Na were successfully determined using high performance size exclusion chromatography
coupled with multi angle laser light scattering and refractive index detector (HPSEC-MALLS-RID).
Comparing to the conventional method, HPSEC-MALLS-RID based on the refractive index increment
(dn/dc) did not require the reference substances to establish the calibration curve. The acceptance
criteria of LFG-Na were established, the weight-average molecular weight (Mw) should be 4000
to 6000 Da, the polydispersity (Mw/Mn) < 1.40, and the fraction with molecular weights of 1500
to 8000 Da should be no less than 80% of the total. HPSEC-MALLS-RID was also utilized for the
determination of the starting material native fucosylated glycosaminoglycan (NFG) to choose a
better manufacturing process. Furthermore, APTT assay was selected and the potency of anti-iXase,
referring to the parallel line assay (PLA) method, was established to clarify the consistency of its
biological activities. The results suggest that HPSEC-MALLS-RID and bioactivity assays are critical
quality control methods for multi-component glycosaminoglycan LFG-Na. The methods also provide
a feasible strategy to control the quality of other polysaccharide medicines.

Keywords: LFG-Na; sea cucumber; Holothuria fuscopunctata; molecular weight; HPSEC-MALLS-RID;
bioactivity assay; quality control

1. Introduction

Venous thromboembolism (VTE), such as deep vein thrombosis (DVT) and pulmonary
embolism (PE), is a common underlying pathology of cardiovascular disease, which is a
global health burden associated with high morbidity and mortality [1,2]. Anticoagulants,
antiplatelets and thrombolytics are three types of antithrombotic drugs in great demand [3].
Among them, anticoagulants are effective in inhibiting the activity or synthesis of coagula-
tion factors, which ultimately prevent or limit the formation of fibrin clots by breaking the
coagulation cascade.

To date, numerous anticoagulant drugs have been developed. The classical man-
agement of VTE in adults consists of an initial treatment with adjusted-dose intravenous
unfractionated heparin (UFH), body weight-adjusted subcutaneous low molecular weight
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heparin (LMWH), or body weight-adjusted subcutaneous fondaparinux followed by long-
term treatment with a vitamin K antagonist (VKA) [4]. UFH and LMWH have been the
clinical cornerstones of antithrombotic treatment and prophylaxis for over 80 years, and
early in the 21st century, direct oral anticoagulants (DOACs) targeting thrombin (f.IIa) or
factor Xa (f.Xa) were developed. However, the risk of haemorrhagic complications is still a
major concern with their clinical application, and their therapeutic monitoring requirement
is controversial [5–8]. Consequently, there is an unmet medical need in discovering safer
anticoagulants for antithrombotic therapy.

The inhibitors of intrinsic coagulation pathway can inhibit pathological thrombosis
without or slightly affecting hemostatic function and prevent thrombosis with negligible
bleeding risks [9,10]. Intrinsic factor Xase complex (iXase) consisting of f.IXa-f.VIIIa is the
last and rate-limiting enzyme of the intrinsic coagulation pathway [10–12], indicating that
targeting iXase is a promising safer anticoagulant therapy with lower risk of bleeding.

Native fucosylated glycosaminoglycan (NFG) from sea cucumber is a unique gly-
cosaminoglycan with fucose branches. The NFG extracted from the sea cucumber Holothuria
fuscopunctata Jaeger mainly exhibits a chondroitin sulfate (CS) chain and 3,4-di-O-sulfated-
fucose (Fuc3S4S) branches [10,13]. Its β-eliminative depolymerized product, a low molecular
weight fucosylated glycosaminoglycan sodium (LFG-Na), is a novel anticoagulant candi-
date to enter clinical trials permitted by the U.S. Food and Drug Administration. LFG-Na
has clear chemical composition, selective anti-iXase activity, potent anticoagulation, an-
tithrombosis with low bleeding tendency and predictable pharmacodynamic characteristics
without the NFG’s undesired effects of platelet aggregation and factor XII (f.XII) activa-
tion [12,14].

The biological and pharmacological effects of fucosylated glycosaminoglycans are
closely related to their molecular weight, molecular weight distribution and sulfation
patterns [15,16]. LFG-Na is composed of a series of oligosaccharides, and it is thus a complex
multicomponent drug. Moreover, its pharmacological activities, such as anti-iXase, factor
IXa-binding, anticoagulant and antithrombotic activities, result from its oligosaccharides
in the terms of weighted average sum [12]. Therefore, the molecular weight, molecular
weight distribution and bioactivities are the critical quality attributes of LFG-Na.

The current typical method for the determination of the molecular weight and molec-
ular weight distribution of glycosaminoglycans is high performance gel permeation chro-
matography (HPGPC) [12,17]. The data are calculated using GPC software, so it is necessary
to fit the calibration curve with a series of narrow standard reference standards with known
molecular weight for calculation. Currently, it is temporarily impossible to obtain a se-
ries of narrow standard references that completely cover the maximum molecular weight
range of glycosaminoglycans, including NFG and LFG-Na, due to the complicated and
laborious procedures for their separation and purification [18]. The accuracy of HPGPC
with standard curves is relatively poor. Additionally, it is time consuming, considering
the injection of the standard references. Therefore, accurate and rapid determination of
the molecular weight of LFG-Na and its starting material NFG is crucially important and
urgently required to control quality of the new drug. Herein, high performance size exclu-
sion chromatography coupled with multi angle laser light scattering and refractive index
detector (HPSEC-MALLS-RID) was used to determine the molecular weight and molecular
weight distribution of LFG-Na and compared to HPGPC. Furthermore, the chemical char-
acteristics and bioactivities of multiple batches of LFG-Na were tested and compared to
their consistency. Our results indicate that HPSEC-MALLS-RID and bioactivity assays are
critical quality control methods for the multi-component anticoagulant candidate LFG-Na.

2. Results and Discussion

2.1. Determination of the Refractive Index Increment (dn/dc)

For the multi-angle light scattering coupled with size exclusion chromatography (SEC-
MALLS), the dn/dc of the solution is required. The dn/dc of a solution is a constant that
indicates the variation of the refractive index with the solute concentration. It is used in
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the multi-angle light scattering technique to determine the concentration and the weight-
average molecular weight (Mw) of polymers [19]. Since the dn/dc appeared as an important
parameter, the accurate value was therefore essential for the determination of the Mw of
LFG-Na and its starting material NFG.

A representative chromatogram obtained from the determination of the dn/dc value
of LFG-Na is shown in Figure 1, whereas the chromatograms of NFG samples are similar.
The changes in concentration of glycosaminoglycan solutions were converted to changes
in refractive index. The dn/dc values were obtained with ASTRA software (version 7.1.3,
Wyatt Technology Co., Santa Barbara, CA, USA).

Figure 1. Chromatogram obtained from the determination of dn/dc value (LFG-Na, batch L3, concen-
trations of LFG-Na solutions-differential refractive index were fitted, the Fit R2 = 1.0000 from ASTRA
software (version 7.1.3, Wyatt Technology Co., Santa Barbara, CA, USA)).

Table 1 shows dn/dc values of LFG-Na and NFG in the solution of 0.1 mol/L sodium
nitrate (containing 0.02% sodium azide). Five batches of LFG-Na samples had dn/dc values
varying from 0.1173 to 0.1283 mL/g, with a mean value of 0.1248 mL/g. Six batches of
NFG samples had dn/dc values varying from 0.1113 to 0.1192 mL/g, with a mean value of
0.1163 mL/g; while four batches of NFG-2.0M (obtained before the NFG manufacturing
process optimization) samples had a mean dn/dc value of 0.1166 mL/g. The mean dn/dc
value of LFG-Na was slightly larger than that of NFG. These mean dn/dc values of LFG-Na
and NFG were used for the calculation of their Mw by the method of HPSEC-MALLS-RID.

2.2. The Starting Material NFG, NFG-2.0M and Their Molecular Weights

Six batches of NFG were extracted and purified from dried body wall of the sea
cucumber H. fuscopunctata Jaeger. The yields of NFGs were about 0.85% by dry weight and
the yields of another four batches of NFG-2.0M were about 1.20% by dry weight.

After being subjected to a Shodex Ohpak SB-804 HQ column, the HPSEC-MALLS-RID
of NFG showed only one peak, while NFG-2.0M showed two peaks (Figure 2). As shown
in Figure 2B, NFG-2.0M appeared to contain NFG (peak 2) and a small amount of sulfated
fucan SF-II (peak 1) according to the studies reported previously [20]. The Mw and the
polydispersity (Mw/Mn) of NFG and NFG-2.0M by HPSEC-MALLS-RID (only the NFG
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peak was involved in the calculation) are presented in Table 2. The Mw of NFG from
different batches were determined to range from 58,270 to 74,280 Da, while that of NFG-
2.0M were larger (from 77,680 to 86,950 Da). The Mw/Mn of NFG from different batches
were determined to range from 1.105 to 1.241, while that of NFG-2.0M were higher (from
1.297 to 1.407). Furthermore, the labeled value (true value) of Mw of BSA was 66,430 Da,
and the mean value of Mw from the determinations was 64,100 (the RSD was 0.67%, n
= 5). The standard deviation is 3.51% of the true value of Mw, which indicates that the
HPSEC-MALLS-RID has good accuracy and system suitability. The RSD of repeatability
for NFG is 1.6% (n = 6), which suggests that the method for NFG has good repeatability.
Meanwhile, the RSD of stability (0 h, 4 h, 8 h, 12 h, 24 h at room temperature) for NFG
solutions was 1.27% (n = 5), which indicates that NFG was stable in 0.1 mol/L sodium
nitrate (containing 0.02% sodium azide) at room temperature during the tested period. It
was found that the Mw and the Mw/Mn of the NFG peak (peak 2) of the NFG-2.0M sample
could be not precisely determined due to the relatively poor resolution of the column and
the co-elution of the sulfated fucan SF-II (peak 1) [20].

Table 1. Measurement results of dn/dc values of LFG-Na and NFG using Optilab rEX refractometer.

Sample Batch dn/dc (mL/g) Mean Value (mL/g)

LFG-Na
L1 0.1277

0.1248 ± 0.0046
L2 0.1269
L3 0.1237
L4 0.1283
L5 0.1173

NFG
N1 0.1168

0.1163 ± 0.0028

N2 0.1154
N3 0.1187
N4 0.1113
N5 0.1162
N6 0.1192

NFG-2.0M
NM1 0.1162

0.1166 ± 0.0008
NM2 0.1172
NM3 0.1157
NM4 0.1173

These data indicate that the purity and homogeneity of NFG were better than NFG-
2.0M after the manufacturing process optimization. That is to say, the FPA98 ion-exchange
resin elution process was the crucial step for ensuring the purity and homogeneity of
NFG. As the starting material, NFG was more conducive to the quality control of LFG-Na.
Therefore, the manufacturing process after optimization of NFG was selected. Based on
multiple batches of measurement data, the acceptance criteria of the molecular weight of
NFG were established. Considering that NFG was just the starting material of LFG-Na, the
acceptance criteria could be relatively broad. Therefore, the Mw of NFG should be 50,000 to
10,000 Da, and Mw/Mn < 1.50.

2.3. Determination of Molecular Weight and Molecular Weight Distribution of LFG-Na Using
HPSEC-MALLS-RID

HPSEC-MALLS-RID, an absolute method, has been proven as the powerful and
efficient technique for analysis of the molecular weight and molecular weight distribution
of polysaccharides in dilute polymer solution without using a series of standards [21]. In
some countries, molecular weight has been considered as one of the indicators to control the
quality of some drugs in pharmacopoeias, such as LMWH [22]. Therefore, the established
HPSEC-MALLS-RID method was applied for the determination of the molecular weight
and molecular weight distribution of LFG-Na.
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Figure 2. Representative HPSEC chromatogram of NFG (A) and NFG-2.0M (B) obtained before the
NFG manufacturing process optimization from the determination of HPSEC-MALLS-RID.

Table 2. The Mw and the Mw/Mn of NFG and NFG-2.0M by HPSEC-MALLS-RID (only the NFG
peak was involved in the calculation).

Sample Batch Mw(Da) Mw/Mn

NFG
N1 60,000 1.184
N2 70,940 1.239
N3 61,350 1.180
N4 58,270 1.175
N5 74,280 1.241
N6 64,260 1.105

NFG-2.0M
NM1 84,840 1.407
NM2 86,950 1.360
NM3 77,680 1.297
NM4 84,320 1.360

Five batches of LFG-Na were prepared from NFG by β-eliminative depolymerization.
The representative HPSEC-MALLS-RID chromatogram of LFG-Na is shown in Figure 3.
Only one fraction of glycosaminoglycan was detected (dRI), whereas the peak of retention
time from 22 to 24 min in the HPSEC-MALLS-RID chromatogram was the solvent peak.
The result showed that LFG-Na was distributed from 15 to 19 min. Since there was no
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peak between the retention time of 10 to 15 min in the RI chromatogram (dRI), even if a
peak was found in the MALLS chromatogram (LS), it could be considered that there was
no substance from 10 to 15 min based on the different detection principles of MALLS and
RI detectors.

Figure 3. Representative HPSEC-MALLS-RID chromatogram of LFG-Na.

Using the Astra software (version 7.1.3, Wyatt Technology Co., Santa Barbara, CA,
USA)), the results of molecular weight and molecular weight distribution for LFG-Na by
HPSEC-MALLS-RID are summarized in Table 3. The Mw of LFG-Na from different batches
were determined to range from 4596 to 5708 Da; it could be considered that the Mw of
LFG-Na from different batches were similar. Sample L1 was observed as the lowest Mw
among the test samples, while sample L5 was the highest one. The true value of Mw of
BSA was 66,430 Da, and the mean value of Mw from the determinations was 64,100 (the
RSD was 0.67%, n = 5). The standard deviation was 3.51% of the true value of Mw, which
indicated that the HPSEC-MALLS-RID had good accuracy and system suitability. The RSDs
of repeatability and intermediate precision for the Mw of LFG-Na were 2.13% (n = 6), and
2.87% (different days, n = 12), respectively. The data suggest that the HPSEC-MALLS-RID
for LFG-Na has good accuracy, system suitability, repeatability and intermediate precision.
The molecular weight distribution is used to measure the width of the molecular weight
distribution, which represents the homogeneity and dispersibility of the polysaccharides.
The Mw/Mn of LFG-Na from different batches were determined to range from 1.121 to
1.240, which suggest that the molecular weight distribution of each batch of LFG-Na
was relatively narrow. Furthermore, the percentages of the fractions of LFG-Na with
different molecular weights were obtained (Table 3). From the data of five batches of
LFG-Na, the percentages of the fraction with molecular weights range from 1500 to 8000 Da
(M1500~8000) were all more than 85%, and the percentages of the fraction with molecular
weights greater than 8000 Da (M8000) were all less than 15%, while there was no fraction
with molecular weights lower than 1500 Da (M1500).
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Table 3. Test results of molecular weight and molecular weight distribution for LFG-Na by HPGPC
and HPSEC-MALLS-RID.

Batch

HPGPC HPSEC-MALLS-RID

Molecular Parameters Molecular Weight Distribution Molecular Parameters Molecular Weight Distribution

Mw (Da) Mw/Mn M1500 M1500~8000 M8000 Mw (Da, ±Error) Mw/Mn (±Error) M1500 M1500~8000 M8000

L1 5657 1.438 1.25% 85.34% 13.41% 4596 (±0.546%) 1.141 (±0.897%) 0 94.192% 5.808%
L2 5241 1.281 0.57% 86.80% 12.63% 4629 (±0.519%) 1.121 (±0.851%) 0 94.539% 5.461%
L3 5227 1.280 0.53% 86.60% 12.86% 4870 (±0.583%) 1.128 (±0.921%) 0 93.024% 6.976%
L4 5082 1.387 2.52% 82.91% 14.57% 5361 (±0.479%) 1.240 (±0.699%) 0 87.329% 12.671%
L5 5531 1.420 1.91% 81.48% 16.61% 5708 (±0.541%) 1.204 (±0.854%) 0 85.055% 14.945%

M1500: the percentage of the fraction of LFG-Na with molecular weights lower than 1500 Da; M1500~8000: the
percentage of the fraction of LFG-Na with molecular weights range from 1500 to 8000 Da; M8000: the percentage
of the fraction of LFG-Na with molecular weights greater than 8000 Da.

Based on multiple batches of measurement data, the acceptance criteria of the molec-
ular weight and molecular weight distribution of LFG-Na were established. The Mw of
LFG-Na should be 4000 to 6000 Da, Mw/Mn < 1.40, the fraction with molecular weights of
1500 to 8000 Da should be no less than 80% of the total, and the fraction with molecular
weights greater than 8000 should be no more than 20% of the total.

2.4. Determination of Molecular Weight and Molecular Weight Distribution of LFG-Na
Using HPGPC

Size exclusion chromatography has been widely employed for separation of polysac-
charides and the molecular weight and molecular weight distribution could be deter-
mined by HPGPC with suitable standards. Five batches of LFG-Na were also determined
by HPGPC with five oligosaccharide standards HS5, HS8, HS11, HS14 and HS17. The
HPGPC profiles of the representative batch of LFG-Na and oligosaccharide standards
(Figure 4A) show that LFG-Na is the mixture of oligosaccharides with different degrees
of polymerization.

 
Figure 4. Cont.
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Figure 4. HPGPC profiles of LFG-Na and oligosaccharide standards HS5, HS8, HS11, HS14, HS17,
which were determined by the differential refractive index detector (A). The distribution plot of
LFG-Na was analyzed by using Agilent GPC/SEC software (version A.02.01, Agilent Technologies,
Palo Alto, CA, USA) (B).

The Mw of LFG-Na was calculated according to the calibration curve from the data of
oligosaccharide standards and the distribution plot of LFG-Na (Figure 4B) was analyzed
using Agilent GPC/SEC software (version A.02.01, Agilent Technologies, Palo Alto, CA,
USA). The results of molecular weight and molecular weight distribution for LFG-Na
by HPGPC were also summarized in Table 3. The Mw of LFG-Na from different batches
were determined to range from 5082 to 5657 Da. Sample L1 was observed as having the
highest Mw among the test samples, while sample L4 had the lowest one. The Mw/Mn
from different batches were determined to range from 1.280 to 1.438. From the data of
five batches of LFG-Na by HPGPC, the percentages of the fraction of M1500, M1500~8000,
and M8000 were <3%, >80% and <17%, respectively. The above results suggest that the
molecular weight and molecular weight distribution of LFG-Na from different batches
were similar.

2.5. Comparison of the Determination Using HPGPC and HPSEC-MALLS-RID

The analysis results of molecular weight and molecular weight distribution for LFG-
Na using the developed HPSEC-MALLS-RID method were also compared with those of
HPGPC analysis. As shown in Table 3 and Figure 5, the Mw of LFG-Na from different
batches using the HPSEC-MALLS-RID method were relatively close to those of HPGPC
analysis (Figure 5A), though the measured value of Sample L1 had a largest absolute error
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of 1061 Da as compared with that of the HPGPC method (4596 Da vs. 5657 Da), while
the measured value of Sample L5 had a smaller absolute error of 177 Da (5708 Da vs.
5531 Da). However, Figure 5B shows that the Mw/Mn of LFG-Na from different batches
using HPSEC-MALLS-RID were all obviously smaller than those obtained by HPGPC
(average of 1.17 vs. 1.36). There were slight differences in the percentages of the fraction of
M1500, M1500~8000 and M8000 between the two methods. The percentages of the fraction
of M1500~8000 were higher by the HPSEC-MALLS-RID method.

  

Figure 5. The results of molecular weight (A) and molecular weight distribution (B) for LFG-Na by
HPGPC and HPSEC-MALLS-RID.

In conclusion, both HPSEC-MALLS-RID and HPGPC methods for the determination
of LFG-Na included size exclusion chromatography, but were calculated in different ways.
HPGPC was widely used and convenient, but the choice of different standards apparently
affected the molecular weight result and the standards’ structures should be similar to
the samples for obtaining accurate and reliable results. In this study, because the highest
molecular weight of oligosaccharide standards was 5328 Da (HS17), which did not cover
the maximum molecular weight range of LFG-Na, the accuracy of HPGPC was poor.
In addition, in view of the current technical means, it was temporarily impossible to
obtain a series of narrow oligosaccharide standards that completely covers the maximum
molecular weight range of LFG-Na due to the complicated and laborious procedures for
their separation and purification. Compared to HPGPC, the method of HPSEC-MALLS-RID
based on the dn/dc did not require the reference substances to establish the calibration curve,
and the molecular weight and molecular weight distribution of NFG and its depolymerized
fraction LFG-Na could be determined directly, efficiently and accurately. The limitation of
the HPSEC-MALLS-RID method is that the dn/dc value of the sample should be determined
or obtained before determining the molecular weight and molecular weight distribution.
In addition, the accuracy and system suitability of the method should be assessed by
standards, such as BSA or Dextran, which were used at the beginning of each run sequence.

2.6. Comparison of the Chemical Characteristics of LFG-Na

The monosaccharide composition analysis with the method of PMP (1-Phenyl-3-
methyl-5-pyrazolone) precolumn derivatization-HPLC showed that LFG-Na was composed
of glucuronic acid, N-acetyl galactosamine, and fucose (Figure 6). Five batches of LFG-
Na (L1-L5) were also analyzed by the Similarity Evaluation System for Chromatographic
Fingerprint of TCM software (Version 2012, Chinese Pharmacopoeia Commission, Beijing,
China). The HPLC fingerprint similarities were more than 0.99, which showed the perfect
correlation and similarity among them.
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Figure 6. HPLC profiles of PMP derivatives from LFG-Na (L1–L5).

NMR spectroscopy was performed using a 600 MHz spectrometer, and the 1H/13C
NMR chemical shifts and NMR spectra of LFG-Na were analyzed. The complete assignment
of its signal peaks is given in Table 4. In the 1H NMR spectrum, a strong signal at 5.760 ppm
could be assigned to the proton H-4 of Δ4,5-unsaturated glucuronic acid (ΔU). There were
three relatively strong signal peaks (at 5.356, 5.282, 5.116 ppm) from 5.0 to 5.6 ppm, which
were the α-fucose terminal proton signals at different sites with the sulfation type of Fuc3S4S.
It could be judged in combination with the other spectra that the signals at 5.356, 5.282,
and 5.116 ppm are connected to the glucuronic acid, the unsaturated glucuronic acid at
the non-reducing end, and Fuc3S4S terminal hydrogen of the GlcA-ol at the reducing end,
respectively. The β-terminal proton signals of the main chain appeared at about 4.3 to
4.6 ppm and GlcA-ol was located at the reducing end with the proton H-1 (CH2) at 3.800
and 3.761 ppm. Fuc methyl proton signals showed different chemical shifts due to their
different locations. Specifically, the Fuc methyl protons at the reducing end (rF) and non-
reducing end (dF) occurred at 1.30 to 1.35 ppm, Fuc in the sugar chain, connecting with
glucuronic acid (F), occurred at about 1.4 ppm; and GalNAc acetyl protons occurred at
about 1.9 to 2.1 ppm. In the 13C NMR spectrum, the C-1 (dU and dA) peaks of GlcA
and GalNAc at the non-reducing end of the main chain appeared at about 105.91 and
102.51 ppm, the C-1 (U and A) peaks of GlcA and GalNAc in the middle of the main chain
appeared at about 106.71, and 102.34 ppm, and the C-1 (rU and rA) peaks of glucuronic
acid alcohol and GalNAc at the reducing end appeared at 65.40 and 104.33 ppm, indicating
the β-configuration of the bridgehead hydrogen was consistent with the GlcA-ol at the
reducing end. C-1 of Fuc connected to different sites also showed different chemical shifts
(dF:101.15 ppm, F:102.06 ppm and rF:104.33 ppm). C-3, C-4, and C-5 of ΔU at the non-
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reducing end appeared at 79.90, 109.54, and 149.79 ppm, respectively. With C-6 (rU) of
GlcA-ol at reducing end and C-6 (ΔU) at non-reducing end ΔU appearing at 180.22 and
171.76 ppm as the exception, the carbonyl carbon C-6 (U6) in the GlcA carboxyl and the
carbonyl carbon C-7 (rA/A/dA) in the GalNAc acetamido appeared at almost the same
site (~177 ppm); Fuc methyl carbon signals appeared at about 18 to 19 ppm; the methyl
carbon signal in GalNAc acetamido appeared at about 25 ppm. The C-2 signal of GalNAc
appeared at about 54 ppm. The structure of LFG-Na is confirmed as shown in Figure 7A,
which is consistent with our previous reports [10,12].

Table 4. NMR data and assignments of LFG-Na (Batch L1).

Sugar
Ring

H δ a
1H-1H

Couplings b

Correlated Signals
C δ

Correlated Signals

COSY TOCSY ROESY HSQC HMBC

rU

H-1 3.800 J(1,1′) = 11.33 H1′, H2 H1′, H2, H3/4 H2, H3 C-1 65.40 H-1 H-1

H-1′ 3.761 J(1,2) = 6.12 H1, H2 H1, H2, H3/4 H3 H-1′ H-1′

H-2 4.146 J(1′ ,2) = 3.96 H1/1′, H3 H1/1′, H3/4 H1/1′, H3 C-2 72.67 H-2 –

H-3 4.072 – H2 H1/1′, H2 H2; rF1 C-3 82.54 H-3 –

H-4 4.052 – H5 H1/1′, H2 – C-4 82.54 H-4 –

H-5 4.329 – H4 H4 – C-5 74.78 H-5 –

– – – – – – C-6 180.22 – H5

rF

H-1 5.116 J(1,2) = 4.02 H2 H2, H3, H4 H2; rU3 C-1 104.33 H-1 H1, H5; rU3

H-2 3.885 – H1, H3 H1, H3, H4 H1, H3, H4 C-2 69.36 H-2 H2, H3, H4

H-3 4.610 J(3,4) =2.94 H2, H4 H1, H2, H4 H2, H3, H4,
H5 C-3 78.10 H-3 H1, H2, H4

H-4 4.909 – H3 H1, H2, H3 H3, H5, H6 C-4 81.83 H-4 H3, H5

H-5 4.428 – H6 H6 H3, H4, H6 C-5 69.71 H-5 H1, H4

H-6 1.359 – H5 H5 H4, H5 C-6 18.94 H-6 H4, H5, H6

rA

H-1 4.695 J(1,2) = 7.04 H2 H2, H3 H2, H3, H5;
rU4 C-1 104.33 H-1 rU4

H-2 3.974 – H1, H3 H1, H3, H4 H3, H1 C-2 54.22 H-2 H3, H4

H-3 4.173 – H2, H4 H1, H2, H4 H1, H2, H4;
U1 C-3 78.74 H-3 H1, H4; U1

H-4 4.829 – H3 H2, H3, H5 H3, H5, H6 C-4 79.25 H-4 H3, H5, H6′

H-5 4.092 – H6, H6′ H4, H6/6′ H1, H4, H6/6′ C-5 75.06 H-5 H6/6′

H-6 4.276 – H5, H6′ H5, H6′ H4, H5, H6′ C-6 70.52 H-6/6′ H5

H-6′ 4.199 – H5, H6 H5, H6 H4, H5, H6 C-7 177.97 – H2, H8

H-8 2.090 – – – – C-8 25.26 H-8 H8

U

H-1 4.491 J(1,2) = 8.88 H2 H2, H3, H4,
H5

H2, H3, H5;
rA/A3 C-1 106.71 H-1 H2, H3; A3

H-2 3.616 J(2,3) = 7.74 H1, H3 H1, H3, H4,
H5 H4, H1 C-2 76.45 H-2 H2, H3

H-3 3.690 – H2, H4 H1, H2, H4,
H5

H1, H2, H4;
F1 C-3 82.00 H-3 H2, H4, H5;

F1

H-4 4.021 – H3, H5 H1, H2, H3,
H5 H2, H3/5; A1 C-4 78.07 H-4 H3, H5

H-5 3.706 – H4 H1, H2, H3,
H4 H1, H3 C-5 79.84 H-5 H4, H5

– – – – – – C-6 177.87 – H4, H5

A

H-1 4.485 J(1,2) = 8.52 H2 H2, H3 H2, H3, H5;
U4 C-1 102.34 H-1 H2; U4

H-2 4.021 – H1, H3 H1, H3, H4 H3, H1 C-2 54.24 H-2 H3, H4

H-3 3.895 – H2, H4 H1, H2, H4 H1, H2, H4;
U1 C-3 79.11 H-3 H1, H4; U1

H-4 4.751 – H3 H2, H3, H5 H3, H5, H6 C-4 78.90 H-4 H3, H5, H6′
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Table 4. Cont.

Sugar
Ring

H δ a
1H-1H

Couplings b

Correlated Signals
C δ

Correlated Signals

COSY TOCSY ROESY HSQC HMBC

H-5 3.932 – H6, H6′ H4, H6/6′ H1, H4, H6/6′ C-5 74.62 H-5 H6/6′

H-6 4.287 – H5, H6′ H5, H6′ H4, H5, H6′ C-6 69.88 H-6/6′ H5

H-6′ 4.183 – H5, H6 H5, H6 H4, H5, H6 C-7 177.84 – H2, H8

H-8 1.998 – – – – C-8 25.38 H-8 H8

F

H-1 5.356 J(1,2) = 3.72 H2 H2, H3, H4 H2, H3, H4,
H5; U3 C-1 102.06 H-1 H3; U3

H-2 3.950 J(2,3) = 10.08 H1, H3 H1, H3, H4 H1, H3, H4 C-2 69.24 H-2 H2, H3, H4

H-3 4.521 – H2, H4 H1, H2, H4 H2, H3, H4,
H5 C-3 78.28 H-3 H1, H2, H4

H-4 5.040 – H3 H1, H2, H3 H3, H5, H6 C-4 82.20 H-4 H3, H5

H-5 4.849 – H6 H6 H3, H4, H6 C-5 69.28 H-5 H1, H4

H-6 1.404 – H5 H5 H4, H5 C-6 18.89 H-6 H4, H5, H6

dA

H-1 4.571 J(1,2) = 8.52 H2 H2, H3 H2, H3, H5,
U4 C-1 102.51 H-1 H2; U4

H-2 4.163 – H1, H3 H1, H3, H4 H3, H1 C-2 54.37 H-2 H3, H4

H-3 4.166 – H2, H4 H1, H2, H4 H1, H2, H4,
dA1 C-3 78.69 H-3 H1, H4;

dU1

H-4 4.988 – H3 H2, H3, H5 H3, H5, H6 C-4 78.91 H-4 H3, H5, H6′

H-5 4.088 – H6, H6′ H4, H6/6′ H1, H4, H6/6′ C-5 74.99 H-5 H6/6′

H-6 4.371 – H5, H6′ H5, H6′ H4, H5, H6′ C-6 70.16 H-6/6′ H5

H-6′ 4.263 – H5, H6 H5, H6 H4, H5, H6 C-7 178.04 – H2, H8

H-8 2.065 – – – – C-8 25.38 H-8 H8

ΔU

H-1 4.922 J(1,2) = 7.20 H2 H2, H3, H4 H1, H3, H4,
dA3 C-1 105.91 H-1 H1, H2;

dA3

H-2 3.911 J(2,3) = 8.22 H1, H3 H1, H3, H4 H3 C-2 73.10 H-2 H2, H3, H4

H-3 4.491 – H2, H4 H1, H2, H4 H1, H2, H4,
dF1 C-3 79.90 H-3 H2; dF1

H-4 5.760 – H3 H1, H2, H3 H1, H3 C-4 109.54 H-4 H3, H4

– – – – – – C-5 149.79 – H4, H3

– – – – – – C-6 171.76 – H4

dF

H-1 5.282 J(1,2) = 3.96 H2 H2, H3, H4 H2, dU3 C-1 101.15 H-1 H5; dU3

H-2 3.951 J(2,3) = 10.88 H1, H3 H1, H3, H4 H1, H3, H4 C-2 69.24 H-2 H2, H3, H4

H-3 4.610 J(3,4) = 3.06 H2, H4 H1, H2, H4 H2, H3, H4,
H5 C-3 78.10 H-3 H1, H2, H4

H-4 4.909 – H3 H1, H2, H3 H3, H5, H6 C-4 81.83 H-4 H3, H5

H-5 4.356 – H6 H6 H3, H4, H6 C-5 70.03 H-5 H1, H4

H-6 1.301 – H5 H5 H4, H5 C-6 18.71 H-6 H4, H5, H6

a δ: Chemical shift, ppm, internal standard: deuteration TSP. b J: Coupling constant, Hz.

 

Figure 7. Cont.
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Figure 7. The structure of LFG-Na (A), 1D 1H NMR spectra (B) and 13C NMR spectra (C) from five
batches of LFG-Na (L1–L5). The letters of (A) between parentheses are used as labels for assignments
in the 1H-NMR (B) and 13C-NMR spectrum (C). They are the following: dU for the nonreducing
terminal unsaturated uronic acid residue; U for internal glucuronic acid; rU for reducing terminal
alcohol; dA for GalNAc4S6S linked to dU; A for internal GalNAc4S6S; rA for GalNAc4S6S linked to rU;
dF for Fuc3S4S residue linked to dU; F for Fuc3S4S residue linked to U; rF for Fuc3S4S residue linked to
rU. 1D 1H (B) and 13C (C) NMR spectra are from five batches of LFG-Na (L1–L5).

As shown in Figures 6 and 7B,C, HPLC profiles of PMP derivatives and 1D (1H/13C)
NMR spectra with the typical signal assignments from five batches of LFG-Na (L1-L5) were
obtained. After comparing and evaluating carefully, the chemical characteristics of these
five batches of LFG-Na were highly similar to each other.
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2.7. Comparison of Biological Potency

The activity of FG derived from various sea cucumber species has been reported [10,23].
Herein, the APTT (activated partial thromboplastin time) assay was selected and the
potency for anti-iXase, referring to the PLA (parallel line assay) method, was established.
The APTT-prolonging activity of LFG-Na in human plasma indicated the potent inhibitory
activity on the intrinsic coagulation pathway. The inhibition of APTT by LFG-Na was
increased depending on the increasing concentration of LFG-Na in a certain range, and
the bioactivity could be measured by measuring the concentrations of LFG-Na required to
double APTT. The PLA method for estimating the potency for anti-iXase was established
and validated with respect to specificity, linearity and range, repeatability, intermediate
precision, accuracy and durability in our laboratory.

The activities of multiple batches of samples of LFG-Na are summarized in Table 5.
Concentrations required to double the APTT of five batches samples were from 7.36 to
8.89 μg/mL. Sample L4 and L5 with higher Mw showed slightly stronger anticoagulant
activity than L1-L3. In order to compare the potency for anti-iXase among different batches
of LFG-Na, L5 with the highest Mw was selected as the reference substance, and the potency
for anti-iXase was set as 100 U/mg. The results of potency for anti-iXase also indicated
that L4 and L5 had slightly stronger activities of anti-iXase, whereas potency for anti-iXase
of L1-L3 were 88.7, 85.9 and 89.8 U/mg. Basically, different batches of LFG-Na with the
Mw ranging from 4000 to 6000 Da had similar activities, and the results of bioactivity
assays in vitro indicated the stability and consistency of the preparation process of LFG-
Na. Overall, the bioactivity assays also could be listed as the quality control methods of
multi-component drugs to ensure the consistency of their efficacy in clinical use.

Table 5. Bioactivities and molecular weights of LFG-Na.

Batch Mw
a (Da) APTT b (μg/mL) Anti-iXase c (U/mg)

L1 4596 8.89 ± 0.08 88.7
L2 4629 8.84 ± 0.03 85.9
L3 4870 8.64 ± 0.06 89.8
L4 5361 7.92 ± 0.14 94.1
L5 5708 7.36 ± 0.11 100

a Mw data are from the result of HPSEC-MALLS-RID. b Concentrations required to double the clotting time
(n = 2). c Sample L5 of LFG-Na was selected as the reference substance, and the potency for anti-iXase was set as
100 U/mg.

3. Materials and Methods

3.1. Materials and Chemicals

Dried sea cucumbers H. fuscopunctata Jaeger were purchased from local markets
in Guangdong Province and Hainan Province, China. Five oligosaccharide standards
from LFG-Na (HS5, pentasaccharide, Mw = 1506 Da; HS8, octasaccharide, Mw = 2462 Da;
HS11, hendecasaccharide, Mw = 3417 Da; HS14, tetradecasaccharide, Mw = 4373 Da; HS17,
heptadecasaccharide, Mw = 5328 Da) were obtained from Kunming Institute of Botany,
Chinese Academy of Sciences. BSA standard was purchased from Sigma (St. Louis,
MO, USA). The monosaccharides including L-fucose and N-acetyl-D-galactosamine were
purchased from Sigma-Aldrich, and D-glucuronic acid was from J&K Scientific Ltd. (Beijing,
China). 1-Phenyl-3-methyl-5-pyrazolone (PMP) was purchased from Xiya Reagnent Co.
(Linyi, China). Amberlite FPA98Cl ion-exchange resin was purchased from Rohm and Haas
Company (Philadelphia, PA, USA). Deuterium oxide (D2O, 99.9% Atom D) was obtained
from Sigma-Aldrich. The activated partial thromboplastin time (APTT) kits, CaCl2 and
standard human plasma were purchased from MDC Hemostasis (Neufahrn, Germany),
BIOPHEN FVIII: C kit was from Hyphen Biomed (Neuville sur Oise, France). Human factor
VIII was from Bayer HealthCare LLC. Deionized water was prepared by the Millipore Milli
Q-Plus system (Millipore, Billerica, MA, USA). All other reagents were of analytical grade
and obtained commercially.
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3.2. Preparation of the Starting Material NFG

The NFG was extracted and purified from the sea cucumber H. fuscopunctata using a
previously described procedure with minor modifications [12,24]. Briefly, the tissue of the
dried body wall of the sea cucumber (30 kg) was digested by 1% papain (6000 U/mg) for
6 h and the polysaccharide components were released by 0.25 mol/L sodium hydroxide for
2 h. The crude polysaccharide was obtained by repeated salting-out with KOAc and precip-
itation by ethanol, which was further purified by strong anion-exchange chromatography
using FPA98 ion-exchange resin (30 cm × 160 cm, 100 L resin), and the sample was eluted
sequentially with distilled water, 0.5, 1.0 and 1.3 mol/L NaCl solutions. The fraction eluted
by 1.3 mol/L NaCl solutions was collected, desalted by a Pellicon device with a 0.5 m2

PES membrane cassette with a molecular weight cutoff (MWCO) of 10 kDa (Millipore) and
lyophilized to obtain white powder. The NFG was the starting material, which was further
used for chemical cleavage to prepare its low molecular weight fragments named ‘LFG-Na’.
Before expanding to pilot scale, six batches of NFG were obtained from the dried body wall
of the sea cucumber (30 kg) according to the above procedures, based on which the FPA98
ion-exchange resin elution process was optimized.

Before the NFG manufacturing process optimization, we obtained another four batches
of NFG (named ‘NFG-2.0M’), which were from the fraction eluted by 2.0 mol/L NaCl
solutions during the FPA98 ion-exchange resin elution process. In other words, after
going through the processes of enzymolysis, alkaline hydrolysis, salting-out and alcohol
precipitation, the crude polysaccharide was eluted sequentially with distilled water, 0.5, 1.0
and 2.0 mol/L NaCl solutions; then the fraction eluted by 2.0 mol/L NaCl solutions was
collected during the FPA98 ion-exchange resin elution process.

3.3. Preparation of LFG

LFG-Na was subjected to glycosidic bond-selective β-eliminative cleavage of the
starting material NFG through its activated benzyl ester derivative according to previous
research with minor modifications [12,25]. The process of LFG-Na mainly included the
following steps: quaternization, carboxyl esterification, elimination and depolymerization,
saponification, terminal group reduction, ultrafiltration and freeze-drying. Briefly describ-
ing the preparation process of one batch of LFG-Na (batch L3), approximately 200 g of
NFG was dissolved in 2.96 L of distilled water and transalification was completed with
benzethonium salts. NFG benzethonium salts were obtained by precipitation and centrifu-
gation and dried under vacuum conditions. The NFG benzethonium salts were dissolved
in 2970 mL dimethyl formamide and esterified by 63.6 mL benzyl chloride under continual
stirring at 35 ◦C for 24 h. Then the solution was cooled to 25 ◦C and depolymerized by
adding 1010 mL freshly prepared 0.08 mol/L EtONa in ethanol and incubating for 0.5 h.
The transalification of benzethonium salt to sodium salts was completed by adding about
4.1 L saturated sodium chloride solution and 41.2 L of ethanol successively to the reaction
solution. The saponification procedure in alkaline solution was necessary to hydrolyze the
residual benzyl esters, and the reducing ends were reduced to its alcoholic hydroxyl by
NaBH4 (31.9 g). After adjusting pH and precipitation by ethanol, the crude products of low
molecular weight were obtained. A tangential flow ultrafiltration method with the MWCO
of 3 or 10 kDa (Millipore) was selected for further purification. The fractions with Mw
higher than 3 kDa and lower than 10 kDa were collected and freeze-dried; finally, about
59.0 g LFG-Na was obtained.

3.4. HPSEC-MALLS-RID Analysis
3.4.1. dn/dc Measurement of NFG and LFG-Na

The dn/dc value of NFG and LFG-Na were measured by using a refractive index detec-
tor (RID, Optilab rEX refractometer, DAWN EOS, Wyatt Technology Co., Santa Barbara,
CA, USA). NFG or LFG-Na samples were dissolved in 0.1 mol/L sodium nitrate (con-
taining 0.02% sodium azide), which the concentrations were about 1.8 mg/mL. From the
solution, a series of solutions with six different concentrations (about 0.3, 0.6, 0.9, 1.2, 1.5,
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and 1.8 mg/mL) were prepared by successive dilutions. For the dn/dc measurements, the
mobile phase was the same solvent used for the preparation of the solutions. The series
of different concentrations were injected for each sample solution using a manual injector.
The RID signals were analyzed and the dn/dc values were obtained with ASTRA software
(version 7.1.3, Wyatt Technology Co., Santa Barbara, CA, USA).

3.4.1.1. The Method of HPSEC-MALLS-RID

The Mw and Mw/Mn of LFG-Na and the starting material NFG were measured using
HPSEC-MALLS-RID. In brief, HPSEC-MALLS-RID measurements were carried out on a
multi angle laser light scattering detector (MALLS, DAWN HELEOS-II, Wyatt Technol-
ogy Co., Santa Barbara, CA, USA) with an Agilent 1200 series LC/DAD system (Agilent
Technologies, Palo Alto, CA, USA) equipped with a Shodex Ohpak SB-804 HQ column
(300 mm × 8.0 mm) at 35 ◦C. The MALLS instrument was equipped with a He-Ne laser
(wavelength λ = 661.6 nm). A refractive index detector (RID, Optilab rEX refractome-
ter, DAWN EOS, Wyatt Technology Co., Santa Barbara, CA, USA) was simultaneously
connected. The MALLS was calibrated according to the manufacturer’s recommended
procedures by using HPLC grade toluene. BSA standard (Mw of 66430 Da, dn/dc value
of 0.185 mL/g) was employed for normalization of the 18-angle light scattering detectors
relative to the right angle detector. The signals of light scattering from MALLS, refractive
index from RID and UV absorbance from DAD detector were also aligned by the BSA
standard. The mobile phase was 0.1 mol/L sodium nitrate (containing 0.02% sodium azide)
at a flow rate of 0.5 mL/min. Each LFG-Na sample was dissolved in the same solution
as the mobile phase at a final concentration of about 10 mg/mL, while NFG was about
5 mg/mL. All standard solutions and sample solutions were filtered through a 0.22 μm
membrane before analysis. The Light Scattering Model was Zimm. An injection volume of
100 μL was used. The accuracy and system suitability of the method were determined via
repeating the analysis of BSA for five replicates and the mean value of Mw was compared
to its labeled value (true value). The repeatability was confirmed with preparation and
analysis of six parallel solutions of NFG (5 mg/mL) and LFG-Na (10 mg/mL), respectively.
The intermediate precision was measured by the RSD based on a total of 12 determinations
of LFG-Na on different days. The Astra software (version 7.1.3, Wyatt Technology Co.,
Santa Barbara, CA, USA) was utilized for data acquisition and analysis.

3.5. Determination of Molecular Weight and Homogeneity of LFG-Na by HPGPC

The molecular weight, including Mw, number-average molecular weight (Mn) and
molecular weight distribution of LFG-Na were also determined by HPGPC using an
Agilent 1200 series (Agilent Technologies, Palo Alto, CA, USA) apparatus with differential
refraction detector equipped with a TSK-Gel G2000SWxl column (300 mm × 7.8 mm).
According to the size-exclusion chromatography method, the chromatographic conditions
and procedures are presented as follows. The measurements were carried out at 35 ◦C and
the mobile phase was 0.1 mol/L NaCl aqueous solution at a flow rate of 0.5 mL/min. An
amount of oligosaccharide standards from LFG-Na (HS5, HS8, HS11, HS14 and HS17) with
mobile phase was dissolved to make the concentration 2 mg/mL, while the concentration of
the test sample solution of LFG-Na was 10 mg/mL. All standard solutions and test sample
solutions were filtered through a 0.22 μm membrane before analysis. An injection volume
of 20 μL was used. Oligosaccharide standard retention time—the peak molecular weights
curve was fitted by a third-order polynomial using Agilent GPC/SEC software, and the
molecular weight and molecular weight distribution of LFG-Na were calculated using the
same GPC/SEC software (version A.02.01, Agilent Technologies, Palo Alto, CA, USA).

3.6. Chemical Characteristics and NMR Analysis of LFG-Na

Monosaccharide composition of LFG-Na was analyzed by reverse-phase HPLC ac-
cording to PMP derivatization procedures [26]. The LFG-Na sample (20 mg) was dissolved
in 4 mL of 2 mol/L trifluoroacetic acid (TFA), then sealed and incubated at 110 ◦C for 4 h in
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a heating block. The reaction mixture was evaporated to dryness. The residue was then
dissolved in 5 mL methanol and again evaporated to remove residual TFA for five times.
The five batches of LFG-Na and the standard samples were prepared as described above.
The above samples were reconstituted in 2 mL water. Then 50 μL of the sample solution,
50 μL of 0.6 mol/L sodium hydroxide and 100 μL of 0.5 mol/L PMP in methanol were
mixed and incubated at 70 ◦C for 30 min. After adjusting the pH to 7, water was added
to make the volume of solution to 1.0 mL, and then 5.0 mL of chloroform was added to
extract PMP three times. The aqueous layer was collected for HPLC analysis. Analysis
of the PMP-labeled polysaccharides was carried out using an Agilent technologies 1100
series LC/DAD system (Agilent Technologies, USA) and an Agilent Eclipse XDB C18
(150 mm × 4.6 mm). The flow rate was 1 mL/min, and UV absorbance of the effluent was
monitored at 250 nm. Mobile phases A and B (v/v, 80:20) consisted of 0.1 mol/L ammonium
acetate (pH 5.5) and acetonitrile, respectively.

NMR spectroscopy was performed at 298 K with a BRUKER-AVANCEIII-HD 600 MHz
spectrometer equipped with a 13C/1H dual probe in FT mode according to a previously
described method [27]. All samples of LFG-Na were dissolved in D2O and lyophilized
three times to replace exchangeable protons. The lyophilized samples were then dissolved
in D2O at a concentration of 20–30 g/L. The 1D (1H/13C) and 2D (1H-1H COSY, TOCSY,
NOESY, 1H-13C HSQC, and HMBC) NMR spectra were recorded with HOD suppression
by presaturation. All chemical shifts were relative to internal 3-(trimethylsilyl)-propionic-
2,2,3,3-d4 acid sodium salt (TSP, δH and δC = 0.00). The NMR spectra were processed using
a trial MestReNova software (v9.0.1-13254, MESTRELAB RESEARCH, S.L, Santiago de
Compostela, Spain).

3.7. Activity Assays of LFG-Na In Vitro
3.7.1. APTT Assay

The APTT of LFG-Na was determined with a coagulometer (PRECIL C2000-4, China)
using APTT kits and standard human plasma as previously described with minor mod-
ifications [23]. The LFG-Na samples were dissolved in 20 mmol/L Tris-HCl (pH 7.4) at
various concentrations. LFG-Na solutions of 5 μL each were mixed with 45 μL of normal
human plasma and incubated for 2 min at 37 ◦C. Then 50 μL of APTT reagent was added
to the mixture, which was incubated for another 3 min at 37 ◦C. CaCl2 (50 μL) was then
added, and the clotting time was recorded. Linear regression was performed with LFG-Na
concentration as abscissa and the APTT value of LFG-Na solution at each concentration as
ordinate. The concentration of LFG-Na required to double APTT was calculated according
to the linear regression equation.

3.7.2. Potency for Anti-iXase

The potency for anti-iXase, referred to as the PLA method, was established based
on quantitative responses in the Chinese Pharmacopoeia 2020 Edition Volume IV Gen-
eral Principle 1431 and the methods using the reagents in the BIOPHEN FVIII:C Kit as
previously described [23,27,28]. In order to compare the potency for anti-iXase among
different batches of LFG-Na, sample L5 of LFG-Na was selected as the reference substance
(LFG-Na RS), and the potency for its anti-iXase was set as 100 U/mg. Another four batches
of LFG-Na were tested as follows. LFG-Na RS was dissolved in water and the solutions
diluted 10 times with buffer solution (R4) in factor VIII kit to obtain the reference solutions
with four concentrations of 0.01–0.1 U/mL (S1–S4). The test sample (T1–T4) was taken to
prepare test solution in the same way. An amount of 30 μL of solutions prepared as above
was added into the 96-well plate with a sequence of B1 (blank control 1), S1, S2, S3, S4, T1,
T2, T3, T4, T1, T2, T3, T4, S1, S2, S3, S4, and B2. The solutions were incubated with 1 IU/mL
factor VIII (50 μL), and activation reagent (R2, 50 μL) (containing human thrombin, calcium,
and synthetic phospholipids) at 37 ◦C. The reaction was initiated by the addition of factor X
(R1, 50 μL). An amount of 50 μL of factor Xa chromogenic substrate SXa-11 (R3) was added
and incubated. Before detecting the absorbance (A) at 405 nm (recorded at 37 ◦C using a
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Microplate Reader (Multiskan GO-1510, Thermo Fisher Scientific, Vantaa, Finland)), 50 μL
of 30% acetic acid solution was added. A was converted according to the exponential equa-
tion A′ = eA, linear regression was performed with A′ as the ordinate and the concentration
of reference solution (or test solution) as the abscissa, respectively, and the results were
input into the statistical program of Biological Assay in Chinese Pharmacopoeia BS2000 for
calculating the potency and average confidence limit (FL%) of the quantitative reaction by
the PLA method (4 × 4). The FL% should not be greater than 20%.

4. Conclusions

LFG-Na, a low molecular weight fucosylated glycosaminoglycan sodium, is a novel
anticoagulant candidate that selectively inhibits iXase. In this study, the HPSEC-MALLS-
RID method was successfully developed to determine the molecular weight and molecular
weight distribution of LFG-Na and compared to the conventional method of HPGPC.
HPSEC-MALLS-RID can also be used to determine the molecular weight of the starting
material NFG. Based on multiple batches of measurement data, the acceptance criteria of the
molecular weight and molecular weight distribution of NFG and LFG-Na were established.
Furthermore, APTT assay was selected and the potency for anti-iXase, referring to the
parallel line assay (PLA) method, was established to clarify biological potency of LFG-Na.
This work illustrated that HPSEC-MALLS-RID and bioactivity assays were critical quality
control methods for multi-component glycosaminoglycan LFG-Na. The methods also
provide a feasible strategy to control the quality of other polysaccharide medicines.
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Abstract: The plant-derived macrocyclic resin glycoside ipomoeassin F (Ipom-F) binds to Sec61α
and significantly disrupts multiple aspects of Sec61-mediated protein biogenesis at the endoplas-
mic reticulum, ultimately leading to cell death. However, extensive assessment of Ipom-F as a
molecular tool and a therapeutic lead is hampered by its limited production scale, largely caused
by intramolecular assembly of the macrocyclic ring. Here, using in vitro and/or in cellula biological
assays to explore the first series of ring-opened analogues for the ipomoeassins, and indeed all resin
glycosides, we provide clear evidence that macrocyclic integrity is not required for the cytotoxic
inhibition of Sec61-dependent protein translocation by Ipom-F. Furthermore, our modeling suggests
that open-chain analogues of Ipom-F can interact with multiple sites on the Sec61α subunit, most
likely located at a previously identified binding site for mycolactone and/or the so-called lateral gate.
Subsequent in silico-aided design led to the discovery of the stereochemically simplified analogue 3

as a potent, alternative lead compound that could be synthesized much more efficiently than Ipom-F
and will accelerate future ipomoeassin research in chemical biology and drug discovery. Our work
may also inspire further exploration of ring-opened analogues of other resin glycosides.

Keywords: resin glycosides; macrocyclic natural glycolipids; ring-opened analogues; cytotoxicity;
protein translocation; Sec61 translocon; molecular docking

1. Introduction

Resin glycosides are a large family of plant-derived natural products unique to the
morning glory family, Convolvulaceae [1,2]. The vast majority of them contain a macro-
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cyclic ester ring with embedded carbohydrates and are considered active ingredients for
many herbal medicines. Despite their distinctive structures and medicinal benefits, the
pharmacological properties of most resin glycosides are underexplored. In 2005 and 2007,
the ipomoeassin family of resin glycosides was isolated from the leaves of Ipomoea squamosa
in the Suriname rainforest and exhibited potent cytotoxicity [3,4]. Following a great amount
of effort on total synthesis [5–8] and medicinal chemistry [9–12], chemical proteomics stud-
ies discovered strong inhibition of Sec61-mediated protein translocation as the primary
molecular mechanism for ipomoeassin F (Ipom-F, Figure 1) [13], the most potent member
of the family. To date, ring expansion [14] and modifications at the para position of the
cinnamate benzene ring [13] have afforded several analogues with biological activities
comparable to or even better than Ipom-F.

 

Figure 1. Structures of Ipom-F and its open-chain analogues (1–3).

The translocation of nascent polypeptides into and across the membrane of the endo-
plasmic reticulum (ER) is the first and decisive step during the biogenesis of many integral
membrane and secretory proteins [15–17]. The Sec61 translocon [18,19] is the predominant
protein conducting channel at the ER membrane, acting as a dynamic hub to coordinate the
translocation of ~one third of the cellular proteome in eukaryotes [17]. While the fidelity of
Sec61-mediated protein translocation is essential for proper cellular and organismal func-
tion [20,21], small molecule inhibitors that modulate this process have provided valuable
insights into the mechanistic complexities of protein translocation at the ER [22,23] and also
have potential therapeutic applications [24,25]. In the latter case, small molecule-mediated
inhibition of Sec61-dependent protein production shows promise for the clinical treatment
of solid tumors (ClinicalTrials.gov: NCT05047536) and presents an attractive, yet underex-
plored, strategy to mitigate the toxicity associated with the overexpression of SEC genes
that have been linked to pathogenicity in kidney and liver diseases, diabetes and certain
cancers [26].

Small molecule inhibitors typically bind to the central, Sec61α, subunit of the Sec61
translocon [19,22] and the subsequent blockade in Sec61-mediated protein translocation re-
sults in potent cytotoxicity that, ultimately, leads to cell death [13,22,27,28]. Besides Ipom-F,
the current repertoire of small molecule Sec61 inhibitors includes several other structurally
distinct classes of natural products: apratoxins [27], coibamide A [28], cotransins [29],
decatransin [30], mycolactone [31,32] and derivatives thereof [24,25]. Although a limited
number of synthetic Sec61 inhibitors, e.g., the eeyarestatins [33] and FMP-40139-3 [34],
have been identified by library-based screening approaches, the natural products and their
derivatives are substantially more potent.

Despite their structural diversity, a common feature shared amongst each of the
natural product Sec61 inhibitors is a core, albeit differently sized, cyclic scaffold [24,25].
The integrity of most macrocyclic frameworks appears to confer an essential role for
efficient Sec61 inhibition, particularly since two linear analogues of coibamide A showed
a significant loss in activity when compared to the cyclic parent compound [35]. Hence,
we were surprised when two ring-opened analogues (1 and 2, Figure 1) of Ipom-F were
discovered to still be active in cytotoxicity assays [9]. In our initial characterization of Sec61α
as the cellular target of Ipom-F [13], we additionally used a well-characterized cell-free
assay to demonstrate that open-chain analogue 2 efficiently inhibits Sec61-mediated protein
translocation in vitro [13]. These preliminary results raised an intriguing hypothesis that
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the macrocyclic ring may not be essential to the biological activities of Ipom-F, or perhaps
resin glycosides in general.

In this report, we present unambiguous evidence using our established in vitro ER
membrane translocation assay in combination with live-cell cytotoxicity screening to ex-
pand the current scope of ring-modified Ipom-F analogues [9,13,14] and prove that open-
chain structures can act as authentic surrogates for Ipom-F. These conclusions are further
supported by molecular docking of Ipom-F and analogues within the channel pore of
Sec61α [22]. Our modeling also raises the intriguing possibility that several Ipom-F ana-
logues can access multiple binding sites on the Sec61α subunit that likely reflect the stepwise
interaction of signal peptides with the Sec61 translocon [36]. We further exploited our in
silico modeling studies to design a new and stereochemically simpler open-chain Ipom-F
analogue 3 (Figure 1) that we predicted to be an active Sec61 inhibitor. After its synthesis,
3 was experimentally validated to be almost as effective at inhibiting Sec61-mediated pro-
tein translocation as Ipom-F and the parent open-chain analogue 2. Therefore, we present
3 as a new lead compound for the efficient generation of new small molecule inhibitors
that can be used to explore the mechanisms of Sec61-mediated protein translocation and
potential therapeutic applications.

2. Results and Discussion

2.1. Synthesis and Cytotoxicity of Nine New Open Chain-Analogues

To investigate the impact of ring-opening, we first submitted the open-chain analogue 1 [9]

to the National Cancer Institute (NCI) 60-cell line screening (Supplementary Material S1) and
determined the cytotoxicity of nine newly synthesized open-chain analogues 4–12 (Figure 2,
Supplementary Materials S2 and S3) against MDA-MB-231 cells (Table S1). When compared
to Ipom-F, only a 4–5-fold (NCI 60-cell line: average GI50 ∼135 nM versus ∼30 nM) and
9-fold (MDA-MB-231 cells: IC50 ~60 nM versus ~7 nM) loss in potency was observed for
the ring-opened analogue 1 and, while neither compound induced much cytotoxicity in
most ovarian cell lines, both compounds showed a comparable cytotoxic potency towards
the majority of breast and melanoma cell lines tested (Supporting information S1). In
MDA-MB-231 cells, and when compared to 1 (IC50 ~59 nM), the methyl amide-modified
analogue 5 (IC50 ~43 nM) showed slightly enhanced activity, analogues 4 (IC50 ~168 nM)
and 6 (IC50 ~205 nM) showed only a marginal loss in activity (3–4 fold) and each of the
other six open-chain analogues 7–12 showed substantially reduced cytotoxicity (μM range;
>35-fold activity loss when compared to 1). Furthermore, the majority of the nine new
open-chain analogues were modestly less cytotoxic towards MDA-MB-231 cells when
compared to their direct ring-closed counterparts (analogues 13–21 matching with 4–12;
Figures S1 and S2 and Table S1) [9,11–14]. Taken together, these data demonstrate that the
macrocylic integrity of Ipom-F is not crucial for cytotoxic activity against the majority of
cell lines tested and suggest that a similar mechanism likely underlies the cytotoxic activity
of open- and closed-chain analogues.

2.2. Open-Chain Analogues Selectively Inhibit Sec61-Mediated Protein Translocation In Vitro

Having previously established that the principal molecular basis for the cytotoxicity of
Ipom-F is its strong, yet reversible, binding to Sec61α and the resultant wide-ranging block-
ade of Sec61-mediated protein translocation at the ER [13], we sought evidence that this
mechanism also underlies the cytotoxic effects of 1 and other open-chain analogues. Hence,
based on our previous characterization of Ipom-F and the open-chain analogue 2 [13], we
first used a well-established cell-free translation system supplemented with ER microsomes
derived from canine pancreas [37] to study the effects of the open-chain analogues that
were the most cytotoxic towards MDA-MB-231 cells (analogues 5 > 1 > 6; Table S1) on
Sec61-mediated protein translocation in vitro. For comparative purposes, we analyzed
the effects of 2 [13] and two closed-chain compounds: Ipom-F and the diester-modified
analogue 22 [11] in parallel (Figure 3A).
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Figure 2. Structures of open-chain Ipom-F analogues (4–12).

Following the resolution of radiolabeled proteins by SDS-PAGE (Figure 3B), we used
the efficiency with which the N-terminal domain of the type II integral membrane protein
Ii (short form of HLA class II histocompatibility antigen gamma chain, isoform 1) was
N-glycosylated inside the ER lumen as a robust reporter for the authentic membrane
integration of this model Sec61-dependent protein client (Figure 3B, right upper panel, 0Gly
versus 2 Gly forms) [13,14,33]. Based on the reduced levels of the N-glycosylated forms
of Ii synthesized in the presence of 1 μM of each compound in comparison to the DMSO
control (Figure 3B, right upper panel, lanes 3–8 versus lane 1), Ipom-F and analogues 1, 2, 5

and 22 efficiently, albeit variably, inhibited the in vitro membrane integration of Ii, while
analogue 6 did not (Figure 3B,C).

To further analyze the apparent variations in the potency of ring-modified analogues
(Figure 3B,C), we next synthesized Ii in the presence of decreasing (500 μM–5 nM) con-
centrations of each compound that efficiently inhibited the membrane integration of Ii at
1 μM (Figure 3D). Analyses of these in vitro titrations yielded estimated IC50 values in the
mid-nanomolar range (Figure 1E), allowing us to rank order compound activity: Ipom-F
(IC50: 155 nM) > 2 (IC50: 202 nM) > 5 (IC50: 291 nM) > 22 (IC50: 334 nM) > 1 (IC50: 562 nM)
> 6 (negligible inhibition at 1 μM). Given that the two closed-chain compounds, Ipom-F
and 22 (Figure 3A), are, respectively, the most and second least potent active inhibitors
of Sec61-mediated protein translocation in vitro, these data suggest that a combination
of structural and chemical features, and not merely macrocyclic integrity, are important
contributors to the potency of Sec61 inhibition.

2.3. Open-Chain Analogues Induce Cytotoxicity Via the Selective Inhibition of Sec61-Mediated
Protein Translocation

To confirm that Sec61α is the primary target of open-chain analogues and that this
interaction underlies their cytotoxic effects, we next used a resazurin-based cell viability
assay (Figure 3F) to compare the effects of each compound on the growth of HCT-116 cells
that were wild-type for Sec61α (HCT116 Sec61α-WT) or carrying a heterozygous point
mutant in SEC61A1 (HCT116 Sec61α-G80W) that confers resistance to Ipom-F, and reduces
binding of mycolactone to the Sec61 translocon by mechanism that involves an alteration
in translocon dynamics [22].

Following 72 h treatment with 50 nM of each compound, Ipom-F and analogues 1,
2, 5 and 22 induced ~48–64% cell death in HCT116 Sec61α-WT cells, while, as observed
in vitro, analogue 6 was the least potent compound tested (~20% cell death; Figure 3G, left).
Strikingly, none of the compounds affected the viability of HCT116 Sec61α-G80W cells
treated using the same concentration (Figure 3G, right), consistent with Sec61α being their
primary molecular target.
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Figure 3. Open-chain Ipom-F analogues selectively inhibit Sec61-mediated protein translocation
in vitro and in cellula. (A) Structures of ring-closed compounds; Ipom-F and its diester analogue 22.
(B) Phosphorimages of the membrane associated radiolabeled precursor proteins of a type II (Ii, top
panel) and a type III integral membrane protein (GypC, bottom panel) synthesized in the presence
or absence of 1 μM compound. (C) Quantification of the efficiency of membrane integration in B
expressed relative to the control (set to 100%). (D) Phosphorimages of the membrane-associated
products of Ii synthesized in the presence of 500 μM–5 nM concentrations of indicated compounds.
(E) IC50 curves derived from the Ii insertion data in D. (F) Schematic of the resazurin-based cyto-
toxicity assay. (G) Cell viability of human HCT116 cells (Sec61α-WT; wild-type) and HCT116 cells
heterozygous for a SEC61A1 missense mutation encoding G80W (Sec61α-G80W) [22] following
72 h treatment with 50 nM compound. (H) IC50 curves derived from the cell viability of HCT116
Sec61α-WT cells treated with 25 μM–1 nM concentrations of each compound. See methods for details
of biological replicates and statistical analyses. Statistical significance is given as n.s., non-significant
p > 0.1 and ****, p < 0.0001.
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To further explore the observed variations in cytotoxicity, we performed cell viability
assays using HCT116 Sec61α-WT cells and decreasing (25 μM–1 nM) concentrations of each
compound that efficiently caused cell death at 50 nM. Analyses of these in cellula titrations
yielded estimated IC50 values in the low-to-mid-nanomolar range (Figure 3H) allowing us
to, once again, rank order compound activity. Although, as typical for Sec61 inhibitors, the
IC50 values derived via cytotoxicity are consistently lower than those obtained by analyzing
membrane insertion (see Figure S3) [13,14], the cytotoxic potency of each compound closely
mirrored the rank order of activity that was observed in vitro. Taken together, these data
strongly suggest that, similar to the closed-chain Ipom-F [13] and the diester analogue 22,
the interaction of active open-chain analogues (1, 2 and 5) with Sec61α and the resultant
inhibition of Sec61-mediated protein translocation at the ER underlies their cytotoxic effects.

2.4. Molecular Docking of Open-Chain Analogues within the Channel Pore of Sec61α Reveals
Multiple Binding Sites

We have previously postulated that Ipom-F most likely occludes membrane access via
the Sec61 lateral gate [23,38], as recently established for mycolactone [22]. Since the G80W
mutation that is located in the transmembrane (TM) helix TM2 of Sec61α confers resistance
to mycolactone [22], Ipom-F [22] and each of Ipom-F analogues tested here (Figure 3), while
the Ipom-F-Sec61α binding site is yet to be elucidated, we used the cryogenic-electron
microscopy (cryo-EM)-derived structure of the canine Sec61 channel bound to mycolactone
as a model to explore the potential interaction sites and putative docking conformations of
active closed-chain (Ipom-F and 22) and open-chain analogues (1, 2 and 5) in the previously
defined inhibited state of the Sec61α channel pore [22].

These docking studies suggest that Ipom-F occupies the same groove between the TM
helices TM2, TM7, TM8 and the cytosolic loop (CL) 4 of Sec61α (Figure 4B) that mycolactone
was found to bind in [22], and that was approximately recovered in a previous docking
analysis of mycolactone [39] using a similar docking protocol as used here. The predicted
binding affinity of Ipom-F is −7.82 ± 0.2 kcal/mol and in this orientation Ipom-F may
preferentially interact with the C-terminus of TM2 (Leu89-Ala97), the Gln170-Gly172 region
of CL4 (loop between TM4-TM5) and the Trp379-Val382 region of CL8 (loop between
TM8-TM9) (Figure S4A). The D-fucose region of Ipom-F most likely occupies the volume
between the TM2 helix and CL4 (Figure 4B), since this region formed a hydrogen bond
with side-chain or backbone atoms of Gln170 in CL4 in all of our independent final docking
simulation results. Figure S5 illustrates the polar and non-polar contacts between the
docked Ipom-F derivatives and Sec61α residues in their energetically most favorable
binding poses.

Strikingly, and in contrast to Ipom-F, the closed-chain analogue 22 was predicted
to bind in two different locations (Figure 4A): either in the same groove where Ipom-F
and mycolactone bind or in the upper part of the lateral gate (Figure 4C), with predicted
binding affinities of −8.81 ± 0.63 and −7.35 ± 0.23 kcal/mol, respectively. Similar to
Ipom-F, analogue 22 interacts with the C-terminus of the TM2 helix, the CL4 region and CL8
(Figure S4A). However, when positioned in the upper part of the lateral gate, analogue 22

preferentially interacts with TM7 (Gln294-Val298) (Figure S4B).
Similar to the closed-chain analogue 22, the open-chain analogue 2 was also predicted

to bind in two different locations within the Sec61 translocon; namely, in the binding groove
of mycolactone [22] and the middle of the lateral gate with very similar predicted binding
affinities of −4.5 ± 0.75 and −4.4 ± 0.55 kcal/mol, respectively. As observed for Ipom-F
and its closed-chain analogue 22, the open-chain analogue 2 also strongly interacts with
TM2, CL4 and CL8 when occupying the mycolactone binding site identified by cryo-EM
(Figure S4A). Similar to Ipom-F, analogue 2 is also inclined to hydrogen bond with the CL4
region (Lys171), and this hydrogen bond was identified in four out of five independent
docking simulations. However, when occupying the middle of the lateral gate, analogue 2

likely interacts with the plug region (Ile68), TM3 and TM7 (Figure S4B).
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Figure 4. Homology model of human-Sec61α and molecular docking. (A) Homology model of
human-Sec61α in the inhibited state. The two grey boxes indicate two different binding sites of
analogues. The ‘cytosol’ view represents a top-view of Sec61α from the cytosolic side and focuses on
the groove between TM2, TM7, CL8 and CL4 while the ‘lateral gate’ view represents a side-view from
the lipid bilayer. The other panels show the most favorable docking conformations of closed-chain
((B) Ipom-F; (C) 22) and open-chain ((D) 2; (E) 5; (F) 1) analogues in the inhibited conformation of
human-Sec61α.

In contrast, analogue 5 was predicted to bind only at the groove of the Ipom-F binding
site with a predicted binding affinity of −3.28 ± 0.9 kcal/mol, where it interacts with the
C-terminus of TM2, CL4 and CL8 (see Figure S4A). Likewise, the open-chain analogue 1

only binds in one position; at the lower part of the lateral gate (Figure 4F), with a predicted
binding affinity of −4.25 ± 0.6 kcal/mol, where it strongly interacts with the plug region
(Met65-Ile68), TM3 (Ile123-Gln127) and TM7 (Gln294-Val298) (see Figure S4B).

These docking studies offer several new insights into small molecule-mediated inhibi-
tion of Sec61. Firstly, they suggest that Ipom-F and the majority of the modeled Ipom-F
analogues (2, 5 and 22) likely bind within the same groove as mycolactone (between TM2,
TM7, TM8 and CL4 of Sec61α) [22]. Secondly, since certain compounds also show favorable
binding affinities at the middle (2) or upper part of the lateral gate (22) or an exclusive
putative docking conformation at the lower part of the lateral gate (1), our studies reveal
multiple putative binding sites for Ipom-F analogues. Since molecular docking of the (about
10–20 amino acids long) hydrophobic core-portions of signal peptides suggests that these
regions prefer to bind in the vicinity of the lateral gate of Sec61α of the Sec61 complex [40],
we speculate that Ipom-F analogues may perturb signal peptide binding at more than one
site on the Sec61 translocon, and that the flexibility of open-chain analogues may even
enhance their ability to perturb the interactions of signal peptides at multiple interaction
sites within the Sec61α subunit, thereby influencing their potency and/or substrate selec-
tivity. Finally, since the number of contact residues within the CL4 region reflected the
rank order of compound activity observed in vitro and in cellula: Ipom-F = 2 ≥ 5 > 22 > 1

(CL4 contact residues: ~77%, 77%, 62%, 31%, 0% respectively; Figure S4C), we propose that
the interaction of compounds with the CL4 region is important for the potency of Sec61
inhibition. We further propose that the potential of Ipom-F and 2 to form hydrogen bonds
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with residues Gln170 and Lys171 in the CL4 region (Figure S4C) may provide the molecular
basis for their increased potency when compared to other analogues.

2.5. Biology-Directed and In Silico-Aided Design of Analogue 3

While the binding affinities of the open-chain Ipom-F analogues (1: −4.25 ± 0.6 kcal/mol;
2: −4.45 ± 0.5 kcal/mol; 5: −3.82 ± 0.6 kcal/mol) were predicted to be less favorable than
those of the closed-chain Ipom-F (−7.82 ± 0.2 kcal/mol) and 22 (−8.09 ± 0.4 kcal/mol),
it should be noted that it is difficult to compare compound docking affinities due to
the different entropy changes between the open- and closed-chain analogues. Empirical
docking scoring functions such as that used in Autodock 4.2 (Available online: https:
//autodocksuite.scripps.edu/autodock4/ (accessed on 2 June 2022)) typically approximate
entropy penalties on binding using the number of rotatable bonds present in the ligand.
Here, the difference in the docking score (~3 kcal/mol) is associated with the number of
rotatable bonds present in the open-chain analogues 1, 2 and 5 versus the closed-chain
Ipom-F and 22 (respectively 31–32 rotatable bonds versus 15). In the present case, we,
therefore, suggest that the docking score or binding affinity obtained from the docking
software should not be considered as an accurate parameter to represent the experimental
binding affinity. Adaptive biasing force (ABF)/metadynamics simulations may be helpful
in future work to characterize the enthalpic and/or entropic contributions involved in the
binding of closed-ring vs. open-ring Ipom-F derivatives.

Despite these caveats, we postulate that the disaccharide core is capable of controlling
the overall conformation of ring-opened analogues that enables them to retain sufficient
interaction with Sec61α. Therefore, we exploited our biology-directed and in silico-aided
studies to design a new Ipom-F-derived lead compound that would be more synthetically
accessible than compounds 1 and 2, while also retaining a comparable level of biological
activity. Since the alkene-reduced analogue 2 was the most potent open-chain analogue
discovered to date, we first decided to remove both terminal double bonds from the new
analogue. Second, and to avoid low-yielding Grignard reactions during the synthesis
of the aglycones at the 6”-OH-Glup and C-1′-Fucp positions [8], we sought to replace
4-oxononanoic acid with mono-butyl succinate 28 (Scheme 1) in the synthetic route to the
new analogue. Such a strategy, while synthetically attractive, additionally permits the
well-tolerated bioisosteric replacement of the C-5 methylene with an oxygen atom (cf. 22;
Table 1) while retaining the C-4 carbonyl group, whose removal is detrimental to compound
potency (cf. 6; Table 1).

Table 1. Comparison of chemical properties, inhibition of in vitro protein translocation (IC50, nM)
and cytotoxicity in HCT116 Sec61α-WT cells (IC50, nM) of Ipom-F and analogues.

Compound Ring Integrity
Other Ring

Modifications
C-11 Chirality cLogP *

In Vitro Translocation
Inhibition

Cytotoxicity
HCT-116 Cells

Ipom-F Closed None 11S 5.97 155 18
2 Open None 11S 8.72 202 41
5 Open Dialkene, aza 11S 6.98 291 41
22 Closed Diester 11S 4.94 334 70
1 Open Dialkene 11S 7.75 562 170

6 Open Dialkene,
ketone removed 11S 9.39 Not determined Not determined

* Calculated in ChemDraw.

Lastly, we decided to increase the lipophilicity of the new analogue for two reasons:
(i) our earlier studies on how the ring size of closed-chain analogues affects compound
potency revealed that ring expansion by two methylene units, and the concomitant in-
crease in lipophilicity, is an advantageous feature [14]; and (ii) in this study, increased
compound potency in vitro and in cellula for both the open-chain (2 ≥ 5 > 1) and closed-
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chain (Ipom-F > 22) compounds appears to correlate with an increase in lipophilicity (based
on cLogP calculations; Table 1).

 

Scheme 1. Synthesis of the rationally designed, new open-chain analogue (3) of Ipom-F.

We, therefore, considered the possibility that the chiral starting material (S)-4-hydroxy-
1-nonene (which requires a three-step synthesis from an expensive, chiral reagent) could
be replaced with a simpler and cheaper alternative; the achiral, but two extra methylene
unit-containing, 6-undecanol. While uncertain about how loss of the 11S chiral center may
impact compound potency, we postulated that the increased lipophilicity from the extra
two methylene units may compensate for the likely significant loss in activity following its
removal [8].

To this end, and before embarking on its synthesis, we sought to use molecular docking
to evaluate the potential interactions of the stereochemically simplified and synthetically
more accessible open-chain analogue 3 in the inhibited state of the Sec61α channel pore
(cf. Figures 3 and S4). Due to the limitation on the number of rotatable bonds that can be
considered (maximum of 32 in AutoDock4.2), we docked the closely related compounds 3a

and 3b instead (Figure 5A; respectively 32 and 31 rotatable bonds, with and without the
11S chiral center). Similar to the open-chain analogue 2, both analogues are predicted
to bind both the mycolactone binding site and the middle of the lateral gate (Figure 5B).
When positioned at the groove of mycolactone, 3a and 3b preferentially interact with
the TM2, TM7, CL4 and CL8 regions of Sec61α (Figure S4A,C) with predicted binding
affinities of −4.15 ± 0.6 kcal/mol and −4.78 ± 0.6 kcal/mol, respectively. Similar to Ipom-F
and analogue 2, 3b preferentially forms hydrogen bonds with Gln170 and Lys171 in the
CL4 region and a hydrogen bond was identified in four out of five independent docking
simulations. In contrast to 3b, hydrogen bonding between 3a and the CL4 region (Gln170
and Lys171) was only observed in two out of five independent docking simulations. This
suggests that 3b interacts more strongly with CL4 than 3a.
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Figure 5. Molecular docking of 3a and 3b. (A) Structures of the closely related open-chain analogues 3,
3a and 3b, which differ in C-11 chirality, number of rotatable bonds and lipophilicity. cLogP values
were calculated in ChemDraw. (B) The most favorable docking conformations of 3a and 3b in the
inhibited conformation of human-Sec61α. The ‘cytosol’ view represents a top-view of Sec61α from
the cytosolic side and focuses on the groove between TM2, TM7, CL8 and CL4, while the ‘lateral gate’
view represents a side-view from the lipid bilayer. The homology model of human-Sec61α in the
inhibited state used for docking is shown in Figure 4A.

When bound in the middle of the lateral gate, both analogues are predicted to be in
contact with the plug region, TM2, TM3 and TM7 (Figure S4B,C) with binding affinities of
−4.7 ± 0.2 kcal/mol and −5.26 ± 0.9 kcal/mol, respectively. Furthermore, both analogues
form hydrogen bonds (observed in four out of five independent docking simulations)
with Thr86 (TM2) and Gln127 (TM3) when bound at the lateral gate. In that position, the
open-chain analogue 2 also likely forms a hydrogen bond with Thr86 (TM2), while this
bond was not observed in any docking simulation for the closed-chain analogue 22.

Taken together, our molecular docking studies of 3a and 3b suggested that removal of
the 11S chiral center may result in a greater number of contact residues with the CL4 region
(62% and 77% respectively) and an increased potential to hydrogen bond with residues
Gln170 and Lys171 (Figure S4C). Thus, we elected to remove the 11S center, increase the
lipophilicity of the fatty acid region and bioisosterically replace the C-5 methylene with an
oxygen atom in our newly designed open-chain analogue 3.
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2.6. Synthesis of Analogue 3

Our synthesis of analogue 3 (Scheme 1) started with the known trichloroacetimidate
glucosyl donor 23 [14] and the diol fucoside acceptor 24 (see Supporting information 2–3).
Regioselective glycosylation on 2-OH-Fucp afforded the monohydroxy intermediate 25 in
moderate yield and, after acetylation of the free 4′-OH-Fucp in 25 with acetic anhydride,
the isopropylidene protecting group was removed by trifluoroacetic acid to give 4′′,6′′-
diol 27. EDC-mediated Steglich esterification of 6′′-OH-Glup with mono-butyl succinate 28

(see Supplementary Materials S2) successfully produced a second monohydroxy intermedi-
ate 29, despite somewhat poor regioselectivity. The cinnamate moiety was then introduced
to 4-OH-Glup by the Mukaiyama reagent, 2-chloro-1-methylpyridinium iodide (CMPI),
to give the intermediate 30 in excellent yield. Subsequently, both levulinoyl (Lev) groups
were removed by hydrazine under buffered conditions [14,41]. In the penultimate step, the
tiglate moiety was selectively introduced to 3′′-OH-Glup in 31 using CMPI to give the inter-
mediate 32 in good yield. Finally, the TBS (tert-butyldimethylsilyl) group at 3′-OH-Fucp
was cleaved using TBAF and acetic acid in THF to give the target molecule 3. In brief, 3 was
synthesized in 7.5% yield (not optimized) over eight steps from two key monosaccharide
building blocks 23 and 24.

2.7. Analogue 3 Inhibits Sec61-Mediated Protein Translocation with Potency and Selectivity
Comparable to Ipom-F and 2

Following the successful synthesis of analogue 3, we first analyzed its effects on
the in vitro membrane integration of our two model protein substrates, Ii and GypC
(Figure 6A–C). In the first instance, 1 μM analogue 3 inhibited the membrane integra-
tion of Ii (Figure 6A, lane 4 versus lane 1) to a level comparable to that of Ipom-F, 2 and
5 (circa ~73–86% reduction in Ii membrane integration; Figure 3B,C). In the second in-
stance, the same concentration of analogue 3 did not affect the membrane integration
of GypC (Figure 6A, lanes 13–14 and Figure 6B), confirming the selective inhibition of
Sec61-mediated protein translocation by analogue 3 in ER-derived microsomes. Thus,
we proceeded to determine the estimated IC50 of analogue 3 on the in vitro membrane
integration of Ii (Figure 6A, lanes 1–12, Figures 3D and S3), which allowed us to rank or-
der analogue 3 as the third most potent compound of the seven tested in this study:
Ipom-F (IC50: 155 nM) > 2 (IC50: 202 nM) > 3 (IC50: 242 nM) > 5 (IC50: 291 nM) >
22 (IC50: 334 nM) > 1 (IC50: 562 nM) > 6 (negligible inhibition at 1 μM).

When we analyzed analogue 3 in our resazurin-based cell viability assay (cf. Figure 3F)
using HCT116 Sec61-WT cells (Figures 6D,E and S3), we found it to be the second most
cytotoxic compound of the six that we performed IC50 analyses for: Ipom-F (IC50: 18 nM) >
3 (IC50: 40 nM) > 2 (IC50: 41 nM) = 5 (IC50: 41 nM) > 22 (IC50: 70 nM) > 1 (IC50: 170 nM).
Furthermore, and as anticipated, cell death was not observed in resistance-conferring
HCT116 Sec61-G80W mutant cells treated with the same concentration of analogue 3 that
induced ~58% cell death in HCT116 Sec61-WT cells (Figure 6D). We, therefore, conclude
that our chosen combination of advantageous chemical features permits the macrocyclic
ring opening and removal of the 11S chiral center of Ipom-F without a significant loss in the
potency or selectivity of the inhibition of Sec61-mediated protein translocation at the ER.
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Figure 6. Analogue 3 inhibits Sec61-mediated protein translocation with potency and selectivity
comparable to Ipom-F and 2. (A) Phosphorimages of the membrane associated products of Ii
(lanes 1–12) and GypC (lanes 13–14) synthesized in the presence and absence of 500 μM–5 nM
concentrations of analogue 3. (B) Quantification of the efficiency of membrane integration of Ii and
GypC in the presence of 1 μM 3, expressed relative to the control (100%). (C) IC50 curve derived from
the Ii insertion data of 3 in A, compared to that of Ipom-F (also shown in Figure 3E). (D) Cell viability
of HCT116 Sec61α-WT and HCT116 Sec61α-G80W cells treated with 50 nM 3. (E) IC50 curve derived
from the cell viability of HCT116 Sec61α-WT cells treated with 25 μM–1 nM concentrations of 3,
compared to that of Ipom-F (also shown in Figure 3F). See methods for details of biological replicates
and statistical analyses. Statistical significance is given as n.s., non-significant n.s., non-significant
p > 0.1; **, p < 0.01 and ****, p < 0.0001.

3. Materials and Methods

3.1. Chemical Synthesis General Methods

All reaction glassware was thoroughly washed and oven dried before any reactions
were undertaken. Unless otherwise stated, all commercially obtained reagents were used
without further purification and all reactions were conducted under argon atmosphere.
Reaction progress was monitored by TLC using silica gel MF254 glass back plates with
detection under UV lamp (254 nM) or charring with 5 % (v/v) H2SO4 (sulfuric acid) in
EtOH (ethanol). Column chromatographic purifications were performed using silica gel
(70–230 mesh) with a ratio that spanned from 100 to 50: 1 (w/w) between the silica gel
and crude products. All 1H nMR spectra were obtained in deuterated chloroform (CDCl3),
deuterated methanol (CD3OD) or deuterated dimethyl sulfoxide ((CD3)2SO using chloro-
form (CHCl3, δ = 7.27), methanol (CH3OH, δ = 3.31) or dimethyl sulfoxide ((CH3)2SO,
δ = 2.50) as an internal reference for 1H. All 13C nMR spectra were proton decoupled
and obtained in CDCl3, CD3OD or (CD3)2SO with CHCl3 (δ = 77.0), CH3OH (δ = 49.9)
or CH3)2SO (δ = 40.4) as internal references for 13C. nMR data are reported in the form:
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chemical shifts (δ) in ppm, multiplicity, coupling constants (J) in Hz, and integrations.
1H data are reported as though they were first order. An error less than 0.5 Hz is reported
for coupling constants between two coupled protons. Other 1D and 2D nMR spectra, such
as 135DEPT, COSY, HMQC and HMBC, were collected in addition to 1H and 13C in the char-
acterization of new compounds. Low-resolution mass spectra (LRMS) were obtained on a
LTQ XL mass spectrometer equipped with an electrospray ion source using the positive ion
mode and connected to a linear ion trap mass analyzer. Purity was analyzed using a Waters
HPLC with a photodiode array (PDA) detector, a DIONEX Acclaim® 120 reverse phase
column (C18, 5 μm, 120Å, 4.6 × 150 mm) and an isocratic mobile phase of 83% acetonitrile
in water at a flow rate of 1.5 mL/min.

3.1.1. Synthesis of Compound 25

The fucoside diol acceptor 24 (339.9 mg, 0.79 mmol), known glucoside trichloroace-
timidate donor 23 [14] (478.1 mg, 0.85 mmol, 1.08 eq.) and crushed activated 4Å molecular
sieves (1 g) were suspended in anhydrous CH2Cl2 (7 mL). The mixture was stirred under
an argon atmosphere for ~30 min at room temperature and then cooled to −78 ◦C. TMSOTf
(14.2 μL, 0.079 mmol, 0.1 eq.) was added dropwise via a syringe and the reaction mixture
was gradually warmed to −20 ◦C over ~1 h. The reaction mixture was then quenched by the
addition of Et3N and filtered through a pad of celite and the filtrate concentrated. The result-
ing residue was purified by column chromatography (15:1→6:1 hexanes–EtOAc) to acquire
pure 25 as a colorless oil (315.1 mg, 49%): Rf 0.56 (4:1 hexanes–EtOAc); 1H nMR (400 MHz,
CDCl3, δH) 5.10 (d, J = 7.8 Hz, 1H), 5.03 (t, J = 9.4 Hz, 1H), 4.83 (dd, J = 10.4 Hz, J = 7.9 Hz,
1H), 4.21 (d, J = 7.5 Hz, 1H), 3.91 (dd, J = 10.9 Hz, J = 5.3 Hz, 1H), 3.65–3.79 (m, 3H), 3.62
(t, J = 9.6 Hz, 1H), 3.42–3.57 (m, 3H), 3.21 (qd, J = 9.7 Hz, J = 5.5 Hz, 1H), 2.45–2.81 (m, 9H),
2.13 (s, 6H), 1.10–1.57 (m, 25H), 0.80–0.95 (m, 15H), 0.12 (s, 3H), 0.07 (s, 3H); 13C nMR
(100 MHz, CDCl3, δC) 206.5 (C=O), 206.4 (C=O), 172.1 (C=O), 171.3 (C=O), 101.1 (O2CH),
99.8 (O2C), 99.6 (O2CH), 79.8 (OCH), 76.0 (OCH), 75.6 (OCH), 73.9 (OCH), 72.8 (OCH),
72.7 (OCH), 71.5 (OCH), 69.6 (OCH), 67.5 (OCH), 62.3 (OCH2), 37.8 (CH2), 37.7 (CH2),
34.5 (CH2), 33.7 (CH2), 32.3 (CH2), 32.1 (CH2), 29.9(0) (CH3), 29.8(9) (CH3), 29.0 (CH3),
28.0 (CH2), 27.9 (CH2), 26.1 (C(CH3)3), 24.9 (CH2), 24.6 (CH2), 22.9 (CH2), 22.7 (CH2), 18.9
(CH3), 18.1 (SiC(CH3)3), 16.5 (CH3), 14.3 (CH3), 14.2 (CH3), −4.1 (SiCH3), −4.5 (SiCH3).

3.1.2. Synthesis of Compound 26

To an ice-cold solution of 25 (315.1 mg, 0.38 mmol), DMAP (4.6 mg, 0.1 eq.) and Et3N
(157.6 μL, 1.14 mmol, 3.0 eq.) in DCM (3 mL), Ac2O was added (44.8 μL, 0.47 mmol, 1.25
eq.). The mixture was warmed to room temperature overnight and the reaction was then
quenched by the addition of methanol. The resulting solution was extracted with DCM
and the organic fractions washed with 1N HCl and saturated NaHCO3. The collected
organic layer was dried over Na2SO4, filtered and concentrated under vacuum to yield the
crude product as a pale yellow syrup (288.3 mg), which was used directly for the next step
without further purification.

3.1.3. Synthesis of Compound 27

To a solution of 26 (288.3 mg, 0.33 mmol) in CHCl3 (5 mL) trifluoroacetic acid (TFA)
was added (126.9 μL, 1.65 mmol, 5.0 eq.). The mixture was stirred at room temperature for
4 h and then quenched by Et3N. After evaporation, the residue was purified by column
chromatography (8:1→2:1, hexanes–EtOAc) to afford 27 as a colorless syrup (217.6 mg,
69% over two steps): Rf 0.43 (2:1 hexanes–EtOAc); 1H nMR (400 MHz, CDCl3, δH) 4.92–5.02
(m, 3H), 4.83 (dd, J = 9.7 Hz, J = 7.8 Hz, 1H), 4.20 (d, J = 7.7 Hz, 1H), 3.79–3.93 (m, 2H),
3.62–3.79 (m, 3H), 3.43–3.61 (m, 3H), 3.32–3.40 (m, 1H), 2.68–2.80 (m, 3H), 2.41–2.68 (m,
6H), 2.13 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 1.13–1.61 (m, 16H), 1.07 (d, J = 6.4 Hz, 3H),
0.75–0.94 (m, 15H), 0.09 (s, 3H), 0.05 (s, 3H); 13C nMR (100 MHz, CDCl3, δC) 208.3 (C=O),
206.3 (C=O), 173.1 (C=O), 171.4 (C=O), 171.0 (C=O), 101.5 (O2CH), 98.8 (O2CH), 81.5 (OCH),
76.4 (OCH), 75.0 (OCH), 74.9 (OCH), 73.7 (OCH), 73.4 (OCH), 72.3 (OCH), 69.8 (OCH),
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68.8 (OCH), 62.1 (OCH2), 38.4 (CH2), 37.8 (CH2), 34.6 (CH2), 34.0 (CH2), 32.2 (CH2), 32.0
(CH2), 29.8(8) (CH3), 29.8(5) (CH3), 28.1 (CH2), 28.0 (CH2), 25.9 (C(CH3)3), 24.8 (2xCH2),
22.8 (CH2), 22.7 (CH2), 21.1 (CH3), 17.8 (SiC(CH3)3), 16.6 (CH3), 14.3 (CH3), 14.2 (CH3),
−4.2 (SiCH3), −4.5 (SiCH3).

3.1.4. Synthesis of Compound 29

To an ice-cold solution of 27 (217.6 mg, 0.26 mmol), EDC (125.1 mg, 0.65 mmol,
2.5 eq.) and DMAP (8.0 mg, 0.065 mmol, 0.25 eq.) in DCM (7 mL), 28 was added (52.5 mg,
0.30 mmol, 1.16 eq.), and the reaction was warmed to room temperature overnight. The
solution was then washed with 1N HCl and saturated NaHCO3 and the collected organic
fractions were dried over Na2SO4, filtered and concentrated under vacuum. The resulting
residue was then purified by column chromatography (8:1→2:1, hexanes–EtOAc) to afford
29 as a colorless syrup (104.0 mg, 40%): Rf 0.52 (1:1 hexanes–EtOAc); 1H nMR (400 MHz,
CDCl3, δH) 5.03 (d, J = 7.8 Hz, 1H), 4.91–5.01 (m, 2H), 4.83 (dd, J = 9.7 Hz, J = 7.8 Hz,
1H), 4.41 (dd, J = 8.1 Hz, J = 4.2 Hz, 1H), 4.29 (dd, J = 12.0 Hz, J = 2.3 Hz, 1H), 4.23 (d,
J = 7.6 Hz, 1H), 4.04 (t, J = 6.7 Hz, 2H), 3.85 (dd, J = 9.1 Hz, J = 7.6 Hz, 1H), 3.76 (dd,
J = 9.4 Hz, J = 3.5 Hz, 1H), 3.40–3.66 (m, 5H), 2.41–2.85 (m, 12H), 2.13 (s, 3H), 2.11 (s, 3H),
2.07 (s, 3H), 1.14–1.64 (m, 20H), 1.07 (d, J = 6.4 Hz, 3H), 0.77–0.96 (m, 18H), 0.09 (s, 3H),
0.05 (s, 3H); 13C nMR (100 MHz, CDCl3, δC) 207.9 (C=O), 206.3 (C=O), 173.0 (C=O), 172.6
(C=O), 172.5 (C=O), 171.3 (C=O), 170.9 (C=O), 101.4 (O2CH), 98.9 (O2CH), 81.0 (OCH), 76.0
(OCH), 75.1 (OCH), 73.7(5) (OCH), 73.7(0) (OCH), 73.6(6) (OCH), 72.5 (OCH), 69.1 (OCH),
68.8 (OCH), 64.8 (OCH2), 63.3 (OCH2), 38.3 (CH2), 37.8 (CH2), 34.5 (CH2), 33.9 (CH2), 32.2
(CH2), 32.1 (CH2), 30.6 (CH2), 29.9 (CH3), 29.8 (CH3), 29.2 (CH2), 29.0 (CH2), 28.1 (CH2),
28.0 (CH2), 25.9 (C(CH3)3), 24.8 (CH2), 24.7 (CH2), 22.9 (CH2), 22.7 (CH2), 21.0 (CH3), 19.1
(CH2), 17.8 (SiC(CH3)3), 16.6 (CH3), 14.3 (CH3), 14.2 (CH3), 13.8 (CH3), −4.3 (2xSiCH3).

3.1.5. Synthesis of Compound 30

To an ice-cold solution of 29 (104.0 mg, 0.105 mmol), cinnamic acid (23.4 mg, 0.158 mmol,
1.5 eq.), CMPI (53.7 mg, 0.210 mmol, 2.0 eq.) and DMAP (12.8 mg, 0.105 mmol, 1.0 eq.) in
DCM (4 mL), Et3N was added (72.9 μL, 0.525 mmol, 5.0 eq.). The mixture was warmed to
room temperature overnight. After evaporation, the resulting residue was then purified
by column chromatography (10:1→4:1, hexanes–EtOAc) to afford 30 as a colorless syrup
(108.1 mg, 92%): Rf 0.46 (2:1 hexanes–EtOAc); 1H nMR (400 MHz, CDCl3, δH) 7.62 (d,
J = 16.0 Hz, 1H), 7.43–7.53 (m, 2H), 7.29–7.38 (m, 3H), 6.33 (d, J = 16.0 Hz, 1H), 5.06–5.25
(m, 3H), 4.91–5.00 (m, 2H), 4.20–4.28 (m, 2H), 4.16 (dd, J = 12.1 Hz, J = 2.9 Hz, 1H), 4.01
(t, J = 6.7 Hz, 2H), 3.89 (dd, J = 9.3 Hz, J = 7.6 Hz, 1H), 3.80 (dd, J = 9.4 Hz, J = 3.5 Hz,
1H), 3.45–3.70 (m, 3H), 2.35–2.80 (m, 12H), 2.12 (s, 3H), 2.08 (s, 3H), 2.03 (s, 3H), 1.15–1.61
(m, 20H), 1.08 (d, J = 6.4 Hz, 3H), 0.80–0.98 (m, 18H), 0.13 (s, 3H), 0.08 (s, 3H); 13C nMR
(100 MHz, CDCl3, δC) 206.4 (C=O), 206.2 (C=O), 172.2 (C=O), 172.0 (2xC=O), 171.3 (C=O),
170.9 (C=O), 165.4 (C=O), 146.5 (=CH), 134.1 (=C), 130.7 (=CH), 129.0 (2x=CH), 128.4
(2x=CH), 116.7 (=CH), 101.4 (O2CH), 98.9 (O2CH), 81.3 (OCH), 75.1 (OCH), 73.8 (OCH),
73.6 (OCH), 73.0 (OCH), 72.5 (OCH), 71.8 (OCH), 68.9 (OCH), 68.8 (OCH), 64.6 (OCH2), 62.8
(OCH2), 37.8(3) (CH2), 37.7(6) (CH2), 34.5 (CH2), 34.0 (CH2), 32.3 (CH2), 32.1 (CH2), 30.6
(CH2), 29.9 (CH3), 29.6 (CH3), 29.1 (CH2), 29.0 (CH2), 28.0 (CH2), 27.9 (CH2), 26.0 (C(CH3)3),
25.0 (CH2), 24.7 (CH2), 23.0 (CH2), 22.7 (CH2), 21.0 (CH3), 19.1 (CH2), 17.8 (SiC(CH3)3),
16.6 (CH3), 14.3 (CH3), 14.2 (CH3), 13.8 (CH3), −4.3 (SiCH3), −4.4 (SiCH3).

3.1.6. Synthesis of Compound 31

To an ice-cold solution of 30 (108.1 mg, 0.0966 mmol) in DCM (3 mL), a buffer solution
of hydrazine monohydrate was added (25.8 μL, 0.532 mmol, 5.5 eq.) in acetic acid (354.1 μL)
and pyridine (531.1 μL). The mixture was warmed to room temperature and stirred for
4 h, then quenched by acetone, diluted with DCM and washed with brine. The organic
layer was dried over Na2SO4, filtered and concentrated under vacuum. The resulting
residue was subsequently purified by column chromatography (10:1→4:1, hexanes–EtOAc)
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to afford 31 as a colorless syrup (88.3 mg, 99%): Rf 0.57 (2:1 hexanes–EtOAc); 1H nMR
(400 MHz, CDCl3, δH) 7.69 (d, J = 16.0 Hz, 1H), 7.45–7.55 (m, 2H), 7.30–7.40 (m, 3H), 6.41
(d, J = 16.0 Hz, 1H), 5.12 (t, J = 9.0 Hz, 1H), 5.05 (br s, 1H), 4.60 (d, J = 7.7 Hz, 1H), 4.39 (d,
J = 7.4 Hz, 1H), 4.26 (dd, J = 11.3 Hz, J = 3.7 Hz, 1H), 4.14 (br d, J = 12.0 Hz, 1H), 4.03 (t,
J = 6.7 Hz, 2H), 3.85–3.94 (m, 2H), 3.55–3.84 (m, 5H), 3.44 (t, J = 8.0 Hz, 1H), 2.50–2.73 (m,
5H), 2.10 (s, 3H), 1.17–1.68 (m, 20H), 1.12 (d, J = 6.4 Hz, 3H), 0.80–0.95 (m, 18H), 0.17 (s, 3H),
0.13 (s, 3H); 13C nMR (100 MHz, CDCl3, δC) 172.3 (C=O), 172.2 (C=O), 170.8 (C=O), 166.1
(C=O), 146.4 (=CH), 134.2 (=C), 130.7 (=CH), 129.0 (2x=CH), 128.3 (2x=CH), 117.1 (=CH),
103.6 (O2CH), 101.2 (O2CH), 79.9 (OCH), 78.7 (OCH), 76.0 (OCH), 73.7 (OCH), 73.1 (OCH),
72.9 (OCH), 72.8 (OCH), 70.1 (OCH), 68.8 (OCH), 64.6 (OCH2), 62.8 (OCH2), 34.1 (CH2),
33.4 (CH2), 32.2 (CH2), 32.0 (CH2), 30.7 (CH2), 29.1 (CH2), 29.0 (CH2), 26.0 (C(CH3)3), 25.0
(CH2), 24.4 (CH2), 22.7 (2xCH2), 20.9 (CH3), 19.2 (CH2), 18.0 (SiC(CH3)3), 16.6 (CH3), 14.2(0)
(CH3), 14.1(8) (CH3), 13.8 (CH3), −4.2 (SiCH3), −4.5 (SiCH3).

3.1.7. Synthesis of Compound 32

To an ice-cold solution of 31 (96.0 mg, 0.104 mmol), tiglic acid (15.5 mg, 0.155 mmol,
1.5 eq.), CMPI (105.7 mg, 0.414 mmol, 4.0 eq.) and DMAP (12.7 mg, 0.104 mmol, 1.0 eq.) in
DCM (2 mL), Et3N was added (72.1 μL, 0.520 mmol, 5.0 eq.). The mixture was warmed to
room temperature overnight. After evaporation, the resulting residue was then purified
by column chromatography (10:1→4:1, hexanes–EtOAc) to afford 32 as a colorless syrup
(91.0 mg, 87%): Rf 0.55 (2:1 hexanes–EtOAc); 1H nMR (400 MHz, CDCl3, δH) 7.59 (d,
J = 16.0 Hz, 1H), 7.42–7.51 (m, 2H), 7.30–7.39 (m, 3H), 6.74–6.85 (m, 1H), 6.30 (d, J = 16.0 Hz,
1H), 5.20–5.34 (m, 2H), 5.04 (d, J = 3.3 Hz, 1H), 4.73 (d, J = 7.7 Hz, 1H), 4.39 (d, J = 7.6 Hz,
1H), 4.26 (dd, J = 11.3 Hz, J = 4.1 Hz, 1H), 4.14 (dd, J = 12.3 Hz, J = 2.3 Hz, 1H), 4.03 (t,
J = 6.7 Hz, 2H), 3.92 (dd, J = 9.7 Hz, J = 7.6 Hz, 1H), 3.72–3.83 (m, 2H), 3.54–3.72 (m, 4H),
2.50–2.70 (m, 4H), 2.07 (s, 3H), 1.65–1.76 (m, 6H), 1.16–1.65 (m, 20H), 1.10 (d, J = 6.4 Hz,
3H), 0.80–0.95 (m, 18H), 0.17 (s, 3H), 0.12 (s, 3H); 13C nMR (100 MHz, CDCl3, δC) 172.2
(C=O), 172.1 (C=O), 170.9 (C=O), 167.6 (C=O), 165.5 (C=O), 146.3 (=CH), 138.3 (=CH), 134.1
(=C), 130.7 (=CH), 129.0 (2x=CH), 128.3 (2x=CH), 128.0 (=C), 116.8 (=CH), 103.9 (O2CH),
101.1 (O2CH), 79.6 (OCH), 78.7 (OCH), 74.4 (OCH), 73.2 (OCH), 72.9 (OCH), 72.7(7) (OCH),
72.7(6) (OCH), 68.8 (OCH), 68.4 (OCH), 64.6 (OCH2), 62.7 (OCH2), 34.0 (CH2), 33.4 (CH2),
32.2 (CH2), 32.0 (CH2), 30.7 (CH2), 29.1 (CH2), 29.0 (CH2), 25.9 (C(CH3)3), 25.0 (CH2), 24.4
(CH2), 22.8 (CH2), 22.7 (CH2), 21.0 (CH3), 19.1 (CH2), 17.9 (SiC(CH3)3), 16.6 (CH3), 14.5
(CH3), 14.2(1) (CH3), 14.1(9) (CH3), 13.8 (CH3), 12.1 (CH3), −4.3 (SiCH3), −4.5 (SiCH3).

3.1.8. Synthesis of Analogue 3

To a solution of 32 (83.4 mg, 0.083 mmol) and acetic acid (190 μL, 3.32 mmol, 40 eq.) in
THF (3 mL), tetra-n-butylammonium fluoride (TBAF) solution was added in THF (1.0 M,
1.66 mL, 1.66 mmol, 20 eq.) at room temperature and the mixture was stirred overnight.
The solution was diluted with CH2Cl2 and successively washed with 1N HCl, saturated
aqueous NaHCO3 and brine. The collected organic layer was then dried over Na2SO4 and
filtered. The filtrate was concentrated under vacuum and the resulting residue purified by
column chromatography (8:1→2:1, hexanes–EtOAc) to afford 3 as a colorless to pale yellow
syrup (51.7 mg, 70%): Rf 0.31 (2:1 hexanes–EtOAc); 1H nMR (400 MHz, CDCl3, δH) 7.62 (d,
J = 16.0 Hz, 1H), 7.43–7.54 (m, 2H), 7.30–7.42 (m, 3H), 6.79–6.91 (m, 1H), 6.31 (d, J = 16.0 Hz,
1H), 5.13–5.31 (m, 3H), 4.70 (d, J = 8.2 Hz, 1H), 4.38 (d, J = 7.3 Hz, 1H), 4.31 (br s, 1H),
4.15–4.26 (m, 2H), 4.04 (t, J = 6.7 Hz, 2H), 3.62–3.89 (m, 7H), 2.50–2.69 (m, 4H), 2.18 (s, 3H),
1.66–1.77 (m, 6H), 1.18–1.61 (m, 20H), 1.16 (d, J = 6.4 Hz, 3H), 0.80–0.95 (m, 9H); 13C nMR
(100 MHz, CDCl3, δC) 172.3 (C=O), 172.1 (C=O), 171.4 (C=O), 168.0 (C=O), 165.6 (C=O),
146.6 (=CH), 139.1 (=CH), 134.0 (=C), 130.8 (=CH), 129s.0 (2x=CH), 128.4 (2x=CH), 127.8
(=C), 116.5 (=CH), 102.7 (O2CH), 99.6 (O2CH), 79.3 (OCH), 77.6 (OCH), 74.3 (OCH), 72.8
(OCH), 72.2 (OCH), 71.8 (OCH), 70.8 (OCH), 69.3 (OCH), 68.3 (OCH), 64.7 (OCH2), 62.6
(OCH2), 34.4 (CH2), 33.4 (CH2), 32.0 (CH2), 31.9 (CH2), 30.7 (CH2), 29.1 (CH2), 29.0 (CH2),
24.8 (2xCH2), 22.7 (2xCH2), 21.1 (CH3), 19.2 (CH2), 16.3 (CH3), 14.6 (CH3), 14.1(9) (CH3),

269



Molecules 2022, 27, 4419

14.1(5) (CH3), 13.8 (CH3), 12.1 (CH3). LRMS (ESI) m/z calcd for C47H70NaO16 [M+Na]+:
913. Found: 913. Purity: 97.1% (MeCN/H2O 83:17; 1.5 mL/min, tR = 14.9 min, Figure S5).

3.2. Biological Analysis

All compounds from stock solutions in DMSO, or an equivalent volume of DMSO,
were included at 5% (v/v) in membrane insertion assays or 20% (v/v) in cytotoxicity assays.

3.2.1. In Vitro Membrane Insertion Assay

Linear DNA of the short form of human HLA class II histocompatibility antigen
gamma chain (Ii; P04232, isoform 2, residues 17–232) or human glycophorin C (GypC;
P04921) were generated by PCR and transcribed into RNA using T7 RNA polymerase
(Promega). Membrane insertion assays (20 μL, 1 h at 30 ◦C, containing 6.5% (v/v) nuclease-
treated ER microsomes (from stock with OD280 = 44/mL)), endoglycosidase Hf (New
England Biolabs) treatment, sample resolution by SDS-PAGE (16% polyacrylamide gels) and
gel drying were performed as previously described [13,14,37,38,42]. Following exposure
to a phosphorimaging plate for 24–72 h, radiolabeled products were visualized using a
Typhoon FLA-7000 (GE Healthcare, Tokyo, Japan) and the ratio of the signal intensity
for the N-glycosylated (XGly) and non-glycosylated (0Gly) forms obtained using AIDA
v.5.0 (Raytest Isotopenmeβgeräte). This value was then expressed relative to the matched
DMSO control (set to 100%) in order to estimate the mean relative insertion (± SEM) from
insertion experiments performed in triplicate (n = 3, biologically independent experiments).
IC50 value estimates were determined in Prism 8 (GraphPad, San Diego, CA, USA) using
nonlinear regression to fit data to a curve of variable slope (four parameters) using the
least-squares fitting method, with the top and bottom plateaus of the curve defined as 100%
and 7.67% (the mean of all data at 500 μM across all compounds), respectively [13,14].

3.2.2. Cell Culture and Resazurin-Based Viability Assays

The human breast cancer cell line (MDA-MB-231) was maintained in a DMEM high
glucose culture medium supplemented with 10% (v/v) fetal bovine serum (FBS) and 2 mM
L-glutamine. Parental (Sec61α-WT) [13] HCT-116 (human colorectal cancer cells, ATCC,
CCL-247) and mutant (Sec61α-G80W) [22] HCT-116 cells were maintained in McCoy’s 5A
(modified) medium ((ThermoFisher, Waltham, MA, USA, 16600-082)) supplemented with
10% (v/v) FBS (Gibco, 10500-064) and 100 units/mL penicillin and 100 mg/mL streptomycin
(Gibco, cat: 15140-122). All cell lines were maintained in a 5% CO2 humidified incubator at
37 ◦C. Cytotoxicity assays were performed in triplicate sets as previously described [13,22]
and viable cells were counted using an automated cell counter (Bio-Rad TC20) immediately
before each experiment. Compound stock solutions in DMSO (10 mM) were diluted with
supplemented culture media (MDA-MB-231 cells: high glucose DMEM; HCT116 Sec61α-
WT and Sec61α-G80W cells: McCoy’s (modified) 5A) to make a series of gradient fresh
working solutions at equal DMSO percentage immediately prior to each test. First, 100 mL
of cells at a cell density of 5 × 104 cells/mL (MDA-MB-231 cells) or 2.5 × 104 cells/mL
(Sec61α-WT or Sec61α-G80W HCT-116 cells) were seeded in black 96-well microtiter plates
(Falcon, product 353219; 2500 cells/well) and incubated at 37◦ C for 24 h. Subsequently, the
cells were treated with either 100 mL of the freshly made gradient working solution in a
total volume of 200 mL/well (MDA-MB-231 cells) or 25 mL of freshly made gradient in a
total volume of 125 mL/well (Sec61α-WT or Sec61α-G80W HCT-116 cells) at 37 ◦C for 72 h.
For MDA-MB-231 cells, the media were discarded and 200 mL fresh medium containing
10% (v/v) alamarBlue HS cell viability reagent (resazurin stock solution) (ThermoFisher,
Waltham, MA, USA, A50100) was added to each well. For Sec61α-WT or Sec61α-G80W
HCT-116 cells, the media was not discarded and alamarBlue HS cell viability reagent
(resazurin stock solution) (ThermoFisher, Waltham, MA, USA, A50100) was added to
10% (v/v). After that, all cells were incubated at 37 ◦C for a further 1–3 h and the emission
of each well at 620 nM was detected using a Synergy H1 Hybrid multi-mode plate reader
(BioTek, Agilent Technologies, Palo Alto, CA, USA) at excitation 580 nM. The percentage
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viability compared to the negative control (DMSO-treated cells) was determined and
Prism 6 or 8 (GraphPad, San Diego, CA, USA) used to make a plot of viability (%) versus
sample concentration and to calculate the concentration at which each compound exhibited
50% cytotoxicity (IC50). IC50 value estimates were determined using nonlinear regression
to fit data to a curve of variable slope (four parameters) using the least-squares fitting
method. For HCT-116 cell IC50 curves, the top and bottom plateaus were defined as 100%
and 23.70% (the mean of all data at 25 μM across all compounds), respectively.

3.2.3. Quantification and Statistical Analysis

Quantification procedures used in in vitro and in cellula experiments are described in
Sections 3.2.1 and 3.2.2. For all in vitro data, quantifications are given as means ± SEM for
independent membrane insertion experiments performed in triplicate (n = 3, biologically
independent experiments) and statistical significance with respect to DMSO controls (set
as 100%) was determined using Tukey’s multiple comparison test (Figure 3C, two-way
ANOVA) or unpaired t tests (Figure 6B, one-way ANOVA). For in cellula data using HCT116
Sec61α-WT cells, quantifications normalized to the DMSO control (set to 100%) are from
one experiment (Figures 3G and 6D left, n = 1) or given as means ± SEM from two (Figures
3H and 6E, n = 2: Ipom-F, 22 and 3 (5–1 nM), 1, 2 and 5 (1 nM)) or three (Figures 3H and 6E,
n = 3: Ipom-F, 22 and 3 (25 μM–25 nM), 1, 2 and 5 (25 μM–5 nM)) independent resazurin-
based cytotoxicity experiments. For all in cellula data using HCT116 Sec61α-G80W cells,
quantifications normalized to the DMSO control (set to 100%) are given as means ± SEM
from three independent resazurin-based cytotoxicity screens (n = 3). Statistical signif-
icance comparing the viability of HCT116 Sec61α-WT and HCT116 Sec61α-G80W cells
was determined by ordinary one-way ANOVA and Dunnett’s multiple comparisons test
(Figure 3G) or an unpaired t test (Figure 6E). In all cases, DF and F values are depicted in
the appropriate figures and statistical significance is given as n.s., non-significant p > 0.1;
*, p < 0.05; **, p < 0.01; ***, p < 0.001 and ****, p < 0.0001.

3.3. Homology Modeling and Docking Protocols

The 476 amino acid protein sequence of human Sec61α isoform 1 was retrieved from
Uniprot (ID: P61619). The crystal structure of human Sec61α is not available; however,
crystal structures of mammalian (canine) Sec61α have been reported [22]. Human Sec61α
and Sec61α from Canis lupus (Uniprot ID: P38377) share 99.8% sequence identity. Hence,
homology modeling was carried out to generate a three-dimensional conformational model
of human Sec61α using a cryo-EM structure of the “inhibited state” of canine Sec61α as
a template. Precisely, we used the cryo-EM structure reported for the inhibited state of
canine Sec61α in the presence of mycolactone (6Z3T with resolution 2.6 Å) [8]. We added
structural information for the missing part of 6Z3T by homology modeling based on 2WWB
(EM structure with resolution 6.48 Å) [43]. The combined structure using 6Z3T and 2WWB
was used as template for human Sec61α in homology modeling that was performed using
MODELLER 9.21 [44]. After sequence alignment of target and template, MODELLER
9.21 was run locally with the automodel class to generate 50 different models. The model
with the lowest DOPE score was selected as the final model and subjected to 1000 steps
of energy minimization with the steepest descent algorithm, using the GROMACS (Avail-
able online: https://manual.gromacs.org/current/install-guide/index.html (accessed on
2 June 2022))package (version 5.0.7) [45] to relax side chain atoms. All compounds were
modeled using structures drawn in ChemDraw Professional (CambridgeSoft, Waltham,
MA, USA).

Docking of compounds was conducted using AutoDock4.2 [46] to predict energetically
favorable binding poses of the compound inside or on the surface of human Sec61α. The
docking calculations were performed in two consecutive steps. In the first docking step,
we adopted a relatively large grid box (100 Å × 100 Å × 126 Å) covering the entire cavity
of Sec61α, because the binding site(s) of these compounds are unknown. The Lamarckian
genetic algorithm was employed with a population size of 150, 27 × 103 generations and
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25 × 105 energy evaluations. All other docking parameters were set to the default values of
AutoDock4.2. 1000 individual docking results were clustered according to a threshold for
structural similarity of 2.0 Å RMSD. In each cluster, the representative conformation was
set to the one with the lowest binding free energy for that cluster. Three independent sets
of 1000 docking runs each were conducted in the first stage.

The first docking stage revealed that the compounds 22, 2, 3a and 3b dock favorably
at two locations (the binding site of mycolactone and the lateral gate) within 1 kcal/mol.
However, alternative poses for Ipom-F, 5 and 1 had predicted binding scores that are ~4, ~4
and ~2 kcal/mol less favorable than their best poses, respectively. Therefore, two small
grid boxes are used at two different locations for compounds 22, 2, 3a and 3b in the second
docking stage.

In the second docking stage, the size of the grid box was scaled down based on the
population of the most stable binding positions of each compound. In this finer run, more
stringent parameters were used; namely, cubic boxes of 86 Å × 86 Å × 70 Å, 0.5 × 106

generations and 100 × 106 energy evaluations. At this stage, we executed five indepen-
dent fine docking runs yielding 50 docking results each. These 50 conformations were
clustered similarly to those reported in a related docking study involving mycolactone [39].
The most favorable conformation of the Sec61α-analogue complex with lowest binding
affinity score was selected for further analysis and considered as the final docking pose.
Hydrogen bonding and contact residues (≤ 4Å) were identified by LigPlot+ [47] using
default parameters.

3.4. Data and Software

In vitro data were analyzed with AIDA v5.0 ( Elysia-Raytest, Straubenhard, Germany).
Homology modeling and docking analysis were performed with Modeller v9.24 and
Autodock4.2, as described in the previous sections.

4. Conclusions

In summary, we conducted systematic studies on the first series of ring-opened ana-
logues amongst all resin glycosides. We demonstrate that Ipom-F can be replaced with
highly effective open-chain analogues that exert their cytotoxicity through the same molec-
ular mechanism as their closed-chain counterparts; that is, by inhibiting Sec61-mediated
protein translocation at the ER. The open-chain analogues 2 and 3 are defined as the most
potent acyclic translocation inhibitors discovered to date. Thus, in contrast to coibamide
A [35], opening of the Ipom-F macrocycle does not appear to result in a significant loss of
either cytotoxicity or Sec61 inhibition (both in vitro and in cellula). We speculate that the
disaccharide core provides the necessary [10] and sufficient conformational control so that
the overall open-chain scaffold can still fit well into the binding pocket(s) of Sec61α. This is
supported by our modeling studies, suggesting that these compounds can interact at one
or more sites on the Sec61α subunit. Thus, we hypothesize that the flexibility of open-chain
Ipom-F analogues may enhance their ability to perturb the normally stepwise binding of
signal peptides to the Sec61 complex; a feature that may potentially be exploited towards
the substrate-specific inhibition of Sec61-dependent protein clients in the future.

Synthetically, this acyclic structural framework allows us to bypass the two most
challenging transition metal catalyzed reactions, namely ring-closing metathesis (RCM)
and chemo-selective hydrogenation, which limit the production scale and flexibility of
all current syntheses of Ipom-F [6–8]. Moreover, by incorporating the chemically advan-
tageous features gleaned from our IC50 analyses of Ipom-F and analogues 1, 2, 5 and 22

(increased lipophilicity, expansion of the fatty acid portion, retention of the C-4 carbonyl
group and bioisosteric replacement of the C-5 methylene with an oxygen atom; see also
Table 1), we were able to synthesize open-chain analogues more efficiently by avoiding (i) a
low-yielding Grignard reaction (10–30%) during the synthesis of the fatty acid fragment
(4-oxo-8-nonenoic acid) at the 6”-OH-Glup position [8] and (ii) a three-step synthesis for
the aglycone ((S)-4-hydroxy-1-nonene) at the C-1′-Fucp position through replacement of an
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expensive chiral starting reagent ((S)-(+)-epichlorohydrin) [8] with a commercially avail-
able, greener and non-chiral alternative (6-undecanol, cf. Scheme 1). Therefore, for the first
time, we were able to remove the natural 11S configuration on the fatty acid chain, which
has proven crucial for the biological activity of Ipom-F [8] and is a universal feature for all
resin glycosides. Taken together, we have revolutionized the synthesis of a potent Sec61
inhibitor in a more scalable and flexible manner than the parent Ipom-F and present 3 as a
new and the most synthetically accessible lead compound.

To conclude, the work presented here ensures future ipomoeassin research using
the ring-opened scaffold, which will help our efforts to explore and exploit the complete
function of the Sec61 translocon for drug discovery. More broadly, our findings may
be extended to other resin glycosides that could inspire exploration of new ring-opened
analogues derived from this unique category of macrolactone natural products.
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Abstract: Terminal sialic acids (Sia) on soluble glycoprotein of saliva play an important role in the
clearance of influenza virus. The aim of this study is to investigate the alteration of sialylation
on the salivary proteins of women during the lactation period and its effect on the saliva binding
ability to virus. In total, 210 saliva samples from postpartum women with and without breastfeeding
were collected, and the expression level of α2-3/6-linked Sia on the whole salivary proteins and
specific glycoproteins of IgA and MUC5B from different groups were tested and verified using lectin
microarray, blotting analysis and ELISA based method. The H1N1 vaccine and three strains of Avian
influenza virus (AIV) were used for the saliva binding assay. Results showed that the variation in
salivary expression level of α2-3-linked Sia was much more obvious than the α2-6-linked Sia, which
was up-regulated significantly in the breastfeeding groups compared to the non-breastfeeding groups
at the same postpartum stage. Furthermore, the binding abilities of salivary glycoproteins to AIV
strains and H1N1 vaccine were increased in breastfeeding groups accordingly. This finding adds new
evidence for the maternal benefit of breastfeeding and provides new thinking to protect postpartum
women from AIV infection.

Keywords: breastfeeding women; saliva; sialic acids (Sia); avian influenza virus (AIV); glycoprotein

1. Introduction

Avian influenza virus (AIVs) can cause severe respiratory illness and has always been
a threat to the life of people worldwide [1]. Furthermore, breastfeeding women are the
most concerned population in addition to pregnant women in the past influenza pandemics
due to their particular and important physiological statement [2]. During the lactation
period, the mammary glands can be induced by the high expression level of prolactin to
secrete sufficient maternal milk that is unusually rich in glycosylated proteins to provide
the neonatal protection [3,4]. Besides which, salivary glands can also be regulated by
hormones and secrete plenty of glycoproteins that are important in the maintenance of
mucosal protection [5]. It has been reported that the glycosylation of salivary proteins can
be changed with different physiological and pathological conditions [6–8]. However, little
is known about the variation in salivary glycosylation during the special period of lactation
and its effect on the salivary proteins binding ability to AIVs.
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The oral cavity is an entry site where pathogens from outside can come into contact
with the host cells, and human saliva is known as the most important of biological fluids,
which can provide the first line of immune defense to resist virus attachment [9,10]. Now,
up to more than a thousand proteins have been found in human saliva, but only a dozen of
them are in abundance, such as Muc5B (mucin 5B), Muc7 (mucin 7), secretoryimmunoglob-
ulinA (SIgA), cysteine-rich glycoprotein 340 (gp-340), prolactin inducible protein (PIP), and
so on [11,12]. Most of these salivary proteins are highly glycosylated, and the carbohydrate
part cantake up to 80% of the total protein weight (e.g., MUC5B). The glycans on salivary
proteins are usually composed of carbohydrates such as glucose, galactose, mannose, fu-
cose, amino sugars, et al. Among them, sialic acids (Sia) are the most typical ones, which are
a diverse family of 9-carbon monosaccharides with N-acetylneuraminic acid (Neu5Ac) as
their basic molecular structure and often added to the penultimate sugar—usually galactose
(Gal) or its derivatives in α2-3 or α2-6 linkage [13]. This kind of Sia-containing structure
usually appears on the outermost terminal of glycoconjugates and play an important role in
the cell to cell signaling and microbe-host recognition, and immune regulation [14–16]. In
particular, the Siaα2,3/6Gal-linked glycans can be used as receptors for the hemagglutinin
(HA) and substrates for neuraminidase (NA) of influenza virus, by which the virus can
bind to or release from the host epithelial cells and perform their infection process [17,18].
Different species of influenza viruses usually recognize different linkages of sialic acids,
avian influenza viruses predominantly bind to α2,3-linked Sia, whereas human influenza
viruses prefer to bind to α2,6-linked Sia on host cells [19]. The successful anti-influenza
drugs, such as Oseltamivir, Zanamivir et al., are structural analogs that imitate sialosides
and can be used as competitive substrate inhibitors of NA to resist the influenza viruses
infection [20,21]. As the natural barrier, it has been proved that the soluble salivary proteins
glycosylated with terminal α2-3/6-linked Sia can neutralize and inhibit influenza viruses
in this way efficiently [22–24]. And the protein sialylation level in saliva has been expected
to be used as an indicator to estimate the individual susceptibility to influenza virus [25].

As one of the most important glycosylation, the sialylation level on salivary proteins
have been shown that can be varied according to different ages and sexes, and changed in
elderly individuals with autoimmune diseases, chronic diseases, cancers and so on [26,27].
During female gestation, along with the fluctuation of hormone and the repression of the
immune system, pregnancy-associated changes of sialylation have also been demonstrated
both in serum and salivary proteins before [28]. After delivery, the hormones such as
estrogens and progesterone start to resume, while the prolactin remains at a high level,
especially in the early stage of postpartum and is quite different between postpartum
women with and without breastfeeding. Therefore, the sialylation level on the glycoproteins
of saliva during this period, which can directly involve in the anti-virus activity, is of great
interest, to be explicit.

In this paper, the individual saliva samples from postpartum women with and with-
out breastfeeding were collected and the alteration of terminal α2,3/6-linked Sia on sali-
vary glycoproteins between these two groups were investigated and compared at dif-
ferent postpartum stages, and the binding affinities of salivary protein to the influenza
virus were assessed by using the H1N1 vaccine and different AIV strains of H5N1-CK
(A/Chicken/Guangxi/4/2009), H5N1-DK (A/Duck/Guangdong/17/2008) and H9N2-DK
(A/Duck/Guangdong/S-7-134/2004). The results of this study will help us to further
understand the influence of breastfeeding on the maternal risk of AIV infection, which will
give a new thinking to improve the health statement of postpartum women.
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2. Materials and Methods

2.1. StudyApprovaland Participants

The collection of human whole saliva for this study was approved by the Human
Ethics Committees of Shaanxi Provincial People’s Hospital, Xi’an Shiyou University and
Northwest University, China. A total of 210 individual saliva samples from breastfeeding or
non-breastfeeding postpartum women were collected, and healthy women in non-pregnant
and non-breastfeeding statementwere used as control.

The participants that were recruited were in different periods of postpartum: first-
period (FP, within six monthspostpartum); second-period (SP, from 7th to 12th month
postpartum); and third-period (TP, from 13th to 24th month postpartum). Subjects were
divided into seven groups (Supplementary Table S1), including the control group of healthy
women without pregnancy and breastfeeding (HN) and the FP, SP, TP groups of breast-
feeding women (FP-B, SP-B, TP-B) and non-breastfeeding women (FP-NB, SP-NB, TP-NB).
Each group consisted of 30 samples.

2.2. Whole Saliva Sample Collection and Treatment

About 1mL of saliva sample was collected from each participant according to the
protocol described previously [26–28]. The saliva sample was centrifuged at 12,000 rpm,
4 ◦C for 20 min to get rid of the insoluble materials. The supernatant was then collected
and added with the cocktail inhibitor of protease (Sigma-Aldrich, St. Louis, MO, USA) to
avoid protein degradation. Each of 200 μL saliva sample, from different individuals in the
same group, were blended and the protein concentration of each blended group of samples
was quantified by the BCA (bicinchoninicacid) assay (listed in Supplemental Table S1), and
labeled with Cy3 (cyanine3fluorescent dye) (GE Healthcare, Buckinghamshire, UK).

2.3. Lectin Microarrays and Data Analysis

According to the previous protocol [26–28], the lectin microarray was produced by
using 37 lectins with different binding preferences to N- and O-linked glycans. Each lectin
was spotted in triplicate in one block, and with three blocks on one slide. The slide was
blocked with 2% BSA in 1× PBS (0.01 mol/L phosphate buffer containing 0.15 mol/L
NaCl, pH 7.4) (w/v, pH 7.4) and washed before use. Then, 5 μg of Cy3-labeled salivary
proteins from each group diluted in 0.75 mL of hybridization buffer (2% BSA, 500 mM
glycine and 0.1% Tween-20 in PBS, pH 7.4) was applied to each block of the slide, and
incubated in the dark at 37 ◦C for 3h with gentle rotation. After being washed with 1× PBST
(0.2% Tween 20 in 0.01 mol/L phosphate buffercontaining 0.15 mol/L NaCl, pH 7.4) and
1× PBS (0.01 mol/L phosphate buffer containing 0.15 mol/L NaCl, pH7.4), and dried by
centrifugation, the slides were scanned using a Genepix 4000B confocal scanner (Axon
Instruments Inc., Union City, CA, USA), and analyzed at 532 nm by the Genepix 3.0 software
(version 6.0, Axon Instruments). For data analysis, the background signal was substracted,
and the median value of the triplicate data for each lectin was selected and normalized to
the sum median of all the lectins in one block. The average and standard deviation (SD) of
the normalized medians for each lectin in different blocks tested for the same sample were
calculated, and the difference between two groups was evaluated by the p value.

2.4. SDS-PAGE and Lectin Blotting Analysis

Equal amounts of salivary proteins from each group were separated by 10% sodium
dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE), and then stained either
with alkaline silver or with Periodic Acid-Schiff staining (PAS) and Coomassie Brilliant
Blue R250(CBB). For lectin blotting analysis, after SDS-PAGE, the proteins in each gel were
transferred to a 0.45 μmpolyvinylidene fluoride (PVDF) membrane at a constant current
of 300 mA for 45–80 min according to their molecular weight, blocked with Carbo-Free
Solution (Vector, Burlingame, CA, USA) and then incubated with the cyanine5fluorescent
dye (Cy5)-labeled maackia amurensis lectin II (MAL-II) and sambucus nigra lectin (SNA)
at 4 ◦C in the dark overnight. After that, the membranes were washed with 1× TBST
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(150 mM NaCl, 10 mM Tris-HCl, 0.05% v/v Tween 20, pH 7.5) and 1× TBS (150 mM NaCl,
10 mM Tris-HCl) respectively, and scanned by using the FluorImager (Storm 840, Molecular
Dynamics Inc., Sunnyvale, CA, USA). The intensity of the binding band on the acquired
image was further analyzed by the ImageJ software (NIH), and the relative fluorescence
intensity (RFI) ofeachbandfor different groups was calculated and compared to the control
group of HN.

2.5. Assessment of Salivary Proteins Binding Ability to AIVs

All the AIV strains used in this study were kindly presented from Harbin Veterinary
Research Institute, China. The H1N1 influenza A vaccine (Split Virion, inactivated) was
purchased from the company of Sinovac Biotech Ltd., Beijing. According to the method
described in the previous literature [26,27], the viral proteins were extracted with a mixture
of ethanol and ether by being thoroughly shaken. After static placement, the ether phase
was discarded, and the proteins in the remaining liquid were dried and labeled with Cy5
dye. For the binding ability assay, an equal amount of 50μg proteins from each group were
run on the 10% SDS-PAGE electrophoresis, transferred to 0.45 μm PVDF membrane, and
then incubated with the Cy5-labeled viral proteins.The image scan and the analysis of band
intensity were the same as that described above.

2.6. Western Blot Analysis

Equal amount of 20 μg salivary proteins from different groups were applied to the 10%
SDS-PAGE and transferred from gels to the PVDF membrane as described in 2.4. After being
blocked with 5% skimmed milk in TBST for 1 h, the membrane was incubated with primary
antibody of mouse monoclonal anti-human MUC5B (1:1000 in TBST, Abcam, Ab105460) or
rabbit monoclonal anti-human immunoglobulin A (IgA) (1:1000 in TBST, Abcam, Ab124716)
at 4 ◦C overnight. The membrane was then washed three times with TBST and incubated
with the horseradish peroxidase (HRP)-conjugated secondary antibody for 1 h at room
temperature. The goat anti-mouse Immunoglobulin G heavy and light chains (IgG H&L)
for MUC5B (1:5000 in TBST; Abcam, Ab205719) and the goat anti-rabbit IgG H&L for IgA
(1:5000 in TBST, Abcam, Ab205718) were used, respectively. After being washed three
times with TBST, the membranes were finally detected by using the chemiluminescent HRP
substrate (Beyotime, Haimen, China) and scanned with the Tannon 5200 Imaging System
(Tanon, Shanghai, China).

2.7. ELISA Based Lectin Binding Assay

For immobilization, 100 μL of 5 μg/mL MUC5B antibody (Abcam, Ab105460) or IgA
antibody (Abcam, Ab124716) diluted in the coating buffer (0.1 M carbonate/bicarbonate,
pH 9.4) was added to each well of the 96-well plate and incubated at 4 ◦C overnight. The
wells used as the blank control were added with 100 μL of coating buffer without any
antibody. The next day, the plate was washed three times with PBST and blocked with
carbo-free solution at 37 ◦C for 1 h on the shaker. Then, the plate was washed again and 50
μg of salivary proteins (1 μg/μL) from each group was added to the well in triplicate and
incubated at 37 ◦C for 1 h. After the plate being washed, 100 μL of the biotinylated SNA or
MAL-II (Vector Laboratories Inc, Burlingame, CA, USA), which was 1:3000 or 1:200 diluted
in carbon-free solution, was applied to each well and incubated at 37 ◦C for another 1 h.
Next, the plate was washed again and 100 μL of streptavidin-HRP (Vector Laboratories)
with 1:2000 dilution in carbon-free was added to the well and incubated at 37 ◦C for 50 min.
The HRP signal was finally detected by 3,3′,5,5′-tetramethylbenzidine (TMB) substrate
(Beyotime, Haimen, China) and the absorbance of 450 nm for each well was read by the
microplate reader (Bio-Rad Laboratories, Hercules, CA, USA).
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2.8. Statistical Analysis

Statistical analysis was performed by the SPSS software (version 20.0), and the p value
between two different groups was acquired by Mann–Whitney test. The difference was
considered statistically significant if the p value was <0.05.

3. Results

3.1. Relative Expression Levels of Terminal α2-3/6-Linked Siain Saliva Groups of Postpartum
Women with and without Breastfeeding

In total, 210 saliva samples were collected from breastfeeding (B) and non-breastfeeding
(NB) women in the first, second, third period (FP, SP,TP) of postpartum, and healthy women
without pregnancy, and breastfeeding were used as the control group (Supplementary
Table S1). The expression level of terminal α2-3 and α2-6-linked Sia on salivary proteins
of different groups were detected by the specific lectin of SNA and MAL-II using lectin
microarray (Figure 1A). The fluorescent images of Cy3-labeled salivary proteins binding to
SNA or MAL-II on the lectin microarray were shown in Figure 1B. The normalized fluores-
cent intensities (NFIs) of SNA and MAL-II for different groups were listed in Supplementary
Table S1 and further analyzed in Figure 1C.

Figure 1. Comparison of the terminal α2-3/6-linked Sia expression level on salivary proteins of
postpartum women with and without breastfeeding. (A) The label of saliva samples with Cy3
fluorescent dye and the layout of lectin microarray. (B) Fluorescent images of SNA detected forα2-
6-linked Sia and MAL-II detected for α2-3-linked Sia from the lectin microarrays used for different
groups. (C) Normalized fluorescent intensity (NFI) of SNA and MAL-II binding to salivary proteins
of different groups. FP-B: first-period of postpartum women with breastfeeding; FP-NB: first-period
of postpartum women without breastfeeding; SP-B: second-period of postpartum women with
breastfeeding; SP-NB: second-period of postpartum women without breastfeeding; TP-B: third-
period of postpartum women with breastfeeding; TP-NB: third-period of postpartum women without
breastfeeding. Each sample was applied to three repeated slides, the standard deviation (SD) of NFIs
for each lectin from all the repeated blocks was calculated. Data are shown as mean ± SD, Statistical
significance between two different groups was analyzed by Student’s t-test and indicated by the
p-value. ** p < 0.01; *** p < 0.001.

From the result, it can be seen that the salivary expression level of α2-6-linked Sia
was a little bit higher in the breastfeeding women than that of the non-breastfeeding ones
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at the same postpartum stage, but the discrepancy between these two groups was not
too much (Figure 1C). While for the α2-3-linked Sia, its expression level was found to be
significantly up-regulated in the breastfeeding groups of FP-B, SP-B, TP-B compared to
non-breastfeeding groups of FP-NB, SP-NB, TP-NB, especially for the women within six
months postpartum (fold change = 7.67, p < 0.001). The discrepancy was reduced along
with the extension of postpartum time.

3.2. Analysis for the Salivary Proteins and the Variation in Terminal α2-3/6-Linked Sia Expression
Level on Glycoproteins of Different Groups

Salivary proteins with and without glycosylation were shown by using different
staining methods after SDS-PAGE (Figure 2A). Results showed that saliva samples from all
the groups were composed of proteins with the similar molecular weight. PAS staining
showed that there were two bands of proteins, which are heavily glycosylated, one of the
band was shown in the stacking gel (band 1, b1) and the other one was around 150 kD
(band 2, b2). Besides, there were another two glycosylated protein bands, which can be
seen more apparently by the sensitive fluorescent detection of Cy5-labeled SNA (band 3,
b3) and MAL-II (band 4, b4) below 100 kD.

Figure 2. Analysis of the salivary proteins profiles and the variation in terminal α2-3/6-linked
Sia expression level on glycoproteins of different groups. (A) Salivary proteins and glycoproteins
from different groups were shown by the silver stain (1), PAS stain(1) and the combine of PAS
and Coomassie Brilliant Blue R-250 stains (3), and the salivary proteins glycosylated with terminal
α2-3/6-linked sialic acids were detected by the lectin blotting analysis of Cy5-labled SNA (4) and
MAL-II (5). (B) Relative fluorescence intensities (RFIs) of the binding bands of salivary proteins
to Cy5-labled SNA. (C) RFIs of the binding bands of salivary proteins to Cy5-labled MAL-II. Data
shown are mean ± SD, * p < 0.05; ** p < 0.01; *** p < 0.001.

The expression level of terminal Siaα2-3/6Gal on salivary proteins of different groups
were further investigated by the Lectin blotting analysis (Figure 2A(4,5)), and the samples
treated with α2-3 or α2-3,6,8 sialidase were used as the blank control (Supplementary
Figure S1). The Relative fluorescence intensities (RFIs) of the SNA and MAL-II binding
bands between groups of women with and without breastfeeding were analyzed and
shown in Figure 2B,C. The lectin binding image of SNA (Figure 2A(4)) showed that the
salivary proteins glycosylated with terminal Siaα2-6Gal mainly appeared on the proteins of
band 1 in the stacking gel and band 3 around 50 kD. The expression levels of Siaα2-6Gal on
the proteins of band 3 showed no significant difference between women with and without
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breastfeeding. While for band 1, the expression level of Siaα2-6Gal in the saliva of the
breastfeeding group was obviously increased compared with that of non-breastfeeding
group at the same stage (Figure 2B). As to the lectin blotting of MAL-II, there were three
distinct binding bands (band 1 in the stacking gel, band 2 around 150 kD, band 4 around
25 kD) to be observed. Apparent discrepancy of RFIs can be found for all of these three
bands between breastfeeding groups and non-breastfeeding groups, the expression levels
of Siaα2-3Gal on the salivary proteins of these bands were obviously higher in the former
groups than that in the latter groups (Figure 2C).

3.3. Comparison of Salivary Proteins Binding Ability to AIVs between Postpartum Women with
and without Breastfeeding

The binding abilities of salivary proteins to influenza virus were assessed using the
inactivated H1N1 virus (H1N1 vaccine) and three AIV strains (H5N1-CK, H5N1-DK, H9N2).
An equal amount of salivary proteins from different groups were separated by the SDS-
PAGE and then blotted with the Cy5-labeled proteins of virus. From the binding images
(Figure 3), there were two bands of proteins, which can bind strongly to all of the virus,
one of the band presented in the stacking gel and the other band appeared at about 25 kD.
The RFIs of the binding bands for different saliva groups were compared (Figure 3B,C).
For the AIV strains, significant differences can be seen between the groups of women with
and without breastfeeding at both of these two bands. Furthermore, the virus-binding
intensities of salivary proteins from breastfeeding groups were much stronger than that
from non-breastfeeding women, especially within six months postpartum. These results
were consistent with the binding affinity of salivary proteins to MAL-II. As to H1N1 virus,
the binding intensities of these two bands to different saliva groups were not obviously
varied, as found in the AIVs, and that may be due to the HA of H1N1 preferring to bind
to α2,6-linked SA receptor, so the change of α2,3-linked SA level in saliva could not affect
its binding affinity too much. Besides, there was also a strong binding band at around 70
kD for H1N1 and H9N2 strains and a week binding band at around 150 kD for H5N1-DK,
H1N1 and H9N2 strains. For the band around 150 kD, the binding intensity was weak
and its variation in different groups was identical to the band in the stacking gel. As to
the binding intensity around 70 kD, its variation in different groups was obviously not
too much.

3.4. Expression Level of IgA and MUC5B in the Saliva of Postpartum Women with and without
Breastfeeding

IgA and MUC5B are known as the primary glycoproteins in human saliva, which can
exert high anti-influenza activity through their sialylated glycochains [23,29]. From the
binding profile of lectin blotting analysis, it can be seen that the protein bands shown in the
stacking gel and at around 50 kD, 25 kD were identical with the molecular weight of MUC5B
and IgA heavy and light chains, respectively. Therefore, the protein expression level of
MUC5B and IgA and the variation in Sia were further investigated in different groups.

After SDS-PAGE, the salivary proteins on each gel were incubated with the human
anti-IgA or anti-MUC5B antibody, respectively. The binding band of salivary proteins
corresponding to anti-IgA antibody and anti-MUC5B antibody appeared at around 50 kD
and in the stacking gel as expected (Figure 4A). The RFIs of the corresponding bands
between groups of women with and without breastfeeding were compared and shown in
Figure 4B. The result showed that the protein expression level of IgA or MUC5B were not
varied during the lactating period, and there was no significant difference between groups
of breastfeeding and non-breastfeeding women.
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Figure 3. Assessment of the binding ability of salivary proteins from different groups to the
AIV strains and the H1N1 influenza A vaccine. (A) The binding profiles of salivaryproteins to
the H1N1 vaccine and the AIV strains of H5N1-CK (A/Chicken/Guangxi/4/2009), H5N1-DK
(A/Duck/Guangdong/17/2008) and H9N2- DK (A/Duck/Guangdong/S-7-134/2004). (B) RFIs
of the binding band shown at around 25 kD for different saliva groups. (C) RFIs of the binding
band shown in the stacking gel for different saliva groups. Data shown are mean ± SD, * p < 0.05;
** p < 0.01; *** p < 0.001.

Figure 4. Analysis ofthe MUC5B and IgA expression level in different saliva groups. (A) The
binding images of salivaryproteins corresponding to human anti-MUC5B or anti-IgA antibody,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. (B) RFIs of
the binding bands of salivary proteins corresponding to human anti-MUC5B or anti-IgA antibody.
Data shown are mean ± SD, statistical notations and group abbreviations are same as shown in
Figure 1.
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3.5. Expression Level of Terminal α2-3/6-Linked Sia Expressed on IgA and MUC5B in Different
Saliva Groups

Enzyme-linked immunosorbent assay (ELISA) based lectin binding assay was applied
to evaluate the level of α2-3/6-linked sialic acids expressed on IgA and MUC5B of different
groups. The IgA and MUC5B from different salivary groups were firstly captured by
the human anti-IgA or anti-MUC5B antibodies that were immobilized on the 96-well
plate. Then the Siaα2-3/6Gal structures on the specific protein of IgA and MUC5B were
recognized by the biotinylated SNA or MAL-II and detected by the HPR labeled avidin.
The results showed that both the expression levels of Siaα2-3/6Gal on MUC5B (Figure 5A)
and IgA (Figure 5B) were up-regulated in the saliva of postpartum breastfeeding women
compared with non-breastfeeding women. The increased expression level of Siaα2-3/6Gal
on MUC5B of the breastfeeding women was consistent with the result of the lectin blotting
analysis for the binding band that appeared in the stacking gel. As for IgA, the improved
expression level of Siaα2-3Gal in breastfeeding women coincided with the lectin binding
profiles analyzed for the band around 25 kD, which was identical with the molecular weight
of IgA light chain. But for the expression of Siaα2-6Gal on IgA, its increased trend in the
breastfeeding groups was not in agreement with the lectin blotting of SNA for the band at
a little above 50 kD, where the heavy chain of IgA may present. This may be caused by the
binding of other glycoproteins with the similar molecular weight in saliva.

Figure 5. Comparison of theterminal α2-3/6-linked Sia expression level on MUC5B and IgA between
saliva groups of women with and without breastfeeding. Salivary MUC5B or IgA was captured by the
anti-human MUC5B or anti-human IgA antibody on 96-well plate, and the expression level of terminal
α2-3/6-linked Sia, which was recognized by the biotinylated SNA/MAL-II and finally detected by
the Avidin-HPR system. The absorbance at 450 nm was read for the analysis of SNA/MAL-II binding
to IgA (A) and MUC5B (B) from different groups. Data shown are mean ± SD, statistical notations
and group abbreviations are same as shown in Figure 1.

4. Discussion

Pregnancy and lactation are the particular physiological periods of women with
dramatic fluctuation of hormones. It is reported that along with the hormone alteration, the
innate immunity response to respiratory virus infection was affected [30,31]. The morbidity
and mortality for pregnant women were obviously higher than the general population
during the past influenza pandemics [2]. After delivery, the prolactin in breastfeeding
women remains at a high level compared with non-breastfeeding women. However, their
susceptibility to influenza virus has not yet been clear.
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Considering the importance of α2-3/6-linked sialic acids involved in the anti-influenza
virus activity, their expression level on the salivary proteins of women with and without
breastfeeding were investigated in this study, and the associated salivary glycoprotein
binding abilities to different strains of influenza virus were accessed. From the result of
lectin microarray, the salivary expression level of α2-6-linked sialic acids between lactating
women and non-lactating women was not varied too much on the whole level. While for
the expression level of α2-3-linked sialic acids, the discrepancy between these two kinds of
groups was much more significant, which is apparently higher in the breastfeeding groups
than the non-breastfeeding groups at the same postpartum stage. This result was further
verified by the lectin blotting analysis, the binding profile of salivary proteins to MAL-II
showed that there are apparently three bands of proteins glycosylated with α2-3-linked
sialic acids. From the RFI data, it can be seen that the expression level of α2-3-linked sialic
acids on the proteins of all these three bands was much higher in the saliva of breastfeeding
women and the binding abilities of salivary glycoproteins to AIV strains of H5N1-CK,
H5N1-DK, H9N2 were found to be increased in breastfeeding groups accordingly. From the
fluorescent binding images of salivary glycoproteins to different AIV strains, there are two
binding bands with varied RFI between breastfeeding and non-breastfeeding groups. The
one that appeared in the stacking gel was in accordance with the high molecular weight of
salivary MUC5B, and the other band around 25 kD coincided with the molecular weight
of IgA light chain. Given that both of the MUC5B and IgA are primary glycoproteins in
human saliva with high anti-influenza activity, their protein and sialylation levels were
further tested using Western blotting analysis and ELISA based MAL-II/SNA binding
assay. The results showed that the protein level of MUC5B or IgA was almost the same
among different saliva groups. As for the sialylation level, a significant discrepancy can
be seen between the groups of women with and without breastfeeding, and the variation
trend of α2-3 sialylation on the protein of MUC5B or IgA in different groups was consistent
with that observed on the whole saliva level, which were significantly increased in the
groups of breastfeeding women in comparison to the non-breastfeeding groups. These
results suggested that the high expression of α2-3 sialylation in the whole saliva samples of
lactating women mainly come from the glycosylation level rather than the protein level.

It is known that the terminal sialic acids on glycoproteins play an important role in
the regulation of immune effects, and their expression can be varied according to different
physiological and pathological conditions [14–16]. We have previously demonstrated that
the expression of α2-3-linked sialic acids on salivary proteins was decreased in pregnant
women, which was associated with their high susceptibility to AIV [28]. While in this study,
the expression of α2-3-linked sialic acids was found to be increased significant in breastfeed-
ing women under the high level of prolactin hormone. These results were accordant with
the different influenza infection risk of women during pregnancy and postpartum periods
that was reported in a recent study [2]. The different variation trend of α2-3 sialylation
could be due to the physiological changes of hormones during pregnancy and lactation
periods and their different influence on the immune system. It has been reported that the
progesterone hormone has immunoinhibitory effects during pregnancy, whereas prolactin
has the opposite effects of immunostimulatory [32,33]. Moreover, prolactin has also been
proved to be involved in the regulation of glycosyltransferases for the synthesis of lactose
in human milk [34]. The saliva glands and the glycosylation of their secretory products
could also be modulated by hormones in this way [35], and the underling mechanism is of
interest to be studied in the future.

It is well established that breastfeeding can provide numerous health benefits, not only
for infants, but also for mothers [36]. The advantages of breastfeeding to mothers have been
illustrated, including the improved glucose metabolism, the reduction in hypertension
and hyperlipidemia, and the lower risks of breast and ovarian cancer, heart disease, type 2
diabetes et al. [37,38]. Here, our study further indicated that breastfeeding could be helpful
to protect women from AIV infection by increasing the expression level of α2-3 linked sialic
acids on their salivary proteins. This finding adds more evidence for the maternal benefit of
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breastfeeding, and provides a new support to encourage mothers to choose breastfeeding
during postpartum.

In this study, the changes in sialylation level were detected and verified by using
a different method, and investigated both on the whole saliva level and on the specific
glycoproteins. However, there still some limitations. First, the sample size for each group
is not too large. More samples need to be recruited to improve the accuracy. Second, the
anti-influenza activity of saliva samples was not accessed by using the influenza virus
directly, the saliva inhibition assays of hemagglutination and neutralization will make
the result more meaningful. Finally, the mechanism of prolactin influence on the α2-3
sialylation of salivary proteins for breastfeeding women was not referred to in this study,
and as such, requires further research.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/molecules27134285/s1, Figure S1: The binding profiles
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characteristics of the healthy control and postpartum women with and without breastfeeding.
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Abstract: Hepatocellular carcinoma (HCC) is a highly malignant tumor related to high mortality and
is still lacking a satisfactory cure. Tumor metastasis is currently a major challenge of cancer treatment,
which is highly related to angiogenesis. The vascular endothelial growth factor (VEGF)/VEGFR sig-
naling pathway is thus becoming an attractive therapeutic target. Moreover, chemotherapy combined
with gene therapy shows great synergistic potential in cancer treatment with the promise of nanoma-
terials. In this work, a formulation containing 5-FU and siRNA against the VEGF/VEGFR signaling
pathway into N-acetyl-galactosamine (GalNAc)-modified nanocarriers is established. The targeting
ability, biocompatibility and pH-responsive degradation capacity ensure the efficient transport of
therapeutics by the formulation of 5-FU/siRNA@GalNAc-pDMA to HCC cells. The nano-construct
integrated with gene/chemotherapy exhibits significant anti-metastatic HCC activity against C5WN1
liver cancer cells with tumorigenicity and pulmonary metastasis in the C5WN1-induced tumor-
bearing mouse model with a tumor inhibition rate of 96%, which is promising for future metastatic
HCC treatment.

Keywords: hepatocellular carcinoma; metastasis; ASGPR; gene therapy; VEGF/VEGFR2 signaling
pathway

1. Introduction

Hepatocellular carcinoma (HCC) is a highly heterogeneous and malignant tumor
with a poor prognosis. It remains the sixth most prevalent malignancy and the fourth
leading cause of cancer-related mortality worldwide [1]. At early stages, HCC patients
can usually receive liver transplantation or surgical resections as a curative treatment [2].
However, most patients are identified as advanced HCC at the time of diagnosis [3,4].
Despite remarkable progress in earlier diagnosis and novel therapeutic agents in the
past decades, the 5 year survival rate of HCC patients remains remarkably poor due to
serious extrahepatic metastases and a high recurrence rate [5,6]. To deal with this issue,
nanomaterial-based delivery platforms attracted great attention to exploit multimodal
therapies to achieve synergistic anti-tumor efficacies, such as liposomes [7], micelles [8],
protein nanoparticles [9], carbon-based materials [10,11] and metal and covalent organic
frameworks [12,13].

Tumor metastasis, the dissemination of primary tumor cells from the initial site to
distant sites to form secondary tumors, is currently a major challenge in cancer treat-
ment [14,15]. In many cases, metastases are already developed when primary cancers are
diagnosed [16]. Cancer cells can escape to other tissues or organs through the blood vessels,
and tumor vessels supply tumor cells with nutrients and oxygen to support their continued
growth, invasion and metastasis [17–19]. The inhibition of tumor angiogenesis to block the

Molecules 2022, 27, 2082. https://doi.org/10.3390/molecules27072082 https://www.mdpi.com/journal/molecules289



Molecules 2022, 27, 2082

tumor’s blood supply has become an effective anti-tumor growth and metastasis strategy in
cancer treatment [20]. The vascular endothelial growth factor (VEGF) is reported to be more
expressed in liver cancer tissues than in normal liver tissues and para-neoplastic tissues,
and the VEGF/VEGFR2 signal transduction pathway plays a major role in peritumoral
angiogenesis, which is involved in the migration, proliferation and survival of perivascular
new endothelial cells. It becomes a promising alternative to block the VEGF/VEGFR2
signaling pathway to inhibit the generation and migration of solid tumors [21].

Recently, the RNA interference (RNAi) system based on gene silencing mechanisms
is utilized as a powerful tool in anti-tumor gene therapy [22,23]. Small interfering RNAs
(siRNAs) have the capability to regulate the expression of RNA transcripts, induce mRNA
degradation or repress protein translation [24]. To deliver the negatively charged naked
siRNA, some challenges need to be faced during systemic circulation, including rapid
metabolism, off-target effects and RNase degradation [25,26]. In view of this fact, to
maximize the gene silencing efficiency of siRNA, it is highly needed to utilize a stable
delivery system to make siRNAs effectively and accurately recognize and reach the targeted
tumor sites after long-term circulation [26].

Herein, we synthesized an integrated delivery system based on two monomers [3-
azido-2-hydroxypropyl methacrylate (AHPMA) and 2-(dimethylamino) ethyl methacrylate
(DMAEMA)] to combine gene therapy against VEGF and VEGFR2 and chemotherapy to
inhibit hepatocarcinogenesis and metastasis, which can be initiated with a cancer stem cell
(CSC)-like cell line C5WN1 with tumorigenicity and pulmonary metastasis (Scheme 1) [27].
The monomer DMAEMA can form a stable complex with amino groups of negatively
charged nucleic acids to prevent enzymatic degradation. The sponge effect triggered by
acidic pH value can cause polymeric DMAEMA swelling and endosomal escape, thus
achieving gene transfection [28,29]. These features make this platform suitable for nucleic
acid concentration and transport. 5-Fluorouracil (5-FU), a commonly used anti-cancer
reagent with an inhibitory effect on cell growth and migration, is encapsulated into the
formulation for chemotherapy. Asialoglycoprotein receptor (ASGPR) is a mammalian
lectin specifically expressed on the surface of hepatocytes and is an attractive hepatic
delivery target [30,31]. GalNAc residues can mediate the specific cellular uptake of the
nanoparticle by targeting ASGPR expressed liver cells as one of the specific ligands for
ASGPR. The self-assembled nanoparticles are multiple-functionalized by modifying them
with N-acetyl-galactosamine (GalNAc) for hepatic targeted delivery and rhodamine B
(RhB) for fluorescein-based tracking. GalNAc residues can be linked to the azido group in
AHPMA through click reaction.

Scheme 1. Illustration of the preparation and the anti-metastatic HCC strategy of GalNAc-modified
AHPMA and DMAEMA-based polymeric micelles carried with gene/chemotherapy through the
VEGF/VEGFR signaling pathway.
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2. Results and Discussion

2.1. Synthesis and Characterization of 5-FU/siRNA @GlaNAc-pDMA

The GalNAc-modified nanocarrier with fluorescence labeling was constructed. GalNAc [32]
(Figures S1 and S2), RhB-based atom transfer radical polymerization (ATRP) initiator (RhB-
Br) [33] (Figures S3 and S4) and monomeric AHPMA [34,35] (Figure S5) were first synthesized
using previously reported methods. The fluorescently labeled and pH-responsive block copoly-
mer p(RhB-DMAEMA-AHPMA-GalNAc) was prepared based on atom transfer radical poly-
merization (ATRP) with RhB-Br and AHPMA, which was verified by 1H-NMR spectroscopy
(Figure S6). Additionally, the copolymer p(RhB-DMAEMA-AHPMA-GalNAc) were obtained
by a further “click” reaction with GalNAc. All proton signals of p(RhB-DMAEMA-AHPMA-
GalNAc) were clearly shown in 1H-NMR spectra (Figure S7), representing the successful
synthesis of p(RhB-DMAEMA-AHPMA-GalNAc). The results of Fourier transform infrared
(FT-IR) spectroscopy also confirmed the correct construction (Figure S8).

The glyco-copolymers p(RhB-DMAEMA-AHPMA-GalNAc) was then self-assembled
into nanoparticles (GalNAc-pDMA) via a solvent exchange method. Transmission electron
microscopy (TEM) micrographs showed that the assembled particles are roughly spherical
in shape and with relatively homogeneous size (Figure 1A and Figure S9). Meanwhile,
the size of GalNAc-pDMA particles was confirmed by dynamic light scattering (DLS)
with an average diameter of 198.1 ± 0.4 nm and a polydispersity index (PDI) value of
0.24 ± 0.085 (Figure 1B). Hydrophobic 5-FU was trapped into the hydrophobic cores
of GalNAc-pDMA by dialysis, which was confirmed with UV-spectroscopy (Figure S9).
A simple dialysis method was applied to trap hydrophobic 5-FU into the hydrophobic
cores of GalNAc-pDMA. The drug loading content (DLC) and drug entrapment efficiency
(DEE) of GalNAc-pDMA were determined by measuring 5-FU absorption at 265 nm to be
12.6 ± 0.03% and 58.0 ± 3.4%, respectively (Figure S9).

Figure 1. (A) TEM image of GalNAc-pDMA partilces. The scale bar:100nm. (B) Hydrodynamic size
distribution of GalNAc-pDMA. (C) Gel electrophoresis assay for siRNA@GalNAc-pDMA condensing
capacity at different N/P ratios. (D) The average particle size and zeta potential values of different
particles. The error bars were obtained from three independent measurements. (E) Long-term hydro-
dynamic size change of 5-FU/siRNA@GalNAc-pDMA in different mediums at 37 ◦C. (F) Release of
5-FU from 5-FU/siRNA@GalNAc-pDMA at pH 5.0 and 7.4 Mean ± SD (n = 3).
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The cationic DMAEMA unit can form complexes with negatively charged siRNA frag-
ments. The siRNA condensing capacity of GalNAc-pDMA was determined by the nitro-
gen/phosphate ratio [N/P, nitrogen (N) of the PMAEMA moiety in GalNAc-pDMA and
phosphate (P) in RNA] from 0.5 to 10, and naked siRNA was used as a negative control. The
results of the agarose gel retardation assay showed that GalNAc-pDMA form complexes with
a mixture of VEGF-siRNA andVEGFR2-siRNA with Cy5 labelling (sequence information
see Table S1) at an N/P ratio of 9:1 (Figure 1F). After siRNA was loaded, the zeta potential
reduced from 19.5 to −2.5 mV (Figure 1C), mostly due to the negative charge of siRNA, also
confirming the siRNA condensing capability of GalNAc-pDMA.

To evaluate the stability of 5-FU/siRNA@GalNAc-pDMA, the hydrodynamic diameter
and zeta potential of 5-FU/siRNA@GalNAc-pDMA in different solutions such as water,
PBS (pH = 7.0) and cell culture medium (DMEM containing 10% fetal bovine serum (FBS)
were measured for seven consecutive days (Figure 1D). The result showed that the particles
remained relatively stable under physiological conditions.

The drug release of 5-FU/siRNA@GalNAc-pDMA was further measured under differ-
ent pH conditions at 37 ◦C, mimicking the physiologic status (pH 7.4) and the periphery of
the tumor (pH 5.0). The release profile of 5-FU showed that only 18% of 5-FU was released
after 72 h in PBS at pH 7.4. Comparably, nearly 80% of 5-FU was released within 12 h under
the acidic pH conditions (pH 5.0) (Figure 1E). It demonstrated that 5-FU/siRNA@GalNAc-
pDMA has great pH-responsive drug release capacity, which thereby can reduce the
occurrence of side reactions in normal tissues.

2.2. In Vitro Targeted Synergistic Effect of 5-FU/siRNA@GalNAc-pDMA
2.2.1. In Vitro Biosafety and Cytotoxicity Assessment

Good bioactivity and biocompatibility are essential characteristics for exogenous
nanomaterials as drug delivery systems. The biocompatibility was assessed via MTT assays
and hemolysis evaluation. C5WN1, HepG2 and Huh7 cells were tested, and HEK293 cells
were selected as non-cancer cells incubating for 48 h with GalNAc-pDMA (0–600 μg mL−1).
The MTT assay results showed that viability of cells was greater than 90% in all cell lines
even at the highest concentration of GalNAc-pDMA, indicating very low cytotoxicity of
the nanomaterial (Figure S10). In addition, GalNAc-pDMA particles exhibited a very
low hemolysis rate even at the highest concentration (<10%) compared to the serious
hemolysis caused by water as a positive control with a hemolysis rate of 100% (Figure S10).
It suggests that GalNAc-pDMA nanoparticles are suitable as delivery systems with high
biocompatibility and low cytotoxicity.

2.2.2. ASGPR-Targeted Intracellular Uptake

The ASGPR-targeting capacity of GalNAc-pDMA particles as a co-delivery system was
verified by observation with confocal laser scanning microscopy (CLSM) (Figure 2A) and
flow cytometry analysis (Figure 2B). Hepatocarcinoma cells with high ASGPR expression
on the cell membrane, such as C5WN1, HepG2 and Huh7, were used for the tests [36,37].
HEK293 cells with low ASGPR expression was used as a negative control. After 3 h incuba-
tion with 5-FU/siRNA@GalNAc-pDMA, the cellular uptake behavior of the nanoparticles
was detected by CLSM and flow cytometry analysis. Compared with HEK293 cells, signifi-
cant RhB fluorescence and cy5 fluorescence were both observed on the cell membrane and
in the cytoplasm of C5WN1, HepG2 and Huh7 cells, demonstrating the active targeting of 5-
FU/siRNA@GalNAc-pDMA towards high ASGPR expressing cells. In addition, there was
no obvious difference in detected fluorescence when HEK293 cells were treated with a free
galactose-supplemented medium and then incubated with 5-FU/siRNA@GalNAc-pDMA.
In contrast, the fluorescence intensity in C5WN1, HepG2 and Huh7 cells became weaker
after preincubation with free galactose, as free galactose competed with GalNAc-modified
nanoparticles for binding to ASGPR on the cell membrane and decreased the subsequent
endocytosis. All these results showed that 5-FU/siRNA@GalNAc-pDMA could effec-
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tively target HCC cell lines through the specific recognition of modified GalNAc residues
with ASGPR.

Figure 2. Targeted cellular delivery of 5-FU/siRNA@GalNAc-pDMA particles. (A) CLSM images
of C5WN1, HepG2, Huh7 and HEK293 cells incubated with 5-FU/siRNA@GalNAc-pDMA with or
without free galactose (1 × 10−3 M) competition. Scale bars: 50 μm. (B) Flow cytometry analysis
of C5WN1, Huh7, HepG2 and HEK293 cells incubated with 5-FU/siRNA@GalNAc-pDMA with or
without galactose (1 × 10−3 M) competition.

2.2.3. In Vitro Therapeutic Effect of Codelivery of 5-FU and siRNA

The in vitro therapeutic effect of 5-FU/siRNA@GalNAc-pDMA was investigated
using an MTT assay (Figure 3). A series of concentrations of 5-FU, 5-FU@GalNAc-pDMA
and 5-FU/siRNA@GalNAc-pDMA were cultured with C5WN1, Huh7 and HepG2 cells,
respectively, in DMEM medium for 48 h. Comparably, the cell inhibitory effect of 5-
FU/siRNA@GalNAc-pDMA was significantly more enhanced than those of free 5-FU
and 5-FU/siRNA at the 5-FU concentration of 50 μg mL−1 (Figure S11), which was then
used for the subsequent in vitro experiments. Compared with the control group treated
with PBS, the cell viability of the free 5-FU treated group and the free siRNA treated
groups was around 70%. The HepG2, Huh7 and C5WN1 cell growth of the encapsulated
5-FU group and encapsulated siRNA group, was greatly inhibited; however, there was no
significant difference for HEK293 cells, suggesting the targeted delivery system efficiently
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increased the cytotoxicity of free 5-FU and siRNA towards the hepatocarcinoma cells. A
glucose-modified pDMA (Glc-pDMA) was co-loaded with 5-FU and siRNA to be used
as a control. The 5-FU/siRNA@Glc-pDMA treatment did not show apparent synergistic
cytotoxicity on all cell lines. The 5-FU/siRNA@GalNAc-pDMA treated groups of HepG2,
Huh7 and C5WN1 cells displayed significant cell death with cell viabilities of 32%, 36%
and 24%, respectively, while there was no effect on HEK293 cells. These results indicate
that 5-FU/siRNA@GalNAc-pDMA has significant superiority for targeted synergistic
chemotherapy/gene therapy towards hepatocarcinoma cells.

Figure 3. In vitro C5WN1, HepG2, Huh7 and HEK293 cells growth inhibition test. The cells
were treated with different formulations for 48 h: (1) GalNAc-pDMA, (2) siRNA, (3) 5-FU, (4) 5-
FU+siRNA, (5) siRNA@GalNAc-pDMA, (6) 5-FU@GalNAc-pDMA, (7) 5-FU/siRNA@Glc-pDMA,
(8) 5-FU/siRNA@GalNAc-pDMA. (Each group was treated with the same dose of the following
components: 5-FU at 50 μg mL−1, GalNAc-pDMA at 300 μg mL−1 and siRNA at 3.5 μg mL−1). Data
are expressed as the mean ± SD. Compared with the control: * p < 0.05, ** p < 0.01 and *** p < 0.001.

2.2.4. Inhibition of C5WN1 Migration by Gene Therapy of 5-FU/siRNA@GalNAc-pDMA

It was shown that the VEGF/VEGFR2 signaling pathway plays a crucial role in
regulating cell viability, proliferation and migration. The migration ability of HCC cells
was also confirmed to be closely related to VEGF and VEGFR expression. In this work, co-
loaded siVEGF and siVEGFR were utilized to inhibit the viability and migration of C5WN1
by interfering with the transcriptional process of both genes, thereby downregulating the
expression of VEGF and VEGFR2.

To investigate the efficacy of gene silencing, the expression of VEGF and VEGFR2
protein expression levels were evaluated by Western blot. The protein expression levels of
VEGF and VEGFR2 were downregulated to 68% and 70%, respectively, after incubation of
C5WN1 cells with its respective siRNA alone (Figure 4A). After siVEGF and siVEGFR2 were,
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respectively, encapsulated with GalNAc-pDMA, the protein expression levels of VEGF
and VEGFR2 were further downregulated to 38% and 44%, respectively. The expression of
VEGF and VEGFR2 genes was further downregulated, respectively, after the simultaneous
encapsulation of siRNA into GalNAc-pDMA particles. Surprisingly, the group treated with
5-FU/siRNA@GalNAc-pDMA showed the lowest VEGF and VEGFR2 protein levels of 28%
and 27%, respectively, which suggested that the bimodal therapies of gene/chemotherapy
by GalNAc-pDMA delivery system could effectively inhibit the VEGF/VEGFR signaling
pathway, thus inhibiting HCC cells migration.

Figure 4. (A) Western blot analysis of the expression of VEGF and VEGFR2 after treatment with differ-
ent formulations for 48h (left panel). Quantified results of Western blot analysis (right panel). (B) Tran-
swell migration assay of C5WN1 cells with different formulations for 12 h. Photograph (magnification,
×100) (Left panel) and cell counts after treatment with different formulations (right panel). Group:
(1) Blank group, (2) siVEGF, (3) siVEGF@GalNAc-pDMA, (4) siVEGFR2, (5) siVEGFR2@GalNAc-
pDMA, (6) siRNA (siVEGF+siVEGFR2), (7) siRNA@GalNAc-pDMA, (8) 5-FU/siRNA@GalNAc-
pDMA. Each group was treated with the same dose of the following components: 5-FU at 50 μg mL−1,
GalNAc-pDMA at 300 μg mL−1 and siRNA at 3.5 μg mL−1. Data are expressed as the mean ± SD.
Compared with the control: * p < 0.05 and *** p < 0.001.

The effect of 5-FU/siRNA@GalNAc-pDMA on the migration of C5WN1 cells was
further studied. The cell migration of C5WN1 cells was detected by transwell assay after
incubation with different formulations. The numbers of migrated cells of groups treated
with encapsulated siRNA were much lower than those of groups treated with naked
siRNA (Figure 4B), indicating the efficacy of targeted delivery. The group treated with
5-FU/siRNA@GalNAc-pDMA showed the highest inhibition on cell migration, suggesting
the synergistic effect of this construct on the migration of C5WN1 cells.

2.3. In Vivo Targeted Synergistic Effect of 5-FU/siRNA@GalNAc-pDMA

In order to further evaluate the in vivo targeted synergistic effect, a C5WN1 subcuta-
neous tumor model was established [27]. Animal experiments were carried out with the
approval of the experimental animal ethics committee of Jiangnan University (Approval
Number: JN. No20210415c1350920). The in vivo biodistribution of GalNAc-pDMA was first
evaluated. 5-FU@GalNAc-pDMA was injected into mice through the tail vein to observe the
fluorescence signal of RhB in mice after 4, 8, 12, 24 and 48 h, and 5-FU@Glc-Micel was used
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as a non-targeted control group. After 4 h of injection, the nanoparticles were detected to
be distributed throughout the whole body in both the targeted group and the non-targeted
group (Figure 5A). After 8 h of injection, it was detected that 5-FU@GalNAc-pDMA started
to accumulate in the tumor site. At 12 h post-injection, a significant accumulation of
5-FU@GalNAc-pDMA was detected in the tumor site. There was no obvious tumorous
accumulation in the non-targeted group compared with the targeted group, indicating the
excellent in vivo targeting capacity of 5-FU@GalNAc-pDMA mediated by specific ASGPR
recognition. At 24 h after injection, a certain fluorescence intensity in the tumor site was
still detected in the targeted group, suggesting prolonged drug retention and effectiveness
achieved by the targeted delivery. After 48 h, the systemic fluorescence became very weak
in both groups, showing that the nanoparticles could be systemically metabolized. Major
organs of the heart, liver, spleen, lung, kidney and tumors were isolated from mice for imag-
ing. Although there was also some accumulation in the tumor of the non-targeted group,
mostly due to enhanced permeability and retention (EPR) effect, the fluorescence intensities
in tumors of the targeted group were much stronger than those of the non-targeted group
(Figure 5B). These results confirmed that 5-FU@GalNAc-pDMA can effectively accumulate
in tumor tissues in the long term due to its good stability and targeting ability.

Figure 5. Biodistribution of 5-FU@GalNAc-pDMA and 5-FU@Glc-pDMA. (A) In vivo imaging of RhB
fluorescence at different times after intravenous injection of 5-FU@GalNAc-pDMA and 5-FU@Glc-
pDMA(30 mg kg−1) via the tail vein. (B) Representative ex vivo images of RhB fluorescence of harvest
organs (He: Heart, Li: Liver; Sp: Spleen; Lu: Lung; Ki: Kidney; Tu: Tumor) after different injection
times. (n = 5 for each group).
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The synergistic therapeutic effect of gene/chemotherapy carried by 5-FU/siRNA@GalNAc-
pDMA was then further evaluated with the subcutaneous C5WN1 tumor-bearing mice, which is
a CSC-like cell line with tumorigenicity and pulmonary metastasis. Nine groups of mice were
randomly separated and intravenously injected with different formulations every two days
during two weeks, including saline, GalNAc-pDMA, siRNA (siVEGF+siVEGFR2), Free
5-FU, 5-FU+siRNA, siRNA@GalNAc-pDMA, 5-FU@GalNAc-pDMA, 5-FU/siRNA@Glc-
pDMA and 5-FU/siRNA@GalNAc-pDMA, respectively. The tumor volume and body-
weight of mice were checked daily during the entire therapeutic period. On day 14, the
tumor inhibition rates (TIR) were calculated based on the final tumor volume using saline as
negative control (Figures 6A,B and S12). Compared with the saline control group, the blank
micelles had almost no tumor inhibition effect. The free 5-FU and naked siRNA had weak
tumor inhibition effects with the TIR of 32% and 33%, respectively. The TIR of encapsulated
drug group and encapsulated gene group increased to 57% and 67%, respectively, showing
the improved therapeutic effect of targeted delivery compared to individual chemotherapy
or gene therapy. The 5-FU/siRNA@GalNAc-pDMA group reached the maximum tumor
inhibition among all groups with the TIR of 96%. The tumors and major organs of all
mice were dissected for a further check. The tumor mass of 5-FU/siRNA@GalNAc-pDMA
group was found to have the lowest weight (Figure 6C), which was in good agreement
with tumor volume measurement. In this study, a low intravenous injection dose of 5-FU
at 5 mg kg−1 was selected in consideration of the low usage amount of nanoplatforms,
compared with the reported 5-FU dose at 10–15 mg kg−1 in mice [38–40]. The significantly
enhanced anti-tumor activity of this formulation with bimodal therapies at a low dose of
5-FU demonstrated the synergistic effect of combined gene therapy. The haematoxylin and
eosin (H&E) sections of tumor tissues from different groups demonstrated that the most
severe cell necrosis occurred in the 5-FU/siRNA@GalNAc-pDMA treated group, and differ-
ent levels of cell necrosis were observed in other treatment groups, while the tumor cells in
the saline and GalNAc-pMDA groups retained intact cell morphology (Figure S13), which
supported the previous results. The above results indicated that the GalNAc-pDMA-based
formulation carried synergetic gene/chemotherapy and elicited a potent therapeutic effect
on metastatic HCC. The subcutaneous tumor model is not sufficient to study the effect of
this formulation on extrahepatic metastasis; the inhibition efficacy on HCC metastasis still
needs to be further studied in a tumor orthotopic transplantation model.

Moreover, the 5-FU/siRNA@GalNAc-pDMA-treated mice showed negligible body
weight loss during the treatment, indicating particularly low systemic toxicity of the
formulation (Figure 6D). The H&E sections of the main organs from each experimental
group also showed no obvious lesions of the cell morphology, confirming the in vivo
biosafety of 5-FU/siRNA@GalNAc-pDMA (Figure S14).

297



Molecules 2022, 27, 2082

Figure 6. The synergistic anti-tumor effect of 5-FU/siRNA@GalNAc-pDMA in a subcutaneous HCC-
bearing mouse model. (A) Growth curves of tumors in mice treated with different formulations.
Data are shown as mean ± SD (n = 5). (B) Photographs of the dissected tumors after 14-day
therapy in different groups. (C) Weight of the tumors on day 14. Data are shown as mean ± SD
(n = 5). (D) Average body weight of tumor-bearing mice. Data are shown as mean ± SD (n = 5).
* p < 0.05; ** p < 0.01; *** p < 0.001. Group: (1) saline, (2) GalNAc-pDMA, (3) siRNA, (4) 5-FU, (5) 5-
FU+siRNA, (6) siRNA@GalNAc-pDMA, (7) 5-Fu@GalNAc-pDMA, (8) 5-FU/siRNA@Glc-pDMA
and (9) 5-Fu/siRNA@GalNAc-pDMA. Each group was treated with the same dose of the following
components: 5-FU at 5 mg kg−1, GalNAc-pDMA at 30 mg kg−1 and siRNA at 0.35 mg kg−1.

3. Materials and Methods

3.1. Materials

All chemicals and reagents were commercially available without the need for further
purification, except 2-(Dimethylamino) ethyl methacrylate (DMAEMA, 98%, from Sigma
Aldrich, Germany), which was distilled at reduced pressure just prior to use. VEGF siRNA
and VEGFR2 siRNA were used as reported in the literature (the sequence and primer were
listed in Table S1) and synthesized by Sangon Biotech, Shanghai, China. All of the aqueous
solutions used in experiments were prepared using deionized water.

3.2. In Vitro Cytotoxicity Evaluation of GalNAc-pDMA

The HCC cell lines HepG2 and Huh7 were obtained from the Chinese Academy of
Sciences Cell Bank. HEK293 cells were obtained from the Conservation Genetics CAS
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Kunming Cell Bank. C5WN1 cells were self-established [27]. C5WN1, Huh7, HepG2
and HEK293 cells were maintained in DMEM medium supplemented with 10% FBS, 1%
penicillin and 1% streptomycin (growth medium), in 5% CO2 and 95% air at 37 ◦C. The
MTT assay was carried out to determine in vitro cytotoxicity of GalNAc-pDMA. Cells were
seeded at a density of 5 × 103 cells per well of 96-well plates in triplicate the day before
GalNAc-pDMA treatment. To observe the cellular uptake of GalNAc-pDMA, the cells
were incubated with 200 μL of fresh medium containing different formulations at a final
GalNAc-pDMA concentration of 60–600 μg mL−1 and cultured for 48 h. The control group
was treated with an equal volume of culture medium. Then, the medium was removed,
and the cells were washed with PBS (pH 7.4) three times. In total, 100 μL of MTT solution
(0.5 mg mL−1 PBS) were added to each well and kept in the dark for 4 h until purple
formazan crystals formed. Finally, the MTT solution was aspirated gently, and 100 μL
of DMSO were added. The absorbance of each well was measured at a wavelength of
470 nm with a microplate reader (Bio Tek, USA). Cell viability was calculated using the
following equation:

Cell Relative viability (%) = (ODTreated − ODBlank)/(ODControl − ODBlank) × 100%.

3.3. Western Blotting Analysis

The VEGF and VEGFR2 expression of samples were tested by Western blotting analysis.
C5WN1 cells were subject to different treatments for 48 h incubation. The total protein
lysates were obtained after C5WN1 cells were lysed and centrifuged at 12,000× g at 4 ◦C
for 15 min. Protein concentrations were measured by BCA protein assay (Biyotime). The
same amounts of protein from various treatments were electrophoresed and resolved on
12% SDS-PAGE gels. After protein transferring onto PVDF membranes, the membranes
were incubated with specific primary antibodies overnight including a rabbit polyclonal
anti-VEGF antibody (Cat. ab46154, Abcam), a rabbit polyclonal anti-VEGFR2 antibody
(Cat. ab256666, Abcam) and a rabbit polyclonal anti-β-actin anti-body (Cat. 20536-1-AP,
Proteintech). All primary antibodies were incubated in PBS-Tween (PBS-T) and incubated
overnight at 4 ◦C.

3.4. Transwell Assay

C5WN1 cells were incubated in the medium containing different formulations for 12 h.
After trypsin digestion, the cells were adjusted to a concentration of 1 × 106 cells/mL and
seeded on the upper chamber of Matrigel-coated transwells supplemented with 10% serum
DMEM as a chemoattractant. Plates were harvested after 12 h incubation. The transwell
membranes were fixed with methanol for 15 min and stained with 1% crystal violet for
10 min. Membranes were cleaned and then mounted on glass slides to record the number
of invading cells under a microscope.

3.5. Intracellular Uptake Behavior

Intracellular uptake of 5-FU/siRNA@GalNAc-pDMA in hepatoma cells was observed
by confocal laser scanning microscope (CLSM) and flow cytometry. For the CLSM assay,
HepG2, Huh7 and C5WN1 cells were tested for their high ASGPR expression on the cell
membrane; HEK293 cells are human embryonic kidney cells and were used as negative
controls in this experiment due to the low expression of ASGPR. Cells (5 × 104 per dish)
in DMEM medium supplemented with 10% FBS were seeded onto 35 mm glass-bottom
Petri dishes and allowed to grow at 37 ◦C with 5% CO2. After 24 h, the medium was
removed, and cells were washed with PBS (pH 7.4) three times. 5-FU/siRNA@GalNAc-
pDMA (10 μg mL−1) in 1 mL of fresh medium were added and incubated for 4 h. Then,
the fluorescence images of samples were acquired by CLSM (Wetzlar, Germany). The
fluorescence of cell nuclei, RhB, and Cy5-siRNA was obtained using laser lines at 360, 560
and 650 nm, respectively.
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For the flow cytometry assay, C5WN1, Huh7, HepG2 and HEK293 cells were seeded
onto 24-well plates at a density of 1 × 104 cells per well. After 24 h incubation with 5% CO2
at 37 ◦C, the cells were incubated in a medium containing siRNA@GalNAc-PDMA (10 or
20 μg mL−1) for another 6 h. The cells were then measured by flow cytometry (Franklin,
San Mateo, CA, USA). The experiment was repeated at least three times.

3.6. In Vivo Biodistribution

When the subcutaneous tumor reached 200 mm3, 10 BALB/c nude mice were ran-
domly divided into two groups and were i.v. injected with GalNAc-pDMAor Glc-pDMA
(100 μL, 6 mg mL−1) at 4, 8, 12, 24 and 48 h. The fluorescence signals of RhB in the
anesthetized mice (using CO2 asphyxiation) and organs were imagined by Bruker In Vivo
Xtreme II (Woltham, MA, USA).

3.7. In Vivo Antitumor Effect

Tumor-bearing mice were randomly divided into nine groups (five mice per group)
treated with: (1) saline, (2) GalNAc-pDMA, (3) siRNA(siVEGF+siVEGFR2), (4) 5-FU, (5) 5-
FU+siRNA, (6) siRNA@GalNAc-pDMA, (7) 5-Fu@ GalNAc-pDMA, (8) 5-FU/siRNA@Glc-
pDMA and (9) 5-Fu/siRNA@GalNAc-pDMA. In total, 200 μL of each formulation were
injected via the tail vein on days 1, 3, 5, 7, 9, 11 and 13. Tumor sizes and mice body weights
were recorded every day. On day 14, tumor tissues and major organs (liver, spleen, kidney,
heart and lungs) were acquired for H&E staining. The stained specimens were examined
by digital optical microscopy (Bruker, USA).

The tumor inhibition rates were defined as per the following formula:

TIR = 1 − (average volume of tumors in experimental group/average volume of saline tumors) × 100%.

3.8. Statistical Analysis

The experiments were repeated at least three times. The statistical significance of data
was determined by one-way analysis of variance (ANOVA) with Origin Lab. Results were
shown as mean ± standard deviation (mean ± SD) (n ≥ 3; for animal tests n > 6).

4. Conclusions

In summary, a comprehensive therapeutic drug delivery system was designed and
prepared. The platform was verified to be biocompatible and safe in vitro and in vivo.
Modification of GalNAc residues enabled nanocarriers to efficiently and specifically target
ASGPR expressed hepatocytes to increase the efficiency of therapeutics and reduce systemic
toxicity in vivo. The fabricated nanoplatform achieved an elongated hepatic drug concen-
tration by the stable transport of drug and therapeutic nucleic acids and pH-controlled drug
release. The formulation of 5-FU and siRNA against the VEGF/VEGFR signaling pathway
exhibited potent synergistic in vivo anti-tumor efficacy on metastatic HCC at a low dose of
5-FU. The strategy of the combined chemotherapy and gene therapy against cell migration
has great potential to improve metastatic HCC treatment in future clinical applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules27072082/s1. Scheme S1. Schematic illustration of
the synthesis route of RhB-pDMAEMA-pAHPMA-GalNAc. Figure S1: 1H NMR (CDCl3, 400 MHz)
of compound 1. Figure S2. 1H NMR (CDCl3, 400 MHz) of compound 2. Figure S3. 1H NMR
(CDCl3, 400 MHz) of compound 3. Figure S4. 1H NMR (CDCl3, 400 MHz) of compound 4. Figure S5.
1H NMR (CDCl3, 400 MHz) of compound 5. Figure S6. 1H NMR (CDCl3, 400 MHz) of RhB-
pDMAEMA-pAHPMA. Figure S7. 1H NMR (CDCl3, 400 MHz) of RhB-pDMAEMA-pAHPMA-
GalNAc. Figure S8. FT-IR spectrum of RhB-pDMAEMA-pAHPMA and RhB-pDMAEMA-pAHPMA-
GalNAc. Figure S9. (A)TEM image of GalNAc-pDMA. (B) UV-vis absorption spectra of GalNAc-
pDMA and 5-FU@GalNAc-pDMA. (C) Drug loading efficiency and encapsulation efficiency of
5-FU@GalNAc-pDMA. Figure S10. (A) Cell viability of HepG2, Huh7, C5WN1 and HEK293 cells in-
cubated with GalNAc-pDMA at various concentrations for 48 h. (B)Hemolysis test results of GalNAc-
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pDMA, 5-FU@GalNAc-pDMA and 5-FU/siRNA@GalNAc-pDMA. Figure S11. Inhibitory effect of
different concentrations of 5-FU, 5-FU@GalNAc-pDMA, and 5-FU/siRNA@GalNAc-pDMA (5-FU at
10–100 μg mL−1, GalNAc-pDMA at 60–600 μg mL−1, and siRNA at 0.7–7 μg mL−1) were tested with
C5WN1, Huh7 and HepG2 cells, respectively, in DMEM medium for 48 h. Figure S12. Morphological
observation of subcutaneous HCC-bearing mice at the end of the treatment experiment. Mice were
treated with (1) saline, (2) GalNAc-pDMA, (3) siRNA, (4) 5-FU, (5) 5-FU+siRNA, (6) siRNA@GalNAc-
pDMA, (7) 5-Fu@GalNAc-pDMA, (8) 5-FU/siRNA@Glc-pDMA and (9) 5-Fu/siRNA@GalNAc-
pDMA. Figure S13. H&E staining of tumor sections after various treatments with (1) saline, (2)
GalNAc-pDMA, (3) siRNA, (4) 5-FU, (5) 5-FU+siRNA, (6) siRNA@GalNAc-pDMA, (7) 5-Fu@GalNAc-
pDMA, (8) 5-FU/siRNA@Glc-pDMA and (9) 5-Fu/siRNA@GalNAc-pDMA. Figure S14. H&E staining
of major organs in the subcutaneous HCC-bearing mice after the treatment experiment. (1) saline, (2)
GalNAc-pDMA, (3) siRNA, (4) 5-FU, (5) 5-FU+siRNA, (6) siRNA@GalNAc-pDMA, (7) 5-Fu@GalNAc-
pDMA, (8) 5-FU/siRNA@Glc-pDMA and (9) 5-Fu/siRNA@GalNAc-pDMA. Table S1: Sequences of
VEGF-siRNA and VEGFR2-siRNA. Reference [41] are cited in the supplementary materials.
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